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Abstract 

A Modular Microfluidic Approach to Nano 
High-Performance Liquid Chromatography 

with Electrochemical Detection 
Thesis by 

Scott Brian Miserendino 

Doctor of Philosophy in Electrical Engineering 

California Institute of Technology 

 
 The field of microfluidics faces many challenges that must be overcome before 

wide-spread use of microfluidic devices can be achieved.  Chief among these challenges 

are the need for reliable, user-friendly packaging and robust, reconfigurable, and reusable 

microfluidic systems.  A modular microfluidic design approach to microfluidic systems is 

developed and a prototype modular nano high-performance liquid chromatography 

(nHPLC) system with electrochemical detection is demonstrated.   The modular 

microfluidic system requires high operating pressure, low dead volume interconnects, and 

assembly into a simple, reliable package.  The modular approach differs from the classic 

monolithic approach to microfluidic systems by offering increased system flexibility, 

reduced individual device fabrication complexity, and increased independence of 

component fabrication technologies at the cost of an additional microfluidic interconnect 

component.    

Microgaskets and MEMS O-rings based on a new, commercial, photodefinable 

silicone are developed and characterized to provide the necessary low dead volume 
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interconnects.  The microgaskets and MEMS O-rings are shown to work well at typical 

operating pressures and did not leak under operating pressures up to 250 psi.  The 

modular nHPLC system is used to separate a nitrate/nitrite sample with efficiencies 

favorably comparable to commercial macro HPLC systems and other nano HPLC 

systems reported in the literature.  Finally, new electrochemical working electrode 

materials are presented for use in electrochemical detectors.  One material is a thin-film 

carbon based on pyrolyzed Parylene-C that can conformally coat high-aspect-ratio 

structures to achieve better than a ten-fold increase in effective electrode area relative to 

geometric surface area.  The second material is a carbon nanotube (CNT) nanoarray that 

uses a Parylene-C stabilization and insulation matrix.  The CNT nanoarray shows a 

bifurcated sensitivity profile that indicates possible application to trace analyte detection.  

The combination of trace analyte detection and high-efficiency analyte separation in 

modular microfluidic systems places applications, such as near real-time, single cell 

small molecule secretion monitoring, within reach. 
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1  MICROELECTROMECHANICAL SYSTEMS 

The goal of this work is to address two of the most vexing challenges in modern 

microfluidics: fluidic packaging, and system-level design and interoperability among 

microfluidic components.  In particular, this work will address these problems 

specifically for the class of Parylene-based microfluidic devices but these solutions may 

be extended to several other device classes, including both silicon- and glass-based 

microfluidics.  The thesis begins with an introduction to the field of 

microelectromechanical systems, followed by discussion of fabrication techniques in 

microfluidics, lab-on-a-chip systems, and Parylene microfluidics.  The second chapter 

will derive important formulas and theory for liquid flow in microfluidic systems.  

Chapter Three will discuss the development and testing of novel microgaskets and 

MEMS O-rings in context with other packaging technologies.  Chapter Four describes a 

prototype modular microfluidic system for nano high-performance chromatography and 

electrochemical detection.  The modular system is used to demonstrate the high-

efficiency separation of a sample of nitrate and nitrite and prove the assertion that 

modular design does not drastically reduce system performance relative to macro and 

monolithic micro systems.  Chapter Five introduces two new materials for use in on-chip 

electrochemical detectors.  One material is a novel thin-film carbon and the other is a 

nanoarray of carbon nanotubes in a Parylene insulation matrix.  The thesis concludes with 
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some final thoughts and a look forward to potential new and exciting applications of 

these technologies. 

 
1.1 History of Microelectromechanical Systems 

In 1947,  Bell Lab scientists John Bardeen, Walter Brattain, and William 

Shockley invented the transistor, officially beginning the information age [1].  

Subsequently in 1958, Jack Kilby built the first integrated circuit and Robert Noyce 

figured out how to connect the various integrated components.  Less than a decade later 

in 1965, Gordon Moore predicted that chip complexity, measured by the number of total 

transistors, would double every two years to minimize cost per unit of complexity [2].  

Following this prediction, Noyce and Gordon teamed up to start the Intel Corporation in 

1968 and with large profits to be made in the new semiconductor industry, billions of 

research and development dollars were poured into developing the technology needed to 

fabricate transistors on the smallest possible scale.  

Starting in the 1970s, academic researchers began using semiconductor 

technologies to build electromechanical devices out of silicon [3].   These new devices 

became classified as microelectromechanical systems, or MEMS.  While the origins of 

MEMS are deeply rooted in the origins of the semiconductor industry, the fields soon 

diverged.  The semiconductor industry remained primarily interested in the fabrication of 

transistors on silicon and to a lesser extent, a few III-V semiconductors.  MEMS 

branched out into sensors, actuators, fluidics, optics, and biochemical devices [4, 5].   

Since the 1980s, microfluidics has gone through several stages of development.  

From the mid-1980s to the mid-1990s, the field primarily focused on device 

miniaturization using silicon substrates [6].  In the mid-1990s interest shifted to 
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understanding and exploring new effects in microflow devices [7].  In 1990, Manz et al. 

[8] predicted that MEMS technologies could be suitable for biological and chemical 

applications and that these applications could be fully integrated onto a single substrate or 

“lab-on-a-chip,” similar to Jack Kilby’s vision of electronics.  The mid-1990s also marks 

an important shift in microfluidic device materials.  Prior to the mid-1990s, silicon was 

the primary material for microfluidic devices with some use of glass and several common 

silicon derivatives such as silicon dioxide, silicon nitride, and polycrystalline silicon.  

Starting in the late-1990s and into the new century polymer-based microfluidics began to 

dominate research investigation [9].  

Two polymers, in particular, have been used on a large scale in microfluidic 

devices: Parylene and poly(dimethylsiloxane) (PDMS).  PDMS microfluidic technology 

is based on the concept of replica molding, also known as soft lithography, making it an 

ideal candidate for prototype microfluidic systems [10].  PDMS’s popularity increased 

greatly with the development of simple PDMS-based pneumatic valves and pumps [11] 

and an easy-to-use interconnect technique in early 2000 [12].  In 2005, a complex 

modular PDMS-based microfluidic system was introduced by Shaikh et al. [13].     

Parylene was first introduced as a microfluidic material in 1997 by Man et al. [14]. 

While many Parylene-based microfluidic devices have been invented, a reliable 

interconnect technology has remained elusive.  This thesis will address the development 

of a fully integrated interconnect technology for high-pressure Parylene microfluidics.  

Also presented is the development of a completely modular microfluidic system based on 

Parylene technology.   
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Parylene and PDMS microfluidics each have advantages and disadvantages.  

PDMS microfluidics typically require less equipment to fabricate, can be made in just a 

few days, and PDMS’s gas permeability can make it a good candidate for bench-top 

biological applications.  PDMS microfluidics, however, exhibit a relatively low 

maximum operating pressure, can only be integrated with a limited number of other 

materials (mostly glass), are not chemically inert, and are not suitable for many 

biomedical applications requiring implantation.  Parylene is chemically inert at room 

temperature, Class VI biocompatiable (making it useful for biomedical implants), can 

survive high operating pressures (one to two orders of magnitude above PDMS), and can 

be conformally coated.  Parylene microfluidics, however, suffer from the lack of good 

interface technologies and greater fabrication complexity.  Both PDMS and Parylene-C, a 

popular variant of Parylene, are relatively inexpensive materials. 

 

1.2 MEMS Fabrication Technologies for Microfluidics 
MEMS fabrication technology is the collection of techniques, materials, and 

machines used to build devices on the micron scale.  This technology was originally 

borrowed from the semiconductor industry, but significant contributions have been made 

by MEMS researchers in the area of released (or free-standing) structures and in the 

micromachining of materials other than silicon or metal.  Micromachining techniques 

most relevant to microfluidics can be broken down into three categories: bulk 

micromachining, surface micromachining, and soft lithography.  Each of these will be 

discussed below. 
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1.2.1 Bulk Micromachining 

Bulk micromachining is the manipulation of the substrate material (almost always 

silicon) to form mechanical structures.  For microfluidic applications, bulk 

micromachining can be used to form microfluidic channels.  After the channels have been 

etched into the substrate, a cover, typically glass or silicon, is bonded to the substrate at 

high temperatures.  The substrate can be machined using either dry or wet etching 

techniques.  Wet etching of silicon is typically anisotropic, meaning certain crystal 

orientations etch faster than others (Figure 1-1).  Wet silicon etchants are based on the 

following chemistry: 

 ( )2-
2 22

2 2 2Si OH H O Si OH H++ + → + . (1.2-1) 

The hydroxide groups can be provided by alkali hydroxide etchants (KOH, NaOH, etc.), 

ammonium hydroxide etchants ( 4NH OH , tetramethyl ammonium hydroxide (TMAH)), 

or ethylenediamine pyrochatechol (EDP) [7].  Of the various etchants, KOH offers the 

best selectivity between the <100> and <111> plane etching.  Table 1-1 displays 

information from several common anisotropic silicon wet etchants. 

Table 1-1. Characteristics of Anisotropic Silicon Etchants [7] 
Characteristic KOH TMAH EDP 
Concentration (weight %) 40 – 50 10 – 40 See* 
Temperature (°C) 80 90 70 – 97 
<111> etch rate (nm/min) 2.5 – 5 20 – 60 5.7 – 17 
<100> etch rate (μm/min) 1 – 2 0.5 – 1.5 0.2 – 0.6 
<110> etch rate (μm/min) 1.5 – 3 0.1 -- 
Si3N4 etch rate (nm/min) 0.23 1 – 10 0.1 
SiO2 etch rate (nm/min) 1 – 10 0.05 – 0.25 0.2 
Al attack Yes No Yes 
*1 L ethylene diamine, 160 g pyrocatechol, 6g pyrazine, 133 mL water 
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Figure 1-1. Anisotropic etching of silicon substrate using a SiO2 mask and KOH etchant 
 
 The bulk substrate can also be etched isotropically using dry etching techniques.  

Dry etching involves exposure of the substrate to a plasma containing highly reactive 

species.  The gas selected to form the plasma must selectively etch the substrate relative 

to the mask.  Common silicon plasma etchants include CClF3, SF6, NF3, and CF4.  Most 

of the silicon etching is performed by the fluorine free radicals in the plasma [15].  

Depending on the design of the plasma etcher, the final etch can be completely isotropic, 

slightly anisotropic, or very anisotropic.  Plasma etchers typically produce the most 

isotropic etching profile and are designed with the RF power electrode above and 

separated from the substrate.   

Reactive ion etchers (RIEs) can produce slightly anisotropic etch profiles because 

the smaller power electrode (relative to the ground electrode) is on the bottom and in 

contact with the substrate, thus causing more vertical impingement of reactive species 

onto the wafer.  The most anisotropic etching is done using a plasma etching process 

designed by Robert Bosch known as the Bosch process.  The Bosch process involves 

alternating between a silicon etching step using SF6 and a passivation deposition step 

using C4F8.  The C4F8 depositions protect the sidewalls of the trench while the SF6 etch 

makes it deeper.  Aspect ratios of 30:1 with sidewall angles of 90 ± 2° and etch rates of 2 
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to 3 μm/min are achievable using the Bosch process [15].   Any dry etch process 

designed to make deep, high-aspect-ratio structures is called deep reactive ion etching 

(DRIE). 

 

1.2.2 Surface Micromachining  

Surface micromachining is the technique of selectively adding and removing 

layers of material from the surface of a substrate.  Layers are patterned using 

photolithography and are either considered structural or sacrificial.  Structural layers form 

the final device.  Sacrificial layers are used to aid in the machining of the structural layers 

and are removed prior to device completion.  Surface micromachining is used in many 

MEMS devices and is a popular fabrication technique in microfluidic devices.  Surface 

micromachining techniques allow for materials other than silicon and glass to be used.  

Of particular interest is the integration and use of polymers to form microfluidic devices.  

A variety of microfluidic structures have been devised to form surface micromachined 

channels (Figure 1-2).   

 

Silicon Sacrificial Polymer Structural Polymer Coating PolymerSilicon Sacrificial Polymer Structural Polymer Coating Polymer  
Figure 1-2. Different methods of forming surface micromachined microfluidic channels.  Center diagrams 
show channels with backside vias while the diagrams on the left illustrate topside vias. 
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A major design choice when dealing with surface machined channels is whether 

to incorporate backside or topside vias.  Backside vias require the substrate to be bulk 

micromachined, which can place limits on via location and cause increases in fabrication 

time and cost.  Topside vias are typically easier and cheaper to machine but, unlike 

backside vias, the fluidic interconnects will block the view of a portion of the device.   

Removal of the sacrificial polymer, in the case of photoresist, is done through 

soaking in a strong organic solvent (such as acetone or isopropyl alcohol) that does not 

attack the structural or coating polymer layers.  Removal of other sacrificial polymers 

such as polynorbornene (PNB) can be done by decomposition at high temperatures 

(typically between 370°C and 425°C) [16].  Use of decomposition to remove the 

sacrificial polymer does limit the types of structural polymers that can be used since they 

must be able to withstand the high decomposition temperatures.   

 

1.2.3 Soft Lithography 

Soft lithography is a non optical micromachining technique.  Unlike bulk and 

surface micromachining where either the bulk substrate or added layers of material are 

patterned using photolithography, in soft lithography the entire microfluidic device is 

made of a single material.  The most commonly used material,  PDMS, is a silicone 

rubber mixed with a curing agent and then poured over a mold, or master.  The master is 

either made of silicon or SU8 (a UV patternable epoxy) on silicon.  Silicon masters can 

be precisely machined using DRIE or other bulk machining processes.  SU8 masters are 

typically lower cost and require less specialized equipment to create.   
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After the PDMS is poured over the master, it is allowed to cure.  Cured PDMS is 

relatively stable with temperature and humidity, optically transparent, mechanically 

durable, and can be easily bonded to glass [7].  After curing, the PDMS is peeled off the 

mold, individual devices are cut out, fluidic vias are punched through the material, and 

the devices are bonded to a clean, glass substrate.  A classic PDMS soft lithography 

fabrication diagram is shown in Figure 1-3.  This procedure can be modified to include 

multiple layers of PDMS through PDMS/PDMS bonding.  Multilayer PDMS structures 

make the integration of valves and pumps relatively simple [11].  A complete review of 

soft lithography is available from Xia and Whitesides [17].   

 

Si

SU8

Pour PDMS
And Cure

Peel

Glass

PDMS

Punched Vias

Bond

Si

SU8

Pour PDMS
And Cure

Peel

Glass

PDMS

Punched Vias

Bond

 
Figure 1-3. One-layer PDMS microfluidic device fabrication 

 Microfluidic systems based on PDMS and soft lithography suffer several 

drawbacks.  Exposure to organic solvents can cause significant swelling of PDMS [18].  

PDMS is limited to structures with aspect ratios between 0.2 and 2 [17].  The 

PDMS/Glass bond can only sustain pressures up to approximately 100 psi, limiting the 

operating range of PDMS devices [12].  PDMS is also gas permeable which makes it 

unsuitable for certain applications.    
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1.3 Lab-on-a-Chip (LoC) Systems 
A complete biological or chemical analysis system fabricated on a single substrate 

is known as a lab-on-a-chip (LoC) or micro total analysis system (μTAS).   The first such 

device was a gas chromatography system developed in 1979 [19].  It was not until the 

early 1990s, however, that research into LoC systems became widespread.  Since the 

early 1990s, the field has developed rapidly, welcoming contributions from many 

disciplines.  The large body of literature focused on LoC systems has been extensively 

reviewed [20-22].  Some of the application areas targeted by researchers include cell 

handling and analysis, biomimetic and biopowered systems, clinical diagnosis, 

immunoassays, DNA assays, proteins assays, environmental studies, and gas analysis 

[22].  The growth of the LoC industry can be seen in the increase in the number of US 

patents relating to microfluidic devices in recent years (Figure 1-4). 

 

 
Figure 1-4. Number of microfluidic patents issued per year in the United States [23] 

 

1.3.1 Monolithic Systems 

Some of the benefits of LoC systems over their macro counterparts include 

smaller size; greater portability; lower power, sample, and reagent consumption; and 
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faster analysis times.  In some instances improvements in device efficiency, sensor 

sensitivity, and lower detection limits are also possible.  For many researchers the 

ultimate goal is to develop a completely integrated system on a single substrate.  This 

monolithic approach has long been regarded as ideal.  The main argument for full 

monolithic integration is that it will achieve minimum device size allowing for drastic 

reductions in device cost.   These cost reductions could be significant enough to allow the 

devices to become “disposable” after a single use.  If this can be achieved, issues of long-

term reliability and system care will not be of concern.   

 Monolithic integration in microfluidics has only rarely been achieved in the 

laboratory and much less frequently with commercial success.  Many laboratory systems 

still require off-chip pressure sources, electronics, sample preparation, and flow control.  

While it is almost always argued that given sufficient development time and money any 

device can be fully integrated, few designs progress to this stage of development.  One 

reason for this is the lack of a so called “killer application” that would justify such an 

investment.   

Monolithic fluidic systems tend to be very specialized.  They are often not 

interoperable with other microfluidic devices and have difficulty adapting to changing 

performance demands and new technologies.  Furthermore, given the relatively small 

markets for microfluidic devices, the costs for production are still too high to produce 

large numbers of single-application disposable microfluidic systems.   
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1.3.2 Modular Systems  

An alternative approach to monolithic integration is modular design.  In modular 

design, functional units are designed and fabricated individually and then connected 

using a fluidic breadboard.   Modular systems typically incorporate packaging schemes 

that standardize fluidic and electrical interconnects and provide a flexible platform on 

which a variety of microfluidic functions can be performed.  Since each module is 

individually designed and fabricated, it is easier and cheaper to upgrade their 

performance as new technologies become available.  If components fail, the modular 

design allows for replacement of individual parts rather than the replacement of the entire 

system.  Modular systems also offer greater flexibility in device fabrication since 

individual device fabrication processes are not required to be mutually compatible.  

Finally, the modular approach benefits from the reapplication of devices designed for one 

application to other applications.  For example, a micropump module used for a protein 

assay application might be reused in a cell sorting application.  The more applications 

which use the same component, the cheaper that component will be to fabricate, due to 

economies of scale.   

 Although there are many advantages to modular systems, they do have their 

disadvantages.  Firstly, the fluidic breadboard can be complex and costly to fabricate.  

Secondly, the connections between the breadboard and the various devices typically 

introduce additional dead or sweep volume into the system that could degrade overall 

performance relative to a monolithic design.   One of the major challenges for modular 

systems is developing chip-to-chip interconnect technologies that minimize dead and 

sweep volumes while maintaining ease of assembly, capability of withstanding high 
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operating pressures, and resistance to caustic reagents.  Ultimately, the choice between 

monolithic and modular design will rest on the need for versatility in the final system.  At 

least one company [24] and several researchers [13, 25, 26] have already recognized the 

trend toward modular microfluidic systems. 

 
 
1.4 Parylene Microfluidics 
 

1.4.1 Introduction to Parylene 

In 1947, Parylene-N was unintentionally discovered by Michael Mojzesz Szwarc 

during an investigation of a class of aliphatic carbon-hydrogen bonds in which the carbon 

was directly attached to a benzene ring [27].  The new vapor-coated plastic piqued the 

interest of many companies, leading to the development of di-p-xylylene as the feedstock 

for the Parylene film in the 1950s by William F. Gorham (Figure 1-5) [27].   Parylene 

was commercialized in 1965 by the Union Carbide Corporation and widely used to 

protect components and assemblies in medical, electronic and automotive applications, 

and to preserve cultural materials and delicate antiquities.  Parylene was ultimately 

commercialized in three primary varieties: Parylene-N, Parylene-C, and Parylene-D.   

Parylene-N is a primarily a dielectric, exhibiting a very low dissipation factor, 

high dielectric strength, and a dielectric constant invariant with frequency [28]. Parylene-

C has a useful combination of electrical and physical properties plus a very low 

permeability to moisture and other corrosive gases. Along with its ability to provide a 

true pinhole-free conformal insulation, Parylene-C is the material of choice for coating 

critical electronic assemblies.  Parylene-C is highly biocompatible and is recognized for 

having the highest biocompatibility rating (USP Class VI) by the US Food and Drug 
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Administration, which qualifies it for use in chronic biomedical implants [29, 30].  This 

high biocompatibility comes from its highly chemically inert structure.  Because of its 

conformal, pinhole free deposition, chemical inertness, and high mechanical strength, 

Parylene-C has been the primary choice for use in microfluidics.  Parylene-D is similar in 

properties to Parylene-C with the added ability to withstand higher temperatures [28].  

Properties of the three major varieties of Parylene and PDMS are given in Table 1-2. 

Table 1-2. Electrical, Mechanical, and Thermal Properties of Parylene and PDMS [28] 
Property Parylene-N Parylene-C Parylene-D PDMS [31] 

Dielectric Strength 
(V/mil), 1 mil film 

7,000 5,600 5,500 610 [32] 
(1 mm film) 

Dielectric Constant 
60 Hz 
1 kHz 
1 MHz 

 
2.65 
2.65 
2.65 

 
3.15 
3.10 
2.95 

 
2.84 
2.82 
2.80 

2.3 – 2.8  

Young’s Modulus (psi) 350,000 400,000 380,000 52 – 126  

Index of Refraction 1.661 1.639 1.669 1.4  

Yield Strength (psi) 6,100 8,000 9,000 325  

Elongation to Break (%) 20-250 200 10 210 – 310 [32] 

Coefficient of Friction 
Static 
Dynamic 

 
0.25 
0.25 

 
0.29 
0.29 

 
0.33 
0.31 

 
-- 
0.43 – 0.51 [33] 

Density (g/cm3) 1.10 – 1.12 1.289 1.418 9.7*10-4  

Melting Point (°C) 420 290 380 -49.9 – 40 

Thermal Conductivity at 25 °C  
(10-4 cal/(cm*s*°C)) 

3.0 2.0 -- 3.6  

Specific Heat at 20 °C  
(cal/g*°C) 

0.20 0.17 -- 0.35  
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Figure 1-5. Parylene composition and deposition.  (left) Different varieties of Parylene.  (right) Room 
temperature, CVD Parylene deposition system diagram 
 

1.4.2 Parylene Microfluidics 

Parylene microfluidics provides several advantages over other common 

microfluidic technologies such as PDMS, glass, and silicon.  Parylene microfluidic 

techniques have been developed that can resist internal fluid pressures above 800 psi, 

which allows its use in high-pressure applications that are inaccessible to PDMS (with its 

top working pressure between 75 and 100 psi) [13, 34].   The key to Parylene’s success as 

a microfluidic material has been its room temperature deposition, conformal pin-hole free 

coating of microstructures, and ease of patterning.  Room temperature deposition allows 

Parylene to coat a layer of sacrificial photoresist to form microchannels.  Microchannels 

can also be formed by coating sacrificial layers of oxide or metal.  Furthermore, multiple 

Parylene and sacrificial layers can be deposited to form three-dimensional microfluidic 

structures [35].  The pin-hole free deposition of Parylene makes it ideal for microfluidic 

applications involving gases such as micro gas chromatography, electrochemical 

micropumps and valves, and pneumatic micropumps and valves.  Finally, Parylene can 

be easily etched and hence patterned using oxygen plasma.  The versatility of the 
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Parylene processing technology allows a wide variety of microfluidic devices to be 

realized (Figure 1-6).   

 
 

 
Figure 1-6. Various Parylene microfluidic devices.  Pictures courtesy of Dr. Yu-Chong Tai 

  

Entire microfluidic systems have been fully integrated using Parylene technology.  

One such system by Xie et al. [36] contains three electrochemical micropumps, a 

micromixer, an on-chip separation column, and an electrospray ionization nozzle (Figure 

1-7). Parylene microfluidic systems are also being developed for biomedical applications 

to take advantage of Parylene’s Class VI biocompatibility rating, along with research into 

other Parylene based MEMS implants [29, 37].    High-pressure Parylene microfluidic 

applications such as high-performance liquid chromatography are also being explored 

[36, 38, 39].  This thesis will continue to develop the field of on-chip liquid 

chromatography and high-pressure, Parylene-based microfluidic systems.  
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Figure 1-7. Fully integrated Parylene-based lab-on-a-chip [36] 
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2 LAMINAR FLOW THEORY 

The fundamental physics that govern the operation of pressure force driven 

microfluidics are essentially a subset of the principles that govern macro scale fluidics.  

Pressure force driven microfluidics, however, can make novel use of force and 

volumetric scaling into the micro regime, and hence provide functionality unachievable 

by macro-size devices.  Knowledge of fluid mechanics is essential to the understanding 

of the design and operation of pressure force driven microfluidic devices.  While fluidic 

theory covers a vast range of flow regimes, only a small subset of these regimes are 

typically encountered in microfluidic devices.  This chapter will provide a short 

introduction to the necessary theoretical background required for understanding pressure 

force driven microfluidics by focusing primarily on laminar, viscous flow, and the 

importance of force scaling relative to device size.     

 

2.1 Liquid Flow in Pressure-Driven Microfluidic Devices 
The continuum postulate stipulates that the quantum nature of matter, namely that 

matter is composed of discrete particles, can be approximated by a continuous medium in 

which properties of a particle such as mass, velocity, pressure, and viscosity exist in and 

are continuously distributed over the entire space that the quantity of matter occupies.  

Fluid mechanics in the regime where most pressure driven microfluidic devices are 

operated satisfies the continuum postulate [7].  Hence, we speak of space and time 
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varying density, ρ, velocity, v, and stress, τ.  Of course, at some device length scale the 

continuum postulate will break down.  A general rule of thumb is that the continuum 

postulate holds for length scales greater than 1 μm for gases and 10 nm for liquids [7].   

 Besides the continuum assumption, two other major assumptions on the nature of 

fluid flow are often made and generally hold for most microfluidic devices.  First, the 

stress in the fluid is directly proportional to the strain; therefore, the fluid is Newtonian.  

Second, any heat flow is proportional to the temperature gradient, hence satisfying 

Fourier’s law of conduction.  In the case of liquid-based devices, we also assume 

incompressibility (constant density) and constant viscosity.  All of these assumptions 

must be reconsidered when addressing extreme cases and complex fluid composition.   

 

2.2 Navier-Stokes Equation 
 The behavior of liquid flows under these five assumptions can be summarized by 

the equation of motion (Newton’s Second Law), the continuity equation (conservation of 

mass), and the Newtonian definition of viscous stress.  In vector notation, the equation of 

motion is: 

 D
Dt

ρ ρ= +∇•
v g T , (2.2-1) 

where g is the force due to gravity and T is the stress tensor defined as: 

 p= − +T I τ , (2.2-2) 

and p, the pressure, is the stress experienced by the fluid at rest (which always acts in the 

outwardly directed unit normal), I is an identity matrix, and τ is the viscous stress tensor 
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due to the motion of the fluid.  Substituting equation (2.2-2) into (2.2-1) and applying the 

definition of D
Dt

1 we find: 

 p
t

ρ ρ∂⎛ ⎞+ ∇ = −∇ + +∇•⎜ ⎟∂⎝ ⎠
v v v g τi . (2.2-3) 

 For a Newtonian fluid, the viscous stress tensor can be represented as a 

combination of the rate of strain tensor, d, fluid velocity vector, shear coefficient of 

viscosity, μ, and the bulk coefficient of viscosity, κ, as: 

 22
3

μ κ μ⎡ ⎤⎛ ⎞= + − ∇•⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦
τ d v I . (2.2-4) 

The rate of strain tensor can be calculated from the velocity vector as: 

 

1
2

ji
ij

j i

vvd
x x

⎛ ⎞∂∂
= +⎜ ⎟⎜ ⎟∂ ∂⎝ ⎠ . (2.2-5) 

The derivation of the strain tensor is not trivial, and a detailed derivation is available in 

Whitaker [40].  The continuity equation, a statement of conservation of mass, states: 

 ( ) 0
t
ρ ρ∂
+∇• =

∂
v  (2.2-6) 

which for an incompressible fluid reduces to:  

 0 0i

i

v
x
∂

∇• = ⇒ =
∂

v . (2.2-7) 

Substituting (2.2-7) and (2.2-4) into (2.2-3) we find: 

 ( )2p
t

ρ ρ μ∂⎛ ⎞+ •∇ = −∇ + +∇•⎜ ⎟∂⎝ ⎠
v v v g d . (2.2-8) 

                                                           
 

1 x y z
D v v v
Dt t x y z t

∂ ∂ ∂ ∂ ∂
= + + + = + •∇
∂ ∂ ∂ ∂ ∂

v  is called the substantial derivative and represents the 
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Assuming a constant viscosity solution, substituting in equation (2.2-5) and once 

again applying (2.2-7) reveals the Navier-Stokes equation:  

 2p
t

ρ ρ μ∂⎛ ⎞+ •∇ = −∇ + + ∇⎜ ⎟∂⎝ ⎠
v v v g v , (2.2-9) 

which simply states that the time rate of change in linear momentum (left-hand side) must 

equal the applied body and surface forces (right-hand side).   The Navier-Stokes equation 

is sufficient for isothermal systems; however, if a fluid flow experiences changes in 

temperature then another equation must be introduced and the assumption of constant 

viscosity should be reconsidered.  For the vast majority of liquid fluid flows not 

involving chemical reactions in microfluidics, the restricted form of the equation of 

change for temperature is sufficient and states: 

 
2

p
TC k T
t

ρ ∂
= ∇

∂ , (2.2-10) 

where T is temperature, Cp is heat capacity at constant pressure, and k is thermal 

conductivity (assumed to be constant).    

It is convenient to derive a dimensionless form of the Navier-Stokes equation.  

Three scale factors must be identified.  A characteristic length (such as channel 

diameter), l0, velocity (such as average flow velocity), v0, and modified pressure (such as 

the drive pressure at the end of a channel), 0 0 0p ghρ= +P .  Using the following 

definitions the Navier-Stokes equation can be recast  

 0 0 0 0

               z                x y z tx y t
l l l l

= = = =�� � �
 (2.2-11) 

                                                                                                                                                                             
 
time rate of change in the moving reference frame of the substance. 
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( )0 0

0 0

-
       =

l
v vμ

=
vv ��

P P
P

 (2.2-12) 

 

2 2 0
0

0

          lD Dl
Dt v Dt

⎛ ⎞
∇ = ∇ ∇ = ∇ = ⎜ ⎟

⎝ ⎠
� �

�
 (2.2-13) 

 
0 0Re l v ρ
μ

=
 (2.2-14) 

 

2
0

0

Fr v
l g

=
 (2.2-15) 

 
2

0 0

We
l v
σ
ρ

=
 (2.2-16) 

where equation (2.2-14) defines the Reynolds number, equation (2.2-15) defines the 

Froude number, and equation (2.2-16) defines the Weber number in which σ is the 

interface tension which could appear in the boundary conditions used to solve the partial 

differential equations.  The dimensionless Navier-Stokes equation is 

 
2Re D

Dt
⎛ ⎞ = −∇ +∇⎜ ⎟
⎝ ⎠

v v�� �� �� P
. (2.2-17) 

Equation (2.2-17) shows the importance of the Reynolds number as a metric for 

determining whether the viscous forces (right-hand side) or inertial forces (left-hand side) 

dominate.  For this reason, the Reynolds number is used to characterize different flow 

regimes.  The first regime is referred to as laminar or creep flow and is characterized by a 

low Reynolds number ( Re 1500� ) [7].  In the laminar flow regime, the fluid dynamics 

are dominated by viscous forces and the inertial components of the Navier-Stokes 

equation can be ignored without introducing large amounts of error into the analysis.   
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2.3 Stokes Flow 
 The reduced form of the Navier-Stokes equation in the laminar flow regime is the 

Stokes flow or creeping flow equation:  

 
20 p ρ μ= −∇ + + ∇g v . (2.3-1) 

The Stokes equation is critical for understanding fluid dynamics in microfluidic pressure-

driven devices since almost all microfluidic devices satisfy the assumptions and 

conditions for Stokes flow.  Figure 2-1 shows a plot of the Reynolds number for a 

pressure-driven, room temperature water flow through a cylindrical tube.  As is evident 

from this example, microfluidic devices with typical channel diameters in the 10 to 1000 

μm range and volumetric flow rates between 0.1 and 10 μL/min are low Reynold number 

flows.  The second regime, “inviscid” or Euler flow, is characterized by a high Reynolds 

number ( Re 2100� )  [40].  This type of flow is almost never encountered in 

microfluidic systems, but is common in larger-scale, gaseous flows such as those around 

airplane wings.  In inviscid flow, the viscous terms of the Navier-Stokes equation can be 

ignored resulting in the Euler equation: 

 
D p
Dt

ρ ρ= −∇ +
v g

. (2.3-2) 

The third regime is the transitory regime in which neither the viscous or inertial 

components of the flow can be safely ignored.   
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Figure 2-1: Color plot of the Reynolds number for room temperature water flowing in a cylindrical tube.  
Lines indicating various tube diameters are given for reference.   
 

To solve the Navier-Stokes equations, a set of boundary conditions must be 

determined.  The standard boundary conditions to apply are no-slip and continuous-

temperature: 

 

wall liquid liquid wall

wall liquid liquid wallT T

=

=

v v

. (2.3-3) 

These conditions state that the velocity and temperature of the liquid at the point of 

contact with a wall are equivalent to the velocity and temperature of the wall at the point 

of contact with the liquid.   For most applications in microfluidics, these conditions are 

excellent models of fluid behavior; however, there are two cases that can result in a 

violation of the no-slip condition.  The first case is fairly uncommon and has been studied 
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by Thompson and Troian [41]. Under instances of extremely high shear stress along the 

wall, the fluid will no longer behave as a Newtonian fluid resulting in a velocity slip at 

the fluid-wall interface.  A more common example of a fluid violating the no-slip 

condition is that of capillary action in which a fluid creeps along a stationary wall. 

 

2.4 Capillary Action and Laplace Pressure 
 Capillary action can occur at an interface of a solid, liquid, and gas.  At such a 

three-phase interface, several forces will act on the molecules at the liquid’s surface.  

First consider the gas-liquid interface.  The molecules of liquid at the interface experience 

two opposing attractive intermolecular forces, commonly referred to as Van der Waal 

forces.  The interface molecules are weakly attracted by the relatively low density of gas 

molecules on one side of the interface, and strongly attracted to the tightly packed bulk 

liquid molecules on the other side.  This force differential over the surface area of the 

interface induces both a surface tension, σ,  and a pressure drop across the interface.  In 

the case of a freely suspended liquid droplet of radius, rdrop, the pressure drop is: 

 

2

drop

p
r
σ

Δ =
. (2.4-1) 

At the liquid-solid interface, however, the interface liquid molecules have strong 

attractions to both the bulk liquid and the solid.  If the intermolecular force balance favors 

the solid, the liquid will seek to minimize the total surface energy by spreading out along 

the solid’s surface, a process called wetting [42].  A solid surface that water will wet is 

hydrophilic.  If the intermolecular force balance favors the bulk liquid, the liquid will not 

wet the surface but instead form a bead or spherical shape in an effort to minimize the 

surface energy.  A solid surface that induces this behavior from water is hydrophobic.   
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The angle the bead of liquid makes with the solid surface is called the contact angle, θc, 

and can be related to the surface tension of the various interfaces in the following 

equation:  

 cossl lg c sgσ σ θ σ+ = . (2.4-2) 

This relationship was first suggested by Thomas Young [43] and later proven from first 

principles by Collins and Cooke [44].  A quantitative definition of hydrophobicity is 

based on the contact angle and states that a hydrophilic surface is one with a contact 

angle less than 90°, while a hydrophobic surface has a contact angle greater than 90°. 

As with the liquid-gas interface, there is a pressure drop across a three-phase 

interface.  By combining equations (2.4-1) and (2.4-2), the pressure drop across a 

meniscus in a capillary tube of radius, r,  can be determined  to be [7, 45, 46]: 

 

2 coslg cp
r

σ θ
Δ =

. (2.4-3) 

This surface tension induced pressure, referred to as the Laplace pressure, can play a 

significant role in microfluidics.  For example, a glass capillary with a 5 μm radius placed 

in contact with room temperature water ( 0.073 N/mlgσ = and θ c= 0°) will have a 

Laplace pressure of 4.24 psi. Laplace pressures can affect device performance, 

fabrication, and even design.  
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Figure 2-2: Diagram of a meniscus in a capillary tube 

 
2.5 Laminar Flow in a Cylindrical Tube  
 The majority of microfluid flows can be understood by solving the Stokes flow 

equation (2.3-1) using the no-slip boundary conditions (2.3-3).  The most general 

geometry to consider is that of a long, horizontal, cylindrical tube of radius, r0, and 

length, L, that extends along the z-axis.  We can make several intuitive arguments about 

the flow in this geometry.  First, the pressure drop across the tube will only occur in the z-

direction and hence p will not be a function of r or θ.   Second, because the fluid is 

assumed to have a constant density it must also have a constant volumetric flow rate 

through any cross-section of the tube, hence, the velocity can not be a function of the θ or 

z.  Third, the velocity of the fluid must be finite.  Using these three arguments the Stokes 

equation can be reduced to:   

 
0 1z z L zp p vp p r

z L L r r r
μ= =− ∂∂ Δ ∂ ⎛ ⎞= = − = ⎜ ⎟∂ ∂ ∂⎝ ⎠  (2.5-1) 

where vz is the z-component of the fluid velocity.  The no-slip boundary condition 

becomes: 

 ( )0 0zv r r= = . (2.5-2) 
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This partial differential equation is easily solvable with a double integration over 

r: 

 
2

12
zdv p rr C

dr L μ
Δ⎛ ⎞= − +⎜ ⎟

⎝ ⎠
 (2.5-3) 

 ( )
2

1 2ln
4z

p rv C r C
L μ
Δ⎛ ⎞= − + +⎜ ⎟

⎝ ⎠
. (2.5-4) 

Since r can reach 0 and vz must be finite it is clear that C1 = 0.  Now applying the 

boundary condition of (2.5-2) we find: 

 

2
0

2 4
rpC

L μ
Δ⎛ ⎞= ⎜ ⎟

⎝ ⎠ . (2.5-5) 

The velocity profile is now fully determined:  

 

22
0

0

1
4z
rp rv

L rμ

⎡ ⎤⎛ ⎞Δ⎛ ⎞ ⎢ ⎥= − ⎜ ⎟⎜ ⎟
⎝ ⎠ ⎢ ⎥⎝ ⎠⎣ ⎦ . (2.5-6) 

 

The functional form of the velocity profile indicates that the fluid front is a 

parabolic shape.  A parabolic-shaped fluid flow profile is characteristic of almost all 

pressure-driven flows in microfluidic devices.  From this velocity profile, several 

important parameters can be calculated.  The maximum linear flow velocity, vz,max, which 

occurs at r = 0 is:  

 

2
0

,max 4z
rpv

L μ
Δ⎛ ⎞= ⎜ ⎟

⎝ ⎠ . (2.5-7) 

The volumetric flow rate, Q, can be calculated as the integral of the linear velocity 

profile over the cross section: 
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Equation (2.5-8) is known as the Hagen-Poiseuille Law.  The average linear flow 

velocity, zv  is defined by the ratio of the volumetric flow rate to the cross-sectional area, 

A, 

 
2

0
2

0 8z
rQ Q pv

A r Lπ μ
Δ⎛ ⎞= = = ⎜ ⎟

⎝ ⎠
. (2.5-9) 
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Figure 2-3: Cross-sectional diagram of laminar flow in a cylindrical tube 

 

2.6 Laminar Flow with Non-Circular Cross Sections  
 The Stokes equation with no-slip boundary conditions can be applied to a variety 

of cross-section geometries.  In many cases, analytical solutions to the equations exist 

describing the velocity profile and the volumetric flow rate in the laminar flow regime.  

Analytical solutions by Berker [47] and Shah and London [48] for rectangular and 

isosceles-triangular are given here for reference: 
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Figure 2-4: Diagrams of some channel geometries with analytical solutions 

 

Rectangular:  
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Isosceles Triangular: 

 ( )
22 2 2

2

tan, 1
1 tan 2

B

x
p y z zv y z
L b

φ
μ φ
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where 

 2

5 14 1
2 tan

B
φ

⎛ ⎞
= + −⎜ ⎟

⎝ ⎠
. (2.6-5) 

 

For arbitrary cross-sections, a couple of general methods have been proposed.  

Bahrami et al. [49] propose using the square root of the cross-sectional area, A , as the 

defining length scale and derived approximations to the pressure drop across the channel.  

Bahrami’s method achieves an accuracy of ±8% compared to known analytical solutions.  
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The conventional choice, however, for the defining length scale is the hydraulic diameter, 

Dh, which is defined as: 

 4 x Cross Sectional Area 4
Wetted Perimeterh

wet

AD
P

= = . (2.6-6) 

For a channel that is entirely filled with liquid, the wetted perimeter is equivalent to the 

geometric perimeter.  The concept behind the hydraulic diameter is to model any 

arbitrary channel cross-section as an equivalent circular cross-section channel with a 

diameter of Dh.  Once an appropriate diameter has been calculated, an approximation to 

the flow rate and pressure drop across a channel can be made by using the analytical 

solutions for a channel with a circular cross-section.  One must be very careful in using 

this empirical approach.  Its accuracy improves at higher Reynolds numbers and for 

channel cross-sections more closely resembling a circle, meaning its application to 

microfluidic channels may result in relatively large estimation error [50].  For laminar, 

low Reynolds number flows in high-aspect ratio channels mean that the hydraulic 

diameter estimation technique can result in errors as high as fifty percent [50, 51].   

There are two common channel cross-sections in microfluidics (rounded rectangle 

and trapezoid).  The hydraulic diameters for these geometries are: 
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Figure 2-5: Common channel cross sections in microfluidic devices 
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Rounded rectangle: 
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Trapezoid: 
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. (2.6-8) 

The hydraulic diameter is a useful tool in estimating flow rates and pressure drops across 

microfluidic channels.  The most common estimation for the pressure drop across a 

channel of arbitrary cross-section and length L is taken from equation (2.5-9) and is 

expressed in terms of the Reynolds number: 

 2Re
2 h

Lp f v
D
μ

Δ = , (2.6-9) 

where f is the Fanning friction factor2 and v  is the average linear flow velocity.  Most 

microfluidic devices, however, do not consist just of fully developed flows.  We must 

gain some understanding of when a flow can be considered fully developed.     

  

2.7 Entrance Length  
 A laminar flow will develop a steady-state flow profile some distance from the 

inlet of the channel.  This distance is referred to as the entrance length, Le.  The entrance 

                                                           
 
2 The Fanning friction factor is generally a function of the flow regime (Reynolds number), roughness of 
the channel sidewalls, level of development of the flow, channel cross-section, and possibly other factors.  
For circular cross-section channels in a well-developed laminar flow regime Re f = 64.  For rectangular 
cross-section channels Re f is typically between 50 and 60. 
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length is defined quantitatively by Shah and London [48] as the point at which the 

centerline velocity in the channel reached 99% of its fully developed value.  The entrance 

length has been analytically and experimentally related to the channel diameter and the 

Reynolds number of the flow according to [7, 40, 48, 50]: 

 0.6 0.056Re
1 0.035Ree hL D ⎛ ⎞≈ +⎜ ⎟+⎝ ⎠

. (2.7-1) 

This expression shows that the entrance length for low Reynolds number flows 

approaches 60% of the hydraulic diameter.  Hence, any analysis of the velocity profile 

assuming a fully developed flow is only valid at distances of at least 0.6 hD  away from 

any entrance or exit.  For example, consider a 100 μm wide by 25 μm tall rectangular 

cross-section microchannel operating at a constant volumetric flow rate of 1 μL/min 

(estimated linear flow velocity of 0.027 m/sec and Re = 1.064).  In this example, the 

entrance length would be approximately 0.634 25.38 mhD μ= .  Further discussion of 

entrance effects, non-Newtonian flow behavior, viscosity changes, and other second-

order considerations in analysis and visualization of fluid flows in microfluidic systems 

can be found in articles by Koo and Kleinstreuer [52] and Tompson et al. [53] .  

 

2.8 Stream Function and Velocity Potential 
 Hydraulic diameter is a useful tool in determining the input and output behavior 

of a microfluidic system.  To gain some understanding of the internal flow velocity 

profile in a channel of complicated geometry in which analytically solving the Navier-

Stokes equations is difficult or impossible, it is often beneficial to consider a two-

dimensional model of the flow through the device.  This simplification is reasonable for 
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most microfluidic devices. When using this simplification, one must remember that the 

analysis will only be valid in regions far from any changes in geometry involving the 

ignored dimension.  A good rule of thumb is that the analysis is valid for areas in which 

the flow is fully developed (i.e., at least an entrance length away from any geometrical 

variations).  The most powerful tools in two-dimensional analyses of flows are the stream 

function and velocity potential.  While these tools are used typically in two-dimensional 

analysis the concepts can be extended to three dimensions [54-57].   

 The stream function, ( ),x yψ , and velocity potential, ( ),x yφ , are mathematical 

entities constructed such that they satisfy the Cauchy-Riemann equations: 

 
x y
φ ψ∂ ∂
=

∂ ∂
 (2.8-1) 

and 

 
y x
φ ψ∂ ∂
= −

∂ ∂
. (2.8-2) 

The velocity field of a two-dimensional incompressible, irrotational flow ( 0∇× =v ) 

must satisfy: 

 (irrotational) 0yx vv
y x

∂∂
∇× = − =

∂ ∂
v  (2.8-3) 

 (continuity equation) 0yx vv
x y

∂∂
∇ = + =

∂ ∂
vi . (2.8-4) 

By combining the Cauchy-Riemann equations with equations (2.8-3) and (2.8-4) the 

stream function and velocity potential can be differentially defined in terms of the flow 

velocity field: 

  and y xv v
x y
ψ ψ∂ ∂

= = −
∂ ∂

 (2.8-5) 
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  and x yv v
x y
φ φ∂ ∂
= − = −

∂ ∂
. (2.8-6) 

Once a suitable stream function is found, it is possible to construct a family of 

stream lines by setting the function equal to a constant, thus generating a different stream 

line for each constant chosen.  A similar approach can be used with the velocity potential 

to produce a family of equipotential lines.  Steam lines and equipotential lines are useful 

in the study of microfluidic devices because of several convenient analytical and 

experimental properties.  A few of these properties are: 

• Stream lines and equipotential lines never intersect themselves. 

• Stream lines are everywhere perpendicular to equipotential lines. 

• Stream lines are everywhere tangent to the fluid velocity. 

• A solid surface placed along a stream line will not affect the flow velocity. 

• Changes in distance between stream lines are indications of changes in fluid-flow 

velocity, with denser stream lines indicating higher flow velocity. 

• For steady flows the stream lines represent the path an infinitesimal particle will 

take through the channel when that particle is placed on the stream line. 

The last property given about stream lines is the most commonly used in the study of 

microfluidics.  By injecting small particles or dye molecules into the fluid flow stream, 

lines can be traced or visualized experimentally, giving an idea of the behavior of larger 

particles in the flow [58-60].  Stream lines are also often used in analytical or finite 

element analysis of fluid flows to better understand device function (Figure 2-6). 
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Figure 2-6: Example of the use of streamline analysis in microfluidic devices.  Streamlines used to analyze 
flow behavior of 5 μm, 8μm, and 10 μm fluorescent beads in a deterministic lateral displacement filter.  (a) 
Finite-element analysis of periodic column geometry with flowlines between stagnation points highlighted.  
(b) Diagram of device geometry. (c) Visualized separation of beads in continuous flow.  (Images adopted, 
with permission, from [60]) 
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3 MICROFLUIDIC PACKAGING: 
MICROGASKETS AND MEMS O-RINGS 

3.1 Introduction  
Packaging is the term used to describe any method, material, or technology used 

to interface a micro scale device to the macro scale world or to link multiple devices 

together into a complete system.  Packaging is one of the most challenging and often 

overlooked aspects of microfluidic system design. It plays a major role in overall system 

performance and can have an enormous influence on the extent to which a technology is 

adopted for use in research or commercial applications.  When done properly, packaging 

will hardly be noticed; however, poor packaging can lead to problems that can easily 

dominate a user’s time and adversely affect device performance.   

One reason device packaging is a difficult problem is that there are many 

considerations that must be taken into account for it to be successful.  Ideally, 

microfluidic packaging will allow the device to exhibit low or no leak rates, high 

maximum sealing pressures, no clogging, excellent thermal stability, chemical inertness, 

high mechanical strength, low dead volume, reusability, easy integration into fabrication 

processes, scalability with device feature size, and a user interface that is easy-to-use and 

gracious in its failing when misused.   In extreme circumstances such as those involved in 

space flight, biomedical implants, and military applications, packaging must be highly 
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durable, biocompatible, and unaffected by long exposure to extreme heat, cold, and 

radiation.   

In the case of microfluidic devices, an aspect of packaging that is of critical 

importance is the fluidic interconnect.  Similar to electrical interconnects in many other 

MEMS applications, fluidic interconnects provide the physical path for fluid to enter and 

leave the micro system.  Fluidic interconnects are the center of microfluidic packaging.  

A variety of interconnect technologies have been developed since the advent of 

microfluidics, yet, the vast majority of reported microfluidic devices still use very 

rudimentary interconnect technology.  A review article by Fredrickson and Fan covers 

many of the current and historical approaches to the problem [61].  Interconnect 

technologies can be categorized into four types: 1) reservoirs, 2) glues and epoxies, 3) 

press-fit, and 4) compression.  Several interconnect schemes consist of varied 

combinations of these four basic technologies. 

 Each of the four basic interconnect technologies has its benefits and drawbacks.  

Reservoirs require little to no specialized micromachining steps yet they can not be used 

with externally driven pressure flows and are prone to complications arising from 

evaporation.  Glues- and epoxy-based interconnects can handle pressure driven flows and 

require almost no specialized micromachining, but can cause clogging and must be 

manually added to each device after fabrication.  Press-fit interconnects are simple and 

easy-to-use but are limited to classes of devices made from soft materials, such as PDMS.  

Press-fit interconnections based on coupler technology are compatible with silicon-based 

microfluidics but require specialized fabrication steps.  Compression interconnects can 

withstand the highest operating pressures and are compatible with silicon and glass 
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microfluidics but require a jig or other auxiliary packaging setup.  Only compression 

interconnect techniques can be readily applied to coupling directly between two 

microfluidic devices without use of external tubing.  The use of surface micromachined 

microgaskets and MEMS O-rings allows for fully integrated, low dead volume 

interconnects between multiple microfluidic devices with only minimal increase in 

fabrication complexity. 

 

3.2 Reservoirs  
Reservoirs are the simplest interconnect technology.  Reservoirs are large-volume 

containers, either machined into the device or attached to it, that store the working fluid.  

Reservoir systems typically rely on capillary action to fill the system with fluid (see 

Section 2.4).  This interconnect technology is particularly useful in electroosmotic 

systems where fluid flow is induced between reservoirs through the application of large 

electric fields.  Reservoir systems are sensitive to evaporation of the working fluid and 

hydrostatic pressure flows.  Hydrostatic pressure arises from the collective weight of the 

fluid.  In a reservoir, the pressure at the bottom of the reservoir containing a static (v = 0) 

fluid column of height, h, can be easily derived from (2.3-1):  

 static atmp p ghρ= + , (3.2-1) 

where patm is the atmospheric pressure above the liquid column, ρ is the density of liquid, 

and g is the acceleration due to gravity.  In a system of two or more connected reservoirs 

the hydrostatic pressure in each reservoir must be equal, otherwise a pressure-driven flow 

will result from the reservoir of higher pressure to that of lower pressure until an 

equilibrium is reached.  As a result, relative height differences of the liquid columns in 
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the reservoirs need to be constantly controlled in this packaging scheme in order to avoid 

any unexpected pressure gradients. 

The maximum unrestricted evaporation rate of a liquid can be estimated using the 

Hertz-Knudsen-Schrage relationship: 

 
2max ev v

ME AP
RT

η
π

=  (3.2-2) 

where evη  is Schrage’s correction factor (traditionally taken as 2 but more recently found 

to be 1.667 [62]), A is the area of the fluid/gas interface, M is the molar mass of the 

liquid, R is the ideal gas law constant,  Pv is the equilibrium vapor pressure at the liquid 

surface, and T is the absolute temperature [62, 63].  This maximum is hardly ever 

achieved in real devices because of the presence of a relatively stagnant vapor layer 

between the liquid interface and top of the reservoir.  Because hydrostatic pressure is not 

a function of reservoir cross-sectional area, the fluid level in all reservoirs must be at the 

same height for a system in equilibrium.  Evaporation rate, however, is a function of 

reservoir geometry and hence if reservoirs are not carefully designed and filled, a near 

constant non-equilibrium state could result.  Furthermore, because the equilibration 

process is driven by relatively weak hydrostatic pressure differences through high-

resistance fluidic channels, systems using reservoir interconnects can take a long time to 

equilibrate often exacerbating the evaporation problem.  Although minimization of 

evaporations effects is typically desirable, they can be used as an actuating mechanism 

for reservoir-based pressure-driven devices [64].   

 



 41  
 

 

3.3 Glues and Epoxies 
 The simplest pressure-tolerant interconnect technology used in microfluidics are 

tubes manually glued to the surface of the microfluidic device (Figure 3-1).  Even with its 

simplicity and obviation of any special microfabrication process, this technique has many 

obvious disadvantages, including possible clogging, need for manual alignment, and 

incompatibility with some surface-machined devices.  The process of attaching the tubes 

can also be time consuming and is prone to a low success rate.  Glued or epoxied 

interconnects are permanent and tend to have relatively low maximum operating 

pressures.  More recently glues and epoxies have been used to augment other 

interconnect technologies to improve mechanical strength and pressure tolerance.  Table 

3-1 compares the operating range of several pressure-tolerant interconnect technologies.   

 

10 mm10 mm
 

Figure 3-1: Photograph of microfluidic device with glued tube interconnect [65] 
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Table 3-1: Operation Ranges of Various Interconnect Technologies [65] 

Interconnect Technology Operation Range Reference
Polyethylene Coupler/Tubing and Epoxy 
Reinforcement > 5 kPa (0.7 psi) [66] 

Mylar Sealant and Epoxy Reinforcement 
with Capillary ~ 190 kPa (28 psi) [67] 

Polyimide/Parylene Ribbon Cable Style 
Interconnect ~ 200 kPa (29 psi) [68] 

Silicon Finger Microjoint with Silicone 
Gasket & Tygon Tubing > 210 kPa (30 psi) [69] 

Thermoplastic Retaining Flange with 
PEEK Tubing > 210 kPa (30 psi) [70] 

PDMS Press fit ~ 300-700 kPa (40 -100 psi) [12] 
Silicon/Plastic Coupler with Silicone 
Gasket & Capillary ~ 410 kPa (60 psi) [71] 

Silicone Gasket Sealed Silicon Coupler 
with Capillary ~ 550 kPa (80 psi) [72] 

Photopatternable Silicone O-rings > 1.7 × 103 kPa (250 psi) [25] 
Silicon Sleeve Coupler with Capillary ~ 3.6 × 103 kPa (500 psi) [71] 
Polymer Coupler with Fused Silica 
Capillary ~ 6.2 × 103 kPa (900 psi) [65] 

Silicon Bulk Coupler with Cryogenically 
inserted PEEK Tubing > 9 × 103 kPa (1300 psi) [73] 

Silicon Post Coupler with Fused Silica 
Capillary or PEEK Tubing > 9 × 103 kPa (1300 psi) [73] 

Silicon Flanged Coupler with PEEK 
Tubing > 1 × 103 kPa (1500 psi) [65] 

Mismatched Silicon Coupler with 
Capillary > 1.2 × 103 kPa (1740 psi) [74] 

 

3.4 Press-Fit Interconnects 
 While glues and epoxies might be the simplest pressure tolerant interconnect 

technology, the most popular pressure tolerant microfluidic interconnect is probably the 

press-fit, or interference-fit, interconnect.  There are several version of press-fit 

interconnects but all work by sliding a capillary tube into a specially made via or coupler.    

A variety of press-fit interconnect schemes have been developed for use in silicon-based 
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microfluidics [73].  For silicon and surface micromachined based microfluidics press-fit 

connectors are more difficult to use because silicon is not elastic enough to provide 

sidewall compression and surface machined microfluidic devices are too thin to provide 

the mechanical stability necessary for such interconnects.  The silicon-based press-fit 

interconnects require a coupler that attaches to a capillary and can be either glued or 

snapped into a specially machined receiving port on the device [73].  The capillary is 

inserted into the coupler after being frozen in liquid nitrogen and is allowed to warm to 

room temperature [73].  The warming process causes the capillary to expand and press up 

against the walls of the coupler, producing a locking force.   

The reason press-fit interconnects are so popular today is that they are the ideal 

type of connector for a soft, compressible material such as PDMS.  Since press-fit 

interconnects are used so often in PDMS microfluidics, it is valuable to examine this 

case.  Typically, the interconnection is made by first boring a via with a needle or other 

sharp coring tool (Figure 3-2).  The boring procedure can have a large effect on the 

pressure tolerance of the final interconnect.  The best interconnects are formed in at least 

3 mm thick PDMS using a sharpened flat-tip needle and a slight downward twisting 

motion [12].  Next a capillary, usually made of stainless steel, is inserted into the bored 

hole.  The outer diameter of the capillary must be larger than the boring tools inner 

diameter, ideally several hundred microns larger.  A typical boring tool is a 20 gauge 

(610 μm inner diameter) flat-bottom needle.  An unmodified 20-gauge needle flat-bottom 

luer adapter (953 μm outer diameter) is a convenient capillary since it allows for easy 

connections to other fluidic components off-chip.  Any spiral or vertical cracks in the 

bored hole will result in leaking, even at low operating pressures.   
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Figure 3-2: PDMS press fit interconnects.  (a) PDMS interconnect being bored with sharp coring tool.  (b) 
PDMS press fit interconnect showing possible regions of dead volume 

 

Press-fit locking force, the force required to remove a press-fit connector, can be 

estimated by first assuming that the elasticity of the PDMS is much greater than the 

elasticity of the capillary and hence no deformation of the capillary will occur.  It should 

be noted that this assumption is not generally true of all press-fit connections since most 

involve fitting of two metals, but in the case of PDMS and either a metal or glass 

capillary this assumption is reasonable.  We also assume that the frictional force on the 

sidewall of the capillary can be approximated by a Coulomb friction (linear) relationship 

with coefficient of friction, μf, and we find: 

 c i
r

i

r r
r

ε −
=  (3.4-1) 

 r r rEσ ε=  (3.4-2) 
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where εr is the radial strain, σr is the radial stress, Er is the Young’s modulus in the radial 

direction (for PDMS typically between 360 and 870 kPa, and usually close to 600 kPa 

[33]), L is the length of capillary inserted into the PDMS, rc is the outer radius of the 

capillary, and ri is the initial radius of the via before capillary insertion.  Equation (3.4-4) 

makes the further assumption that the radial stress is constant along the length of the 

capillary.  Many factors can affect the locking force of a press-fit interconnect and 

several more complex estimation methods have been proposed [75, 76].  A compilation 

of coefficients of friction for PDMS is given in Table 3-2.  Researchers have also noted 

that the locking force tends to reduce over time due to material relaxation and with 

repeated insertions of capillary tubes.   

Table 3-2: Table of PDMS Coefficients of Friction 
Materials Coefficient of Friction, μf Reference 
PDMS Bulk-Silicon 0.11 ± 10% [33] 
PDMS Film-PDMS Film 0.43 ± 10% [33] 
PDMS Bulk-PDMS Bulk 0.51 ± 10% [33] 
PDMS Bulk-Stainless Steel 0.58 ± 10% [75] 
 

To prevent the interconnection from blowing out, the locking force must exceed 

the maximum hydrostatic end force, HG,max, applied to the capillary by the working 

pressure of the fluid, p, in the system [77]: 

 2
G,max cH r pπ= , (3.4-5) 

 1 12 f r
i c

p E L
r r

μ
⎛ ⎞

≤ −⎜ ⎟
⎝ ⎠

. (3.4-6) 

The locking force for the PDMS press-fit connection made using a 20-guage flat-bottom 

needle and 20-guage luer adaptor is approximately 1.76 N and is theoretically capable of 

withstanding a maximum working pressure of 2.46 MPa (357 psi).  Practically, these 
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types of interconnects are rarely operated over 700 kPa (~100 psi) because the 

PDMS/substrate adhesion is not sufficient to withstand such high pressures [12].  PDMS 

press-fit interconnects can contain some dead volume, as depicted in Figure 3-2, when 

the insertion length is less than the thickness of the PDMS.  This interconnect dead 

volume is usually quite small and tends not to be a factor in device performance.  There is 

no doubt that the availability of an easy-to-use, unrestrictive, reliable, and versatile 

interconnect methodology is a key factor in the widespread use of PDMS in modern 

microfluidics.   

 

3.5 Compression Interconnects 
 While the press-fit interconnect has gained wide acceptance in PDMS 

microfluidics, its use has been very limited among other microfluidic fabrication 

technologies.  Microfluidic devices made using fabrication technologies such as bulk 

micromachining and surface micromachining tend to rely on compression interconnects 

when a reusable, unrestrictive, and reliable interconnect is required.  Compression 

interconnects in microfluidic systems are similar to the interconnections found in 

macroscopic fluidic systems.  Specifically, the fundamental sealing technology is gaskets 

and O-rings.   

Gaskets are compressible membranes of any shape that typically seal multiple 

fluidic paths simultaneously and have holes in them through which fasteners are placed to 

apply the compressive force between the bottom flange and the top flange.  O-rings are 

continuous rings of constant cross-sectional shape placed between the fluid flow path and 

an arrangement of fasteners used to compress the O-ring and seal the connection.  O-
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rings are usually compressed individually and seal only one fluidic path at a time.  Figure 

3-3 illustrates the basic differences between gaskets and O-rings.   

Both gaskets and O-rings require a compressive force first to seat them and then 

to maintain enough pressure to prevent the working fluid from leaking.  The compressive 

force developed by a set of N fasteners is: 

 
1 ,

N
i

compress
i f i

TF
KD=

= ∑  (3.5-1) 

where Ti is the torque on the ith bolt, K is the fastener friction factor (typically 0.20 for a 

dry fastener and 0.16 for a lubricated fastener), and Df,i is the nominal fastener diameter 

of the ith bolt [78] .  For a set of identical, equally torqued bolts equation (3.5-1) reduces 

to: 

 compress
f

NTF
KD

= . (3.5-2) 

 

Gasket O-Ring

Fastener Holes

Gasket O-Ring

Fastener Holes  

Figure 3-3: Diagrams of a gasket and O-ring connection.  The gasket is shown with two fluid flow paths 
and cut-outs for fasteners.  The O-ring is shown with a single fluid flow path and fastener holes 
surrounding the O-ring. 
 

Gaskets require a minimum seating stress to initially seat the gasket during joint 

assembly [78].  This minimum seating stress, σy, is a function of gasket material and 



 48  
 

 

flange geometry and must be experimentally determined.  Once σy is known, a minimum 

fastener torque must be applied to seat the gasket such that [78]:  

 s f yA KD
T

N
σ

≥  (3.5-3) 

where As is the seated area of the gasket.  After seating the gasket a constant compressive 

force must be maintained such that the gasket stay seated and that it overcome any 

hydrostatic end force that develops.   

In the case of O-rings, it is unclear at what point in the O-ring the hydrostatic load 

reaction occurs.  This causes difficulty in defining the seated area.  The diameter 

associated with the point of load reaction is termed G.  According to the American 

Society of Mechanical Engineering (ASME) Code for Pressure Vessels Section VIII 

Division 1 [79], for typical O-ring sizes used in microfluidic systems, G can be taken as 

the mean gasket diameter: 

 g gG D W= −  (3.5-4) 

where Dg is the outer O-ring diameter and Wg is the width of the O-ring.  For other types 

of flange and O-ring geometries G is defined differently, often moving it closer to the 

edge of the O-ring for O-rings wider than 0.5 inches [79].  The ASME Code, however, 

does not offer an analytical definition of G and has changed how it is calculated over time 

[79, 80].  Some authors have expressed discontent at the ASME Code and use the inner 

O-ring diameter instead of G.  Bouzid et. al. [81] define G/2 analytically as the radial 

location at which the total torque on the gasket due to compressive stress, ( )gS r , is 

equivalent to the torque developed from a force applied at a distance G/2 equal to the 

total geometric gasket area, Ag, times the average compressive stress per gasket, gS .  
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This analytical definition closely conforms to the ASME Code for thin gaskets and can be 

used for nonlinear gasket behavior induced by flange rotation. Furthermore, it can be 

expressed mathematically as: 

 ( )
/ 2

2

/ 2

2
2

g

g g

D

g g g
D W

Gr S r dr A Sπ
−

=∫ . (3.5-5) 

Under uniform radial stress: 
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In the case of uniform radial stress, the definitions for G according to Bouzid and the 

ASME code only differ by a small factor. 

Hence, to seat an O-ring the minimum seating torque per fastener, using the 

AMSE definition of G, is:  

 
( )

min 2
f g g g yKD W D W

T
N

π σ−
= . (3.5-7) 

The maximum fluid working pressure, p, an O-ring interconnect formed with N identical, 

equally torqued fasteners can withstand is: 

 
( )max 2
4

f g g

NTp
KD D Wπ

=
−

. (3.5-8) 

 Microfluidic systems have a major advantage in using compression interconnects 

over macroscale fluidic systems due to the inverse square relationship between maximum 

sustainable pressure and O-ring diameter.  While compression interconnections are ideal 

for high-pressure microfluidic applications, their major drawback is the need for a more 

complex packaging scheme.  The only way to apply compression interconnects is with 

the use of a jig.  The jig is used to hold the microfluidic device, and external fluidic 
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tubing, and help alignment of the O-rings or gasket with the vias on the device (Figure 

3-4).  Jigs tend to be custom-made for each microfluidic system, meaning substantial 

increases in the system cost, size, and development time.  Jigs, however, offer excellent 

mechanical stability, the opportunity to readily interface with the wide array of 

commercially available products for handing fluids off-chip, and protection for the 

microfluidic device.  Most jig designs also attempt to incorporate a method for providing 

electrical interconnects to the microfluidic system.  By solving both the electrical and 

fluidic interconnect problems, jigs can prove to be well worth the investment.  In any 

commercial application, jigs will likely be a requirement because most microfluidic 

devices are too delicate to be used outside of a laboratory setting in an unpackaged state.    

 

 

Figure 3-4: Example of hig- pressure microfluidic system using compression interconnects.  Left and top-
right images are rendered computer models.  Bottom-right image is a photograph of the assembled system.  
(Images adopted, with permission, from [82])  
 

 Compressive interconnect technologies can be used both to connect microfluidic 

devices to the outside world and to connect multiple microfluidic devices together.  In 

order to successfully accomplish the goal of interconnecting multiple microfluidic 
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devices, the compressive interconnect technology must be miniaturized and integrated 

into the microfluidic device fabrication.  These miniaturized compressive interconnects 

are called microgaskets and MEMS O-rings.   

 
3.6 Microgaskets and MEMS O-rings  
 Commercial O-rings are the most common sealing mechanism used in 

compression interconnects.  Commercial O-rings, however, must be manually aligned 

and ultimately are limited in minimum size.  The desire for arbitrary shaped fluidic vias, 

high density interconnections, and extremely high accuracy alignment has lead to the 

need for fully integrated MEMS O-rings.  Silicone rubbers have proven successful as a 

material for commercial O-rings and gaskets.  Silicone rubber is the most likely candidate 

for MEMS O-rings because of its relative thermal stability, chemical stability, great 

compressibility, and weak adhesion to many materials (important because the O-ring 

should not stick or bond to the flange) [83].  The major difficulty with silicone MEMS 

has been finding a way to pattern the silicone that allows for integration with other 

MEMS materials and processes.  Therefore, photodefinable silicone is ideal for MEMS 

application as a microgasket or MEMS O-ring.  

  

3.6.1 Photodefinable Silicone as a MEMS Material 

Silicone rubber is a well-characterized, commonly used material in modern 

manufacturing. Silicones are composed of siloxane bonds, silicon atoms bound to each 

other by an oxygen atom, along with hydrocarbon radicals directly bonded to the free 

silicon valences. This structure places the properties of silicone between organic and 
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inorganic compounds.  For example, silicone’s Young’s modulus is orders of magnitude 

smaller than most metals and silicon.   

Silicones’ small Young’s modulus and low durometer (hardness) means silicones 

are especially well suited for compression-based sealing applications.   In particular, their 

unique chemical properties make them  a useful MEMS O-ring material [83].  Silicone 

rubbers have a broad operating temperature range, typically ranging from –60°C to 

200°C, with fluorosilicone based elastomers going above 250°C. Additionally, silicones 

are porous and hydrophobic due to the open structure afforded by the flexibility of the 

siloxane backbone and freely orientated methyl groups. Simultaneously, silicones are 

permeable to steam and attacked at high temperatures.  Most silicone rubbers are 

naturally transparent. 

 There are several challenges in using silicone as a MEMS material. The most 

limiting aspect of using silicone for the fabrication of MEMS devices comes in devising a 

method to pattern the silicone layer.  Since most silicones are not UV sensitive, they can 

not be directly photopatterned.  In addition, most silicones are not easily etched with 

chemicals or plasmas.  For this reason, the most common method of patterning silicone is 

either through molding or replica casting, both of which are typical of PDMS-based 

microfluidic devices [83].  Silicones also exhibit poor adhesion to most common MEMS 

materials, such as silicon, glass, and metal.  Special processing steps must be used to treat 

the silicone or the surface of the device to achieve good adhesion.  Furthermore, cured 

silicone elastomers tend to swell in many organic solvents and oils [18]. They can also be 

attacked by strong acids and bases; hydrofluoric acid, in particular, reacts strongly with 

the siloxane backbone causing breakdown of the polymer. 
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 In 2003, Dow Corning reported on the development of a UV photopatternable 

silicone (Figure 3-5) for application in the electronics packaging industry [84-86].  Dow 

Corning is attempting to develop a compressible electronic interconnect technology, but 

the availability of a commercially produced photopatternable silicone may have wider 

implications for MEMS.  A photopatternable silicone can be used in surface 

micromachined devices as a flexible membrane, gasket, or O-ring.  Dow Corning’s WL-

5150 represents the only soft, photodefinable material commercially available to the 

MEMS community.  Dow Corning’s processing parameters and photolithography results 

are listed in Table 3-3 and Table 3-4, respectively. 

 

 
Figure 3-5. Photodefinable silicone from the Dow Corning Corporation [87]  
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Table 3-3. Processing Parameters for Dow Corning WL-5150 [87] 
Process Step Standard Conditions 
Spin Coat 
      a) Spread 
      b) Spin 
      c) Edge bead 

 
500 rpm/10 sec 
500-2500 rpm/30 sec 
1500 rpm/30 sec 

Soft Bake Hot Plate 110°C/120 sec 
UV Exposure i-line or Broadband 1000 mJ/cm2

Post Exposure 
Bake 

Hot Plate 150°C/120 sec 

Development 
      a) Etch 
      b) Spin rinse 
 
     c) Spin dry 

Solvent 
60 sec NRD puddle 
NRD rinse 15 sec 
IPA rinse 15 sec 
3000 rpm/30 sec 

Hard Bake Oven 
150°C/60 min or 
180°C/60 min or 
250°C/30 min 

 
Table 3-4. Photolithography Performance of Dow Corning WL-5150 [87] 

Process Property Value 
Film Thickness Range 15 to 40 μm 
Minimal Feature Size 15 μm 
Aspect ratio (h/w) < 1.3 
Height Uniformity < 5% 
Sidewall Slope ~ 60° 
Film Retention 80 to 90% 
Film Shrinkage
(During Hard Bake) 

~ 2% 

 
 WL-5150 is a negative photoresist, meaning UV exposure activates a cross-

linking agent in the silicone precursor.  An elevated temperature is used to aid in cross-

linking the silicone film after exposure.  Several experiments were carried out to 

determine if the post-exposure bake temperature of WL-5150 could be reduced.  A 

reduced post-exposure bake would be beneficial to Parylene-based microfluidic 

processing because reduction of the post-exposure bake temperature would reduce any 

outgassing of the sacrificial photoresist layer during the bake.  The experiments indicated 

that the WL-5150 processing is highly sensitive to temperature both for the prebake and 
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post-exposure bake.  A comparable cross-linking strength was not obtained from post-

exposure baking at lower temperatures, so later fabrication using WL-5150 was 

performed at the manufacturer’s recommended temperature.  Using pre- or post-exposure 

bake temperatures above the manufacture’s recommendation resulted in a fully cross 

linked film, causing loss of photosensitivity.  When post-bake temperatures below the 

recommendation were used a failure to fully cross-link exposed areas resulted, leaving a 

nucleated film that had many surface cracks (Figure 3-6).  Such surface cracking or 

nucleation could cause leaks when the silicone is used as a gasket material and should 

therefore be avoided. 

 

 
Figure 3-6. Surface profile of nucleated silicone due to insufficient post-exposure baking 

 

3.6.2 Silicone Microgasket Fabrication 

A process for microgasket and MEMS O-ring fabrication has been developed 

using Dow Corning WL-5150 as the gasket and O-ring material.  Additionally, these 
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were tested using two fabricated microfluidic chips: 1) an interconnect chip which houses 

the microgasket and couple between the jig and dummy device chip, and 2)  a dummy 

device chip that acts as a generic microfluidic device. 

Interconnect and device chips are microfabricated using embedded Parylene 

microchannel technology.  The fabrication processes for the two types of chip are nearly 

identical, although there is no requirement that the device chip be fabricated using the 

interconnect chip process.  Cross-sectional diagrams of the fabrication process are shown 

in Figure 3-7.  Soda-lime glass substrates were used for both device and interconnect 

chips.   

1)

2)

3)

4) 8)
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6)

5) Material Key
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Figure 3-7.  Cross-sectional diagram of device and control chip fabrication 

 
The processes begin with a 3 μm layer of Parylene-C deposited on both devices, 

using silane-based A174 as an adhesion promoter.  Next, a metal layer is added to the 
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device chip substrate by electron-beam evaporation and patterned by liftoff technique.   

Microchannels are formed by patterning thick photoresist (20 to 30 μm).  This sacrificial 

layer of photoresist is then conformally coated with a second, 3 μm layer of Parylene.  

Subsequently, the surface of the wafer is planarized using a 65 μm thick layer of SU8.  

The SU8 is patterned to open the fluidic vias.  The Parylene beneath the SU8 vias is then 

removed using oxygen plasma in a reactive ion etcher (RIE).  The O2 etch also roughens 

the SU8 surface, drastically increasing the adhesion of the photodefinable silicone to the 

SU8 (Figure 3-8). 

 

 

Figure 3-8. SEM of SU8 surface after O2 etch.  Closeup shows roughened surface. 

For interconnect chip fabrication a layer of photodefinable silicone WL-5150 is 

spun on to a thickness of approximately 30 μm and patterned.  After development of the 

silicone it is necessary to remove all residual silicone scum from the vias.  The scum 

layer is removed using an SF6/O2 plasma in a RIE.  A dry etching rate for the silicone of 

approximately 0.15 μm/min was achieved using 75 sccm O2, 50 sccm SF6 at 200 mtorr 

chamber pressure, and 180 W of RF power.  Finally, the wafer is diced and the sacrificial 
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photoresist is released in isopropyl alcohol at 80°C.  The SU8/silicone stack acts as the 

photodefinable microgasket (Figure 3-9).  The silicone layer can also be patterned into 

annulus shapes around the vias to produce MEMS O-rings (Figure 3-10).  When the chips 

are squeezed together, the silicone compresses, sealing the fluidic vias on the device 

chips.   

 

 
Figure 3-9. Cross section of gasket structure 

 

 
Figure 3-10. Images of MEMS O-rings.  (a) SEM of a MEMS O-ring.  (b) Photograph of array of MEMS 
O-rings with open vias and microfluidic channels beneath 
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3.6.3 Microgaskets and MEMS O-Rings Theory 

 For a proper seal, the microgasket must form an enclosed contact with the device 

chip around the vias.  The gasket must also be under enough compressive force to both 

initially seat the gasket and overcome any hydrostatic end force developed by the internal 

fluid.  For any gasketed-flange system to be leak-free the compressive force on each 

gasket supplied by the screws must exceed the hydrostatic end force applied to the flange 

by the fluid in the system.  The analysis is similar to that of a single O-ring system as 

discussed in Section 3.5.  This balance can be expressed mathematically for a multiple 

annular gasket geometry made from a self-energizing gasket material (gasket factor, m = 

0) as: 

 
2

2G
GH M Pπ ⎛ ⎞= ⎜ ⎟

⎝ ⎠
, (3.6-1) 

 G
f

NTH
KD

≤ , (3.6-2) 

where HG is the hydrostatic end force, M is the number of identical gaskets under 

simultaneous compression, G is the diameter at location of gasket load reaction, P is the 

internal working pressure, N is the number of bolts, T is the torque on each bolt, K is the 

bolt friction factor (typically 0.20 for a dry bolt and 0.16 for a lubricated bolt), and Df is 

the nominal bolt diameter [78].  The force balance and system geometry is depicted in 

Figure 3-11 for a two-device, single interconnect system.  Using the ASME definition of 

G and rearranging equations (3.6-1) and (3.6-2) to show the maximum working pressure 

sustainable:  
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For a typical two-chip modular fluidic system Dg = 900 μm, Wg = 250 μm, and M = 36.   

 
Figure 3-11: Force balance diagram of modular microfluidic system under compression 
 

The flange surface profile plays a critical role in microgasket sealing behavior.  

Consider two types of microgaskets both of thickness, t, having maximum 

compressibility percentage, Cmax, and minimum compression percentage required for 

sealing, Cseal.  The first type of gasket is a flat gasket that covers the entire surface of the 

interconnect chip except the vias.  The flange surface must have a global height 

minimum, ymin, and maximum, ymax.  The second type of gasket is a patterned gasket, or 

MEMS O-ring, that has a sealing radius, r, that must be in contact with the device chip 

surface to seal.  For the MEMS O-rings we define a local minimum, min
ry , and local 

maximum, max
ry , on the flange surface within a radius r of the via.  To guarantee the flat 

gasket seals across the surface  

 ( )max min max sealy y C C t− ≤ − . (3.6-4) 

For the MEMS O-rings to seal 
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 ( )max min max
r r

sealy y C C t− ≤ − . (3.6-5) 

 

To guarantee simultaneous sealing of M MEMS O-rings with sealing radius, ri 

 ( )max min max11
max mini ir r

seali Mi M
y y C C t

≤ ≤≤ ≤
⎡ ⎤ ⎡ ⎤− ≤ −⎣ ⎦ ⎣ ⎦ . (3.6-6) 

Note that for the M MEMS O-rings as M grows this case collapses into the flat gasket 

condition of equation (3.6-4).  For a particular gasket thickness, maximum 

compressibility, and minimum sealing compression, equations (3.6-4) and (3.6-6) bound 

the allowable surface height variation of the flange.  Even without exact parameters, 

using this worse-case analysis, we can conclude that patterned gaskets, specifically O-

rings, can do no worse then the flat gasket and typically will do better.   

 

3.6.4 Silicone Microgasket Compression Testing 

As the screws are tightened on the jig a compressive stress develops in the gasket 

causing it to deform and seal the fluidic vias.  The amount of compressive stress achieved 

as a function of uniform screw torque can be calculated as: 

 g
g f

NTS
A KD

= , (3.6-7) 

where Ag is the total gasket surface area and all other variables are defined as before.  

During the compression and leak rate tests, a flat gasket under uniform compression was 

used.  A flat gasket, as opposed to a patterned gasket, was necessary to achieve a 

significant range of compressive stress given the resolution of the torque wrench.  To 

achieve uniform compression each screw was tightened with a torque wrench in 2 in-lb 

increments in a crisscross pattern until the final desired torque was reached.     
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An indirect measurement technique based on parallel-plate capacitance sensing 

was used to monitor the change in thickness.  The first capacitor is formed by SU8 with a 

reported relative permittivity, εr, of 4 and is assumed to be fixed [88].  The second 

capacitor is formed by the silicone and is expected to vary as the silicone is compressed.  

The silicone manufacturer reports a relative permittivity of 3.2 at 1 MHz [87].  The ratio 

of the change in capacitance to the initial capacitance is a function of the thicknesses and 

relative permittivities of the layered materials, and can be expressed as: 

 
( )0

, 8

0 8 , , 8

c
r SU silicone silicone

c
SU r silicone silicone r SU

t tC
C t t

ε

ε ε

−Δ
=

+
, (3.6-8) 

where 0 indicates pre-compression conditions, c indicates conditions under compression, 

C is capacitance, t is thickness, and εr is relative permittivity.  The surface area is 

assumed to be unchanged by the compression.  Using this model, the compressibility of 

the microgasket can be measured as a function of compressive stress (Figure 3-12).  The 

silicone can compress to approximately 25% of its initial thickness and is fully 

compressed by a compressive stress of 750 psi.   
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Figure 3-12: Compressibility of SU8/silicone microgasket.  Each data point represents the average of five 
measurements at the indicated compressive stress and the error bars mark the minimum and maximum 
values obtained during all trials (only average data for compressed silicone thickness is shown).  The 
capacitance (blue diamonds) and thickness (purple squares) change data is plotted against the left axis 
while the average thickness data (green triangles) is plotted against the right axis.  Data shows a maximum 
compressibility of 25% and a minimum sealing compressibility of approximately 12%. 
 
 

3.6.5 Silicone Microgasket Sealability 

The leak rate of a system consisting of a single device chip and an interconnect 

chip was measured.  A constant volumetric flow rate test at 5 μL/min showed the system 

sealed between 300 and 400 psi of compressive stress with no measurable leak rate for 

compressive stresses at or above 300 psi.  This corresponds to a minimum sealing 

compressibility of approximately 12%. 

In the second test, a constant compressive stress of approximately 1100 psi was 

applied to fully compress the gasket.  The system was then filled with food coloring to 

aid in visualization of fluid flow.  The outlet port on the jig was sealed using a screw and 
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Teflon tape.  Varying amounts of pressure were applied using pressurized nitrogen gas.  

The change in position of the fluid front was monitored over time to determine the 

system leak rate.  Leak rates below 2.3 nL/min were observed for all inlet pressures 

below 250 psi with no observable leak rate below 50 psi (Figure 3-13). 

 
Figure 3-13. Leak rate test results.  Maximum leak rate is 2.3 nL/min with no observable leak below 50 psi 
operating pressure.  Error bars show uncertainty in measurement. 

 
The leak rate reported here is that of the entire system.  It is believed that the 

microgaskets did not leak but instead the observed leak was from the commercial fittings 

and plug screw.  No leaking could be observed from the microgasket regions under the 

microscope.  The system failed at inlet pressures above 250 psi.  The failure occurred in 

the embedded Parylene channels when the two layers of Parylene delaminated under high 

pressure.  This failure mode was observed in all trials at approximately 250 psi.  No other 

failure mode was observed.  High-pressure Parylene channel designs have been reported 

and their incorporation into future devices could allow working pressures over 800 psi 

[38].  
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The failure of the embedded channel structure at 250 psi has precluded 

experimentally determining the maximum sustainable working pressure of the 

microgaskets.  The microgasket theory predicts high working pressures, but also shows 

that surface profile variations of the device chips can cause sealing problems.  While it is 

possible to achieve sealing using flat gaskets, these systems have been experimentally 

limited to a single device chip.  To extend the usefulness of this design concept, multiple 

device chips must be sealed simultaneously.  The MEMS O-rings offer a superior gasket 

geometry proven to seal across multiple devices.  MEMS O-rings were used to 

simultaneously seal between one and three device chips to the interconnect chip.   

 The microgaskets and MEMS O-rings proved to be reusable under practical 

operating conditions.  The main factor effecting reusability is adhesion of the gasket to 

the flange after initial compression.  If the microgasket or MEMS O-ring sticks to the 

flange after the compressive stress is removed, the force required to separate the two 

components typically destroys the silicone layer.  Adhesion problems can be greatly 

reduced by limiting the initial compressive stress applied to the gasket material.  We 

found a significant increase in adhesion incidences when compressive stress above 600 

psi was used to seal the system.  For compressive stress in excess of 1000 psi, the flange 

edge was observed occasionally biting into the gasket material with enough force to 

cause either a permanent rip or deformation in the material (Figure 3-14).  Reused 

gaskets were not observed to have degraded in performance; however, exhaustive testing 

was not performed. 
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Figure 3-14. MEMS O-rings after excessive compressive stress was applied to seal the system.  Initial 
gasket thickness was between 28 and 30 μm. 
 

Experimental observations also suggest that the relative shape of the vias on the 

device and interconnect chips is important in establishing a good seal.  Three circular 

geometries were studied: smaller device vias, smaller interconnect vias, and same-size 

vias.  All three geometries were capable of establishing a seal but, when used in multiple 

device systems, smaller interconnect vias were the most robust (able to seal the most vias 

simultaneously).  We believe this is because the smaller interconnect vias have a portion 

of the gasket material that overlaps the edge of the device via (Figure 3-16).  It is at this 

point of overlap that the strongest seals are formed because the gasket material deforms 

into the device via instead of merely being compressed around it.  This effect is similar to 

that of a raised-ridge design in a standard gasketed-flange system.  All multiple device 

systems used for testing were designed with the smaller interconnect via geometry.   
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3.6.6 Via Dead Volume 

Another concern of any microfluidic system is the minimization of dead volume.  

For purposes of quantitative assessment, we will define the dead volume in the via as that 

volume of liquid that achieves a fluid velocity less than 1% of the inlet flow velocity to 

the via [70].  The three-dimensional flow velocity profile for a 4 mm/sec inlet flow 

velocity of room-temperature water was numerically simulated using COMSOL 

Multiphysics Package with Matlab based on the fabricated via geometry (Figure 3-15).  

Using the finite element simulation the dead volume in the via is estimated to be 

approximately 9 nL for 750 μm diameter vias.  The dead volume can be minimized by 

reducing the channel diameters and the inner gasket and flange diameters subject to the 

alignment constraints.  Using optimal via geometry for 100 μm x 25 μm channels, the 

dead volume was reduced to approximately 1 nL per via (Figure 3-16 and Table 3-5).   

 

 
Figure 3-15: Numerically simulated fluid flow velocity profile through a via.  Surfaces of different colors 
indicate relative flow velocity (100%, 22.5%, 12.5%, 5%, and 1%) compared to the inlet velocity.  White 
area indicates a relative flow velocity less than 1% and hence depicts the dead volume in the via.  (a) 
Perspective view. (b) Top view. (c) Side view. 
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Figure 3-16.  Different fabricated via geometries and cross sectional diagram 

 

Table 3-5. Details of Different Fabricated Via Geometries 
Device channel diameter: 750 μm 250 μm 

Device SU8 diameter: 700 μm 200 μm 
Gasket/SU8 inner diameter: 400 μm 115 μm 
Control channel diameter: 500 μm 150 μm 

Total Via Volume: 31.86 nL 2.97 nL 
Est. Dead Volume*: 9 nL 0.85 nL 

* Assuming ideal alignment. 
 
3.7 Conclusions 

A major challenge in developing appropriate devices for many microfluidic 

applications remains in how to package and connect the various components [89]. 

Bridging the micro/macro divide is the fundamental problem facing device packaging 

and is particularly difficult in the area of fluidics.  Fluidic packaging is not just a matter 

of simple connectivity, as in electronic interconnects, but one of geometry and material as 

well since these factors can influence device performance through dead volume effects 

and reagent compatibility.   Hence, microfluidic packaging that exhibits low leak rates, 

high maximum sealing pressures, no clogging, chemical inertness, low dead volume, 

integrated fabrication, and user friendliness has been desired for almost ten years, yet has 



 69  
 

 

proven elusive [61].  Researchers have suggested a variety of techniques involving glues, 

epoxies, specially fabricated couplers, press fit tubing, gaskets, and O-rings.   

The introduction here of a robust, easy-to-use, fully integrated interconnect 

technology makes the possibility of widespread interchangeable microfluidic devices and 

complex modular microfluidic systems feasible.  The microgasket sealing theory 

confirms the feasibility of surface micromachined gaskets for use in modular microfluidic 

systems.  It is concluded that MEMS O-rings are superior over unpatterned gaskets. As 

the complexity of microfluidic systems increase, the need to independently design and 

fabricate system components will become greater for many applications and so will the 

value of integrated interconnect technologies such as photodefinable silicone 

microgaskets and MEMS O-rings. 
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4 MODULAR MICROFLUIDIC NANO  
HIGH-PERFORMANCE LIQUID  
CHROMATOGRAPHY 

4.1 Modular Microfluidics 
 Almost all published fluidic packaging work addresses bridging the macro/micro 

divide, but a few scientists and engineers have proposed developing multiple microfluidic 

systems that do not involve a macro scale interface between various micro components.  

These multiple device systems that do not require macro scale interconnects are referred 

to as modular microfluidic architectures.  A modular microfluidic architecture is 

advantageous over individual devices.  For example, modular design allows for increased 

system flexibility by allowing devices with incompatible fabrication processes to be 

combined at the system level.  Additionally, modular design contributes to increased 

system robustness by enabling broken components to be individually exchanged without 

replacing the entire system, individual device optimization without system fabrication, 

and generic device design.   

Shaikh et al. [26] developed a complex but functional PDMS-based modular 

microfluidic architecture that requires through-wafer deep reactive ion etching to form 

the fluidic vias and multilayer PDMS processing to make the devices, but lacked 

electrical components.  Suk et al. [13] also used PDMS to make a modular microfluidic 

system that incorporated electrical, as well as fluidic, interconnects.  In this system, 
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PDMS forms interconnects between the device chips in addition to forming 

microchannels on the device chips.  In both cases, PDMS bonding was used to seal the 

multi-device system.   

A valuable addition to the search for a modular architecture is a system capable of 

operating at high working pressures with no chemical compatibility limitations.  In the 

following sections, a unique modular architecture is presented, along with high- 

efficiency nitrate/nitrite separation data.  The separation data shows no significant 

degradation in performance due to the modular design.  Accordingly, this chapter will 

consist of three sections: 1) A discussion of the modular fluidic packaging scheme, 2) an 

introduction to nano high-performance liquid chromatography (nHPLC), and 3) a 

description of the modular nHPLC system used for nitrate/nitrite separation, along with a 

presentation of separation results. 

 

4.2 Microfluidic Jig Design 
 This work presents an easy-to-reconfigure modular microfluidic system 

architecture that allows replacement of device and control chips; up to 12 fluidic and 12 

electrical interconnects per device chip; four re-usable, independent device chips; and is 

compatible with embedded Parylene microfluidic technology (Figure 4-2a).  The system 

consists of a chemically resistant polyetheretherketon (PEEK) body.  The PEEK body is 

machined into a jig that has cutouts for four microfabricated device chips and one control 

chip.  The backside of the jig has twelve fluidic ports used with commercial tubing and 

fittings to couple fluid into the system.  Small O-rings are utilized to seal the fluidic 

connection from the jig to the control chip.  The control chip is fabricated on a soda-lime 

glass substrate for optical transparency and incorporates a novel, integrated microgasket 



 72  
 

 

(see Section 3.6) that seals the vias between the control and device chips.  The entire 

system is compression-sealed using four screws and an acrylic cover piece.  Electrical 

connections to the device chips can be made using pogo-pegs (Interconnect Devices Inc., 

Kansas City).  The pogo-pegs make contact with metal pads on the device chips and can 

be soldered to or compressed against a custom PC board, allowing for routing of the 48 

electrical connects and integration with other electrical components of the system (Figure 

4-1a and Figure 4-1c).  
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Figure 4-1. First attempt at modular microfluidic jig.  (a) Computer rendering. (b) Side view without PCB 
and control chip. (c) Perspective view with all components. (d) Top view without PCB, cover, or chips 
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Figure 4-2.  Final jig design for modular microfluidic system.  (a) Exploded view of modular microfluidic 
system.  Not shown are the pogo-pegs for electrical interconnects and the PC board.  (b) Assembled 
modular microfluidic system with injection, separation, and detection device chips.  The 1 cm separation 
column is dyed green to aid visualization. 

 

The jig is made from PEEK sheet and is computer-numerical-controlled (CNC) 

machined, which makes the system self-aligning.  Alignment is one of the major 

challenges in modular microfluidic systems.  Using this jig, the control chip and device 

chips can typically be aligned to within 50 μm.  The alignment error results from the jig’s 

machining tolerances and the accuracy of the chip dicing and is one source of dead 

volume in the microfluidic system.  Complete mechanical drawings for the circuit board, 

jig, and acrylic cover are in Appendix A.  Microfabricated mechanical alignment 

structures have been suggested to aid in multiple device alignment in modular 

microfluidic systems [90] and similar structures can be incorporated into this design. 

Properly sealing the system requires torque be carefully applied to the four 

screws.  Experience has proven that the best way to seal the system is to start all four 

screws finger-tight.  Next, the torque should be increased on the screws in 2 in-lb 

increments in an alternating pattern until a total of 6 in-lb of torque is achieved on each 

screw.  Too much torque on the screws can result in two problems.  Firstly, the maximum 
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safe compressive stress on the microgaskets will be exceeded, causing damage.  

Secondly, the mechanical deformation of the jig body or acrylic cover could cause the 

control chip to separate from the device chips, resulting in a leak.  The jig body and 

acrylic cover thickness should be sufficient to produce minimal bending at operational 

loads on the screws.   

 
 
4.3 High-Performance Liquid Chromatography 
 High-performance liquid chromatography is the dominant analytical separation 

tool in many industries.  It is extensively used in the pharmaceutical and chemical 

industries, as well as in environmental and biochemical laboratories.  Modern HPLC 

emerged in approximately 1973 with the development of column packing techniques that 

could reproducibly pack a separation column with 10 μm particles [91].  Chromatography 

describes any separation technique based on the differences in relative migration 

velocities of analytes and typically involves a stationary and a mobile phase.  Typically 

during liquid chromatography, the mobile phase is a liquid and the stationary phase is a 

column of tightly packed silica beads with diameters of 10 μm or less.  As the mobile 

phase passes through the stationary phase, the analytes in the mobile phase interact with 

the stationary phase.  Each analyte interacts differently giving each a different migration 

velocity.  Due to the differences in migration velocity, analytes will elute, or exit, the 

stationary phase at different times (Figure 4-3).   High-performance chromatography 

simply refers to the high pressures used to reduce separation times.  When HPLC is used 

for analytical studies, the eluent must be passed through a detector.  Many different types 
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of detectors are used in HPLC but some of the most common are mass spectrometry, 

ultraviolet absorption, laser-induced florescence (LIF), electrochemical, and conductivity.   
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Figure 4-3. Illustration of analytical liquid chromatography 

 

 As the analytes travel through the separation column, they are separated by their 

different migration velocities and simultaneously brought closer together by diffusion.  

The longer they remain in the column, the more time they have to diffuse toward one 

another.  The effect of diffusion can be seen most easily on a chromatogram as an 

increase in the peak width.  Chromatography works because the band broading effects of 

diffusion scale at a slower rate relative to the band separating effects of differential 

migration.  More specifically, the band width scales as the square root of the length 

traveled along the column, while the band separation scales linearly with the length 

traveled.  The resolution of the separation, Rs, can then be said to scale as follows [91]: 

 s
L LR L

w L
Δ

∝ ≈ = . (4.3-1) 

Equation (4.3-1) indicates that separations are possible even with very short columns.  

Although this follows theoretically, the initial band width caused by finite injection 

volume places limits on minimum column length.   



 76  
 

 

  

Traditional, or normal-phase, chromatography was performed with a polar 

stationary phase and a nonpolar mobile phase, but this has been replaced in 70 to 80% of 

chromatography applications with reverse-phase chromatography, which has a nonpolar 

stationary phase and polar mobile phase [91].   Other chromatography variants include 

hydrophobic interaction chromatography, ion-exchange chromatography, and size-

exclusion chromatography.  Of particular interest to this work is ion-exchange 

chromatography because of its applicability to the separation of inorganic ions.   

 

4.3.1 Ion-Exchange Chromatography Theory 

Ion-exchange chromatography requires a separation column packed with 

functionalized silica beads with a fixed charge.  If the fixed charge on the beads is 

negative, the column is a cation exchange column, whereas if the fixed charge is positive, 

it is an anion exchange column.  The fixed charge on the beads must be neutralized by an 

equivalent counter ion.  Separation is accomplished as ions in the mobile phase pass 

pores on the silica beads and some of the analyte ions enter the pores in exchange for 

some of the counter ions (Figure 4-4).  Consider the generic anion exchange system with 

analyte pA − , counter ion qB − , and fixed charges SC+  in equilibrium: 

 q p q p
S M M SpB qA pB qA− − − −+ ↔ + , (4.3-2) 

where subscript S indicates stationary phase and subscript M indicates mobile phase. If 

the charge on the counter ion is monovalent (q = 1) then the retention factor, k,  is 

 
p

SS
iex p

M M

CVk K
V B

+

−

⎡ ⎤⎣ ⎦=
⎡ ⎤⎣ ⎦

, (4.3-3) 
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where VS is the volume of stationary phase, VM is volume of the mobile phase, [ ] indicate 

concentration, and Kiex is the equilibrium constant.   
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Figure 4-4. Illustration of anion exchange principle.  The counter ions (Cl-) are exchanged for the analyte 
anions ( -

3NO ).   
 
 From equation (4.3-3), it can be shown that the retention factor is a function of the 

analyte charge, p, as well as the analyte size and polarizability (factors affecting the 

equilibrium constant).  Experimental results have determined a relatively consistent 

elution strength scale (listed in order of highest retention factor to lowest retention factor) 

for common monovalent anions [91]: 

 3 2

2 3 2

I NO Br SCN CN NO Cl

HCO CH CO OH F

− − − − − − −

− − − −

> > > > > >

> > > >
. (4.3-5) 

Elusion order will vary inversely with retention factor.  Hence, we can expect to see Cl- 

elute off of the stationary phase before I-.     
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4.3.1.1 Sample Injection 

Sample plug volume is a critical factor in isocratic liquid chromatography.  

Because the analytes are not concentrated on the column and separately eluted, the 

sample plug volume must be much less than the separation column volume to achieve 

separation.  In macro HPLC systems with typical column lengths in excess of 10 cm and 

column diameters as large as several millimeters, sample plug volumes in the 0.1 μL to 

several μL range are acceptable.  On-chip HPLC columns, however, are much smaller.  

In the case of the system presented in Section 4.3.2, the column is 0.1 x 0.025 x 10 mm3, 

a column volume of approximately 25 nL.  Such small column volumes necessitate 

extremely small sample plugs.  The ideal maximum sample volume can be roughly 

estimated from the packing bead diameter, dp, column cross-sectional area, Ac, and 

column length, L, according to [92] : 

 , 0.85s max c pV A Ld= . (4.3-6) 

For a 1 cm column packed with 7 μm beads, the maximum sample volume corresponds 

to approximately 2.25% of the column volume.  Reliably injecting sub-nanoliter plugs is 

extremely difficult because this volume often exceeds the displacement volume of 

external valves used to switch fluid flow from the buffer and sample channels.  

 

4.3.1.2 Peak Analysis 

For many sensing mechanisms used in HPLC, the output is a chromatogram.  The 

chromatogram shows the sensor response as a function of time.  Typically 

chromatograms contain several peaks, each related to an individual analyte.  
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Understanding the distribution of the peaks allows the user to investigate the composition 

of the sample and the efficiency of the separation.  A typical chromatogram with two 

peaks is shown in Figure 4-5.   

 

Figure 4-5. Illustration of a typical chromatogram showing two analyte peaks.  Break through time, t0, 
retention times, tR1 and tR2, and peak widths, w1 and w2, are indicated. 
 

In the past, peak analysis was performed by manually measuring the peak widths.  

The peak variance was then estimated using simple formulas.  Today, peak analysis can 

be performed using computers to fit the peaks to Gaussian profiles.  Each peak is 

independently fit using three fitting parameters (a, μ, σ) to the following equation: 

 ( ) 2

2( ) exp
2
t

I t a
μ

σ

⎡ ⎤−
= −⎢ ⎥

⎢ ⎥⎣ ⎦
. (4.3-7) 

Using the mean, μ, and standard deviation, σ, determined from the curve fits, estimated 

retention times, tR, and peak variances, σ2, are obtained. Retention time is calculated as 
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the fit mean minus the time at the end of the plug injection.  The peak current, Ip, is 

calculated by subtracting the peak current in the data from the baseline current.  Three 

commonly used separation efficiency metrics can then be calculated:  
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where N is the number of theoretical plates in the column, As is a measure of peak 

asymmetry, f5σ is the width of the peak from the moment the signal passes 4.4% of the 

maximum peak current until the peak current is reached, t5σ is the width of the peak from 

the time the peak current is reached until the moment the signal passes 4.4% of the 

maximum peak current, and Rs is a measure of resolution between analytes 1 and 2 [93]. 

4.3.1.3 Amperometric Detection 

A common technique used for detection in HPLC systems is direct current (dc) 

amperometry.  DC amperometry is a form of electrochemical detection.  Amperometric 

detection works by establishing a potential on one electrode and measuring the current 

through a second electrode also in contact with the test solution.  In DC amperometry the 

applied potential is constant and the current is recorded as a function of time which 

makes this a special case of chronoamperometry.  Other electrochemical detection 

techniques make use of time varying potentials. As with all electrochemical detection 
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techniques, DC amperometry is a selective detection mechanism that relies on the 

electroactivity of the target analytes.   

The selection of the applied, or detection, potential is critical.  Different 

molecules will undergo reduction or oxidation (redox) at different working potentials.  

Furthermore, the transition from active to inactive is not sharp, but instead extends over a 

range of potentials and conversion efficiencies.  The effects of proper selection of the 

detection potential are illustrated in Figure 4-6.  If analyte a is of primary interest, 

selecting potential E1 is optimal.  If analyte b is of primary interest than a potential 

between E2 and E3 should be chosen such that peak blending is minimized.  If just analyte 

c is of interest than potential E4 is the most useful.  In any separation system, there will 

always be multiple analytes and therefore, the measured signal is a complex mix of 

several elements. 
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Figure 4-6. Relationship between voltametric response of compounds a, b, and c and the applied potential 
on the selectivity in HPLC [94] 
 

The total current measured by an amperometric detector is the sum of three 

contributing currents: 

 ( ) ( ) ( )total F analyte F background NF capacitivei i i i= + + , (4.3-11) 

where F indicates a faradaic current, current resulting from oxidation or reduction, and 

NF indicates a non-faradaic current, current resulting from the movement of ions.  The 

desired signal is the analyte redox current which should be optimized by selection of a 

proper detection potential.  The major source of background current is the oxidation or 

reduction of species other than the analyte of interest.  In most HPLC systems, the most 

worrisome interfering species is water.  The applied potential must be kept between the 

oxidation and reduction potentials for water, called the “water window.”  Working 



 83  
 

 

electrode material, buffer composition, and pH can all affect the exact size and location 

of the water window.  The water window typically does not extend to potentials 

below -1.2V or above +1.2V [95].  Use of totally nonaqueous buffer systems can extend 

the working potential range but are not typically seen in HPLC applications.  In DC 

amperometry systems, fixed potential operation naturally minimizes the non-faradaic 

component because there is no need to continuously redistribute charge in the double 

layer (see Section 5.2.1).     

 

4.3.2 A Modular nHPLC System for Nitrate/Nitrite Detection 

A modular nHPLC-ECD was designed for the separation and detection of nitrate 

and nitrite.  The goal of this system is to demonstrate the feasibility of using a modular 

microfluidic design approach to the construction of a high-quality on-chip separation 

system.  The modular nHPLC-ECD system consists of an injection, separation, and 

electrochemical detection device (Figure 4-7 and Figure 4-2b).  The injection device is 

designed for use in a novel, valveless injection scheme capable of repeatable insertion of 

nanoliter volume sample plugs into the buffer flow stream.  The separation column is 1 

cm in length and is packed with 7 μm diameter poly(styrene-divinylbenzene) (PS-DVB) 

anion exchange beads functionalized with trimethyl-ammonium ions ([NH(CH3)3]+).  The 

electrochemical detector consists of several working electrode designs and a large 

counter electrode.   
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Figure 4-7.  Schematic of nHPLC system   

The fluidic via volume was minimized and resulted in an estimated dead volume 

of 0.85 nL per via where dead volume is defined as the volume of fluid in the via 

exhibiting a flow velocity less than 1% of the inlet flow velocity [70].  The major concern 

with any modular separation system is that the dead volume between the separation 

column and the detector will cause unacceptable amounts of band broading.  The goal of 

this work is to show that this modular design has sufficiently minimal band broading 

effects due to via dead volume.  The relatively large dead volume in the jig to chip 

interconnects does not effect separation efficiency since the sample injection, separation, 

and detection occur without passing through these interconnects. 
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4.3.2.1 nHPLC Component Microfabrication 

The control and device chips are microfabricated using the embedded Parylene 

microchannel technology discussed in Sections 1.2.2 and 3.6.1.  The fabrication 

processes for the two types of chips are nearly identical, although there is no requirement 

that device chips be fabricated using the control chip process.  Cross-sectional diagrams 

of the fabrication process are shown in Figure 4-8.  Detailed fabrication recipes for the 

control and device chips are available in Appendices B and C, respectively.    Soda-lime 

glass substrates were used for both device and control chips.  Photographs of three types 

of device chips after fabrication are shown in Figure 4-9. 

A 3 μm layer of Parylene-C is deposited on both devices using Silane A174 

(Specialty Coating Systems) as an adhesion promoter.  A metal layer is added to the 

device chip substrate by electron beam evaporation and patterned by lift off.   

Microchannels are formed by first patterning approximately 25 μm photoresist.  The 

photoresist is patterned using a two-step, two-mask exposure to allow for shorter channel 

heights in select sections of the channel.  The shorter sections are used as particle filters 

during bead packing (see Section 4.3.2.2).  The sacrificial layer of photoresist is then 

conformally coated with a second, 3 μm layer of Parylene-C.  The second layer of 

Parylene is etched in oxygen plasma for two minutes to improve SU8 adhesion.  The 

surface of the wafer is planarized using approximately 60 μm thick layer of SU8.  The 

SU8 is patterned to open the fluidic vias.  Next, the Parylene beneath the SU8 vias is 

removed using oxygen plasma in a RIE.  For control chip fabrication a layer of WL-5150 

photodefinable silicone (see Section 3.6.1) is spun on to a thickness of approximately 25 

μm.  The silicone is then lithographically patterned and developed.   
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After development of the silicone, residual silicone scum is removed from the 

vias using SF6/O2 plasma in a RIE.  After the silicone residue is removed, the wafer is 

diced and the sacrificial photoresist is released in isopropyl alcohol at 80°C. Release 

times for channel lengths up to 2 cm and a width of 100 μm can take up to 14 days.  

Release time can be reduced by using room temperature acetone, though this is not 

recommended for more than three continuous days since this can reduce SU8/Parylene 

adhesion.  Some minor delamination around the vias was observed after the long release 

process. This is most likely a result of the well-known volume expansion of SU8 during 

liquid soaking. 
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Figure 4-8. Cross-sectional diagrams of device and control chip fabrication for nHPLC.  Fabrication 
proceeds from top-left to bottom-right.  The metal layer is not typically used in the fabrication of control 
chips and the silicone layer is not typically used in the fabrication of device chips. 
 

Adhesion between the two layers of Parylene is the weakest part of the device and 

the point of failure in high-pressure flows.  The Parylene/Parylene adhesion fails at 
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pressures above 250 psi in the control chip but can withstand higher pressures in the 

device chips.  Maximum device chip working pressures of up to 400 psi were attained.  

To improve Parylene to Parylene adhesion, an oxygen plasma etch is performed to 

remove any organic contaminates introduced by the sacrificial photoresist lithography.  

The oxygen etch is followed by a ten-second dip in buffered hydrofluoric acid to increase 

the hydrophobicity of the first Parylene layer.  This process is thought to improve 

Parylene to Parylene adhesion by reducing the quantity of water trapped at the interface 

between the two layers. 

a)

b) c)

a)

b) c)
 

Figure 4-9. Photographs of three fabricated device chips with large vias.  (a) injection device, (b) 
separation device, and (c) detection device.  All device chips are 10 x 10 mm2. 
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4.3.2.2 HPLC Column Packing 

The separation device must be packed with 7 μm diameter PS-DVB anion 

exchange beads before use.  To prevent beads from escaping from the column during the 

packing a 5 μm high filter region is defined at the end of the column structure using a 

partial exposure of the sacrificial photoresist (Figure 4-12).  The 7 μm beads are 

suspended in deionized water to form a slurry using a mixing ratio of 1 mg beads per mL 

of water, resulting in a slurry concentration of approximately 4.5 beads/nL (Figure 4-10).   

 

Figure 4-10. 7 μm bead slurry on cytometer.  Each square contains a volume of 11.1 nL. 

 

The slurry is then pumped through the separation column at a constant pressure of 

between 300 and 400 psi.  The slurry is allowed to flow through the device until a 1 cm 

packed column length is achieved.  The slurry is continuously stirred to prevent bead 

settling during the packing procedure.  The column is then flushed with deionized water 

at 400 psi.  Figure 4-11 shows the bead packing setup and jig.  
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Figure 4-11. HPLC column packing setup 
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Figure 4-12.  Illustrations of the HPLC separation column.  (a) Fully packed separation column.  (b) Cross-
sectional diagram of filter region after packing. (c) Photograph of the filter region after packing 
 

4.3.2.3 Valve-Less Injection 

 The injection device was designed using a π-shaped channel junction.  The 

scheme is similar to that explored by O’Neill et al. [96], but accomplished the same 

functionality without the use of any external shut-off valves.  The injection sequence 

begins with the buffer inlet pressure set to 30 psi and the sample inlet pressure set to 15 

psi.  Generally, the sample inlet pressure should be set such that a thin pinch flow region 

is formed in the junction.  The injection is begun by simultaneously switching the sample 

inlet pressure to 30 psi and the buffer pressure to 15 psi, causing the sample solution to 
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fill the junction.  The injection settings are held for a variable period of time to form the 

plug, which forms in the region downstream of the waste channel.  At the end of the 

injection, the buffer and sample pressures are reset to their initial values, causing the back 

of the plug to be pinched off and reestablishing buffer flow toward the column.  Figure 

4-13 shows photographs of the various stages of the injection sequence.  By varying the 

injection hold time, different plug volumes can be achieved.  We were able to reliably 

achieve plug lengths as small as 200 μm, which corresponds to a minimum plug volume 

of approximately 0.5 nL.   

sample

waste

buffer

To column

1.3 nL

a) b) c)

e)d) 500 μm500 μm

500 μm500 μm500 μm

Pre Injection Start Injection Injection (1 sec)

End Injection Post Injection

sample

waste

buffer

To column

1.3 nL

a) b) c)

e)d) 500 μm500 μm

500 μm500 μm500 μm

Pre Injection Start Injection Injection (1 sec)

End Injection Post Injection

 

Figure 4-13.  Images of valveless injection scheme.  (a) Pre-injection with buffer pressure of 30 psi and 
sample pressure of 15 psi.  (b) Start of injection with buffer pressure switching to 15 psi and sample 
pressure switching to 30 psi. (c) Injection settings held for 1 second. (d) End of injection with buffer 
pressure switching to 30 psi and sample pressure switching to 15 psi. The sample plug has been separated 
from the bulk sample flow.  (e) Post-injection with buffer pressure of 30 psi and sample pressure of 15 psi.  
The plug will continue toward the separation column. 
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4.3.2.4 Nitrate/Nitrite Separation and Detection 

Sample mixtures were prepared by dissolving reagent-grade sodium nitrate 

(NaNO3) and sodium nitrite (NaNO2) salts in deionized water and food coloring.  The 

food coloring was used to visualize plug formation and exhibited no electrochemical 

activity at the detection voltage.  A buffer solution of 0.1 M sodium hydroxide (NaOH) 

was prepared by dissolving reagent grade NaOH salt in deionized water.  The system was 

flushed with the 0.1 M NaOH solution for at least 30 minutes to fully activate the 

column.  This flushing procedure was repeated if a significant drop in separation 

efficiency was observed.  The detector consisted of a 500 x 90 μm2 thin-film platinum 

working electrode and a 2500 x 90 μm2 thin-film platinum counter electrode.  A 

cyclicvoltammogram (see Section 5.2.2) of the sample solution was taken and the optimal 

detection voltage, the voltage producing the largest current before the onset of water 

hydrolysis, was found to be -0.800 V.  All detections were performed at a working 

voltage of -0.800 V using a Princeton Applied Research Model 263A potentiostat and 

accompanying data acquisition software.   

 The sample was loaded at constant pressure until a thin flow layer was formed in 

the π-junction on the injection device.  The injection sequence was automated through 

LabVIEW using two voltage-controlled gas pressure regulators.  The data acquisition 

system on the potentiostat was initiated prior to the sample injection.  The program 

automatically switched buffer and sample pump pressures as described in Section 4.3.2.3 

to form an approximate 1.3 nL sample plug.  The current between the working and 

counter electrodes was recorded for 150 seconds at a sampling rate of 6.66 samples/sec or 

for 300 seconds at a sampling rate of 3.33 samples/sec.   
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 Several separation trials were performed using both a 100 mM sample mixture 

and 1 mM sample mixture.  A typical chromatogram is shown in Figure 4-14 along with 

the peak analysis.  A summary of several trials is given in Table 4-1.  The peak analysis 

was performed using equations (4.3-8) to (4.3-10).  Each peak was fit to a Gaussian 

distribution as described in equation (4.3-7).   

 

Figure 4-14. Nitrate/nitrite separation results and analysis.  (a) Typical separation chromatogram showing 
nitrate and nitrite separation.  The chromatogram corresponds to Trial 2.  The end of the plug injection 
sequence, t0, is marked. The blank control data shows the detector response for a sample plug containing 
only food coloring and no nitrate or nitrite. (b) Peak analysis done using MatLab by fitting Gaussian 
profiles to the individual peaks.  The baseline current is 108.1 nA and t0 is 17.1 seconds.  Nitrite peak fit 
parameters are a = 154.9, μ = 72.2, and σ = 0.2538 resulting in an R2 = 0.9304.  Nitrate peak fit parameters 
are a = 65.78, μ = 75.48, σ = 0.5108 resulting in an R2 = 0.8795. 
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Table 4-1: Nitrite/Nitrate Separation Analysis 
Trial Analyte C (mM) Ip (nA) Rt (sec) σ2 (sec2) As N Rs 

Nitrite 100 162.01 80.80 0.079 2.171 82,537 First 
Nitrate 100 54.11 85.80 0.405 10.524 18,195 

2.725 

Nitrite 100 160.87 55.10 0.064 1.793 47,143 Second 
Nitrate 100 71.67 58.38 0.261 7.074 13,063 

2.145 

Nitrite 100 170.57 84.40 0.037 2.470 193,045 Third 
Nitrate 100 57.57 87.70 0.274 11.212 28,081 

2.306 

Nitrite 1 62.16 98.59 0.343 Blend* 28,363 
Fourth 

Nitrate 1 59.86 101.49 4.013 Blend* 2,567 
0.560 

*Indicates that the peaks blend with one another before reaching the 5σ width 
 

4.3.3 Summary 

The separation performance of the modular system compares very favorably to 

most commercial HPLC systems.  Most modern macro HPLC columns between 1 and 15 

cm in length will report plate counts in the range of 10,000 – 25,000 [97-100].  This 

system achieved an average nitrite plate count of 87,772 and an average nitrate plate 

count of 15,477.  As in all HPLC systems any transit time from the sample injector to the 

column and from the column to the detector, referred to as auxiliary transit time, will 

allow increased band broadening.  Due to the system’s on-chip design and high flow rate, 

however, the total auxiliary transit time is relatively small allowing for the high-

efficiency separation.  In one case, the separation efficiency approached that normally 

achieved in capillary electrophoresis systems, 105 to 106 theoretical plates, which have 

very little or no auxiliary transit time [101].  This level of performance was achieved with 

almost no optimization of buffer composition or flow parameters.   

One of the drawbacks to the current experimental setup is the inability to monitor 

the buffer flow rate.  A buffer flow rate between 150 nL/min and 250 nL/min was 

estimated from images taken during the injection sequence but accurate in situ 

measurement was not possible.  Of course, due to the nature of the modular design 
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addition of a flow sensor, most likely after the detector, could be accomplished in the 

future with relative ease.  Another drawback is the system reliance on a constant pressure 

source maintained by the two voltage-controlled gas regulators which are operated near 

the low end of their range.  This resulted in significant drift in the pump pressures of up 

to 2±  psi.  The drift in the pressure source, and accompanying change in flow rate, 

accounts for the variation in retention times observed in the various trials.   

 
4.4 Conclusions 

The presented modular microfluidic technology offers great flexibility in 

application.  The modular nHPLC system clearly demonstrates that modular microfluidic 

systems, when properly designed, can maintain the high performance offered by device 

size reduction and on-chip fabrication.  The introduction of a robust, easy-to-use, fully 

integrated interconnect technology makes the possibility of widespread interchangeable 

microfluidic devices and complex microfluidic systems feasible.  Future works include 

characterization and optimization of the detector for use in the investigation of single-cell 

metabolic activities in microfluidic systems.   Primary application of the modular 

approach using MEMS O-rings lies in either commercial microsystems that will benefit 

from routine but non-destructive maintenance or prototype laboratory systems requiring 

frequent but functionally isolated design changes.  In commercial applications jig design 

will be extremely import because overall ease-of-use is strongly influenced by the 

packaging. 

  As the complexity of microfluidic systems increases, the need to independently 

design and fabricate system components will become greater for many applications.  

Modular microfluidics will be necessary to reduce system research and development 
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time, improve system flexibility, and allow for system maintenance.  By separating 

system component fabrication, individual parts can be more readily optimized and 

characterized.   These advantages of modular microfluidics outweigh the minimal 

increase in cost and complexity associated with the fabrication of an interconnect chip.   
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5 WORKING ELECTRODE MATERIALS  
FOR INTEGRATED ELECTROCHEMICAL 
DETECTORS 

5.1 Introduction 
 Electrochemical detectors (ECDs) are a key component in high performance 

liquid chromatography systems.  On-chip HPLC, or nano HPLC (nHPLC), systems use 

relatively small sample volumes compared to conventional HPLC, while offering 

comparable separation performance [38].  The small fluid volumes, however, contain 

insufficient analytes for UV absorption detection.  ECDs offer a viable alternative for 

electrochemically active analytes with the advantage of enhanced selectivity in detection. 

This detection method is ideal for use in nHPLC, systems since it responds to analyte 

concentration without regard for the total amount of analyte.   ECD have the additional 

advantage of being easier to fabricate using MEMS technology relative to other detection 

schemes. 

ECDs with detection limits as low as 0.1 pM have been reported under special 

conditions but practical limits over a wide variety of analytes tend to be above 0.1 μM 

[95, 102].  It has been reported that nanoarrays of vertical carbon nanotubes can achieve 

detection limits on the order of 1 nM [103].  The development of ultra-low detection limit 

ECDs coupled with a nHPLC will facilitate selective trace analyte measurement.   
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Electrochemical detector performance depends on many factors.  Most factors 

such as buffer composition, pH, and operating temperature also affect separation 

performance, hence there is limited room over which to optimize these elements.  One 

factor that plays a major role in detector performance is the composition of the working 

electrode.  Working electrode composition is not limited to just the working electrode 

material selection, but also any pretreatment or activation procedures performed to 

improve sensitivity, responsivity, or selectivity.  Typical working electrode materials 

include platinum (an inert metal), mercury (an atomically smooth liquid electrode), and 

carbon. 

This chapter will investigate several new carbon-based materials for use as ECD 

working electrode materials.  The first material is a thin-film carbon formed from a 

Parylene-C seed layer.  The carbon can conformally coat high surface area structures 

allowing for considerable increases in the effective surface area of the electrode.  The 

second material is an embedded vertical carbon nanotube array which has individual 

array elements with diameters of only 100 nm and array densities of 1 element per square 

micron.  The chapter will begin with a short introduction to relevant electrochemical 

theory and then discuss thin-film carbon electrodes followed by CNT nanoarray electrode 

fabrication and electrochemical characterization. 

 

5.2 Electrochemical Characterization Techniques 
Due to the broad application of electrochemistry to analyte detection, it is difficult 

to determine the “best” working electrode material.  In fact, experience has shown that 

many materials are suitable for electrochemical detectors, but that most share several 

common attributes.  Good electrode materials are chemically inert and do not degrade as 
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they are used, do not form an oxide layer (or form one that can be easily removed through 

polishing or other pretreatment), and generally behave according to electrochemical 

theory.  There are no standardized tests for determining the usefulness of a material as an 

electrochemical detector.  However, several common tests are used in the literature.  All 

of the tests attempt to confirm that the electrode material does not affect the behavior of 

an analyte that is known to behave according to predictive theories.  Several common test 

analytes are ( )3-/4-

6
Fe CN ,  ( )2+/3+

3 6
Ru NH , 2-/3-

6IrCl , 2+/3+
3Co(phen) , and 2+/3+

3Co(en)  with 

( )3-/4-

6
Fe CN  and  ( )2+/3+

3 6
Ru NH  the most common [104].  

An electrochemical system consists of two species in solution.  One species will be 

oxidized by losing an electron to an electrode, called the anode, while the second species 

will be reduced at a different electrode, called the cathode, by receiving an electron.  The 

oxidation and reduction reactions must occur simultaneously with an equivalent charge 

transfer in each, hence the entire reaction is called a reduction/oxidation or redox 

reaction.  Most redox reactions do not occur spontaneously; rather, they typically require 

some applied energy in the form of an electric potential.  A third electrode, called the 

reference electrode, is often used as a stable baseline to which the applied potential is 

added.  The applied potential reduces the electron transfer barrier between the electrode 

and the analyte in solution allowing for charge transfer (Figure 5-1).  The rate of charge 

transfer is typically limited, not by the speed of electron transfer, but instead by the 

availability of analyte at the electrode surface.  In stationary solutions the only means of 

analyte transport to and from the electrode surface is diffusion (Figure 5-1).  Moving 

solutions are more difficult to understand analytically and are therefore not typically used 
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when characterizing electrode materials.  Hence, most electrode material studies are 

carried out in the diffusion-limited regime.   

 
Reduction

Oxidation

 
Figure 5-1. Diagram of electron charge transfer at an electrode and mass transport to and from the 
electrode surface.  Images taken from [95]. 

 
In the diffusion-limited case it is relatively straight forward to predict the current 

behavior of a system whose working potential is set at a value large enough to cause 

oxidation of the analyte (a similar derivation can be done if analyte reduction is of 

interest).  The mass transport mechanism is descriped by Fick’s first and second laws: 

 O O OJ D C= − ∇ , (5.2-1) 

 2O
O O

C D C
t

∂
= ∇

∂
, (5.2-2) 

where J is the current density, D is the diffusion coefficient, C is concentration profile, 

and t is time.  The current is then given by: 

 [ ]
_O O O electrode boundary

i nFAJ nFAD C= − = ∇ , (5.2-3) 
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where n is the number of electrons per transfer event, F is Faraday’s constant  (96485.3 

C), and A is the effective electrode surface area.  The diffusion coefficient of several 

common analytes in water is given in Table 5-1. 

Table 5-1: Diffusion Coefficients in Water [105] 
Solute T 

(°C) 
D 

( 510−×  cm2/s) 
Solute T 

(°C) 
D 

( 510−×  cm2/s) 
Acetone 25 1.28 -

3HCO  25 1.185 
Acetonitrile 15 1.26 Isopropyl alcohol 15 0.87 
Cl- 25 2.032 K+ 25 1.957 
Ethanol 25 1.24 Na+ 25 1.334 
F- 25 1.475 +

4NH  25 1.957 
Glucose 25 0.67 -

2NO  25 1.912 
Glycine 25 1.05 -

3NO  25 1.912 
H+ 25 9.311 OH- 25 5.273 
 

If the electrode is assumed to be an infinitely long, one-dimensional line and the 

concentration of analyte far from the electrode is C*, then the solution to equation (5.2-3) 

is known as the Cottrell equation: 

 
*

( ) OnFAC D
i t

tπ
= . (5.2-4) 

For electrode geometries other than an infinite line the current behavior is described as 

the sum of the Cottrell equation and some other steady or quasi-steady state term of the 

following form: 

 *
( )total Cottrell q ss Cottrelli i i i nFAC m= + = + , (5.2-5) 

where m is the geometry dependent term [95].  Table 5-2 gives the value of m for several 

common electrode geometries in microfluidics where r0 is the radius of the electrode and 

w is the width. 
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Table 5-2. Table of m Factors for Typical Microelectrode Geometries [95] 
Band Cylinder Disk Hemisphere Sphere 

( )2

2
ln 64

O

O

D
w D t w

π
 

( )2
0 0

2
ln 4

O

O

D
r D t r

 
0

4 OD
rπ

 
0

OD
r

 
0

OD
r

 

 
 

5.2.1 Double Layer Capacitance 

When a charged electrode is in solution, the ions in the solution rearrange in the 

vicinity of the electrode surface to screen the charge.  A negatively charged electrode will 

attract positively charged ions to its surface and repeal negatively charged ions.   The 

attracted ions will encounter a layer of adsorbed solvent molecules and other adsorbed 

ions on the electrode surface.  This layer of adsorbed molecules forms the inner 

Helmholtz plane. The attracted ions will form a second layer called the outer Helmholtz 

plane, or diffuse layer.  Since both of these layers contain charged molecules the 

combined structure is called the electrical double layer (Figure 5-2a).   

The electrical double layer behaves like a standard capacitor in electronics by 

storing and releasing charge in the diffuse layer as the potential changes.  Because of this 

electrode, interactions are often modeled using circuit theory elements (Figure 5-2b).  

The double layer capacitance3, Cd, is mainly a function of the electrode material and 

surface condition.  Since the double layer capacitance is a strong function of electrode 

material, it is usually estimated during electrode characterization.  The double layer 

capacitance is important to electrochemical detectors because it, along with the 

uncompensated resistance, determines how quickly the detector can react to a change in 

                                                           
 
3 The double layer capacitance is usually reported as a capacitance per unit surface area and hence has units 
of F/m2.  Some authors prefer to report double layer capacitance without normalizing to the electrode 
surface area.  Care must be taken to determine the units of Cd from the context. 
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input.  The double layer capacitance along with other electrochemical behaviors can be 

investigated using a technique known as cyclic voltammetry. 

 
 

a) b)a) b)  
Figure 5-2.  (a) Illustration of electrical double layer. (b) Example of a circuit model of an 
electrode/solution interface.  Images taken from [95]. 
 
 
 

5.2.2 Cyclic Voltammetry 

Cyclic voltammetry is a classical electrochemical technique that can be used to 

investigate either the electrochemical behavior of an unknown analyte or the behavior of 

an electrode material using a known analyte.  The basis of cyclic voltammetry is the use 

of a time-varying potential that cycles back to its initial point and changes at a constant 

rate (Figure 5-3).  The constant rate of change of potential is known as the scan rate, υ, 

and is typically between 10 mV/sec and 1000 mV/sec, with the most common values 

chosen being either 50 mV/sec or 100 mV/sec for electrode characterization.  The shape 

of the voltammagram can be described mathematically.  The electrode potential and 

analyte concentration profile are given by [95] :  

 ( ) iE t E tυ= −  (5.2-6) 
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and 

 
1* 1/ 2 1/ 2

0
(0, ) ( ) ( )( )

t

O O OC t C nFA D i t dπ τ τ τ
−

⎡ ⎤= − −⎣ ⎦ ∫ , (5.2-7) 

 
1/ 2 *

1/ 2

0
0'

( )( )( )
exp ( / )( ) 1

t O O

O
i

R

nFA D Ci t d
D nF RT E E t
D

πτ τ τ
υ

−− =
⎡ ⎤− − +⎣ ⎦

∫ . (5.2-8) 

Now letting 

 ( / )nF RTσ υ= , (5.2-9) 

The total current can be expressed as: 

 ( )1/ 2*( ) ( )total c d O Oi i i t AC nFAC D tυ π σ χ σ= + = + , (5.2-10) 

where χ(σt) is derived from equation (5.2-7) and must be solved for numerically at any 

given t [95].  Numerical evaluation of equation (5.2-10) shows that a peak current exists 

that is given by [95]: 

 5 3 2 1 2 * 1 2max (2.69*10 )p ci i i n AD C υ= − = . (5.2-11) 

The important things to note about equation (5.2-11) is that it predicts that the maximum 

current in the voltammagram minus the capacitive current, called the peak current, will 

scale linearly with electrode surface area and bulk analyte concentration, and scale 

proportionally with the square root of the scan rate.  In practice, ic is not always 

independent of potential.  In any case, peak current should always be measured from the 

ic baseline, as shown in Figure 5-3.   
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Figure 5-3. Diagram of typical cyclic voltammetry measurement 

 

 Since in cyclic voltammetry there is both a forward sweep and a backward sweep, 

there are two peaks for a reversible reaction, one for each sweep.  If an electrochemical 

reaction is fully reversible and the sweep rate is sufficient that diffusion effects are 

minimized, the forward and backward sweeps should be identical except for changes in 

sign.  The potential difference between the two peaks can be predicted using 

electrochemical theory [95]: 

 2.3c a
p p p

RTE E E
nF

Δ = − = . (5.2-12) 

At 25°C for a single electron transfer reaction (n = 1), equation (5.2-12) predicts an ideal 

peak separation of 56.5 mV.  Increases in peak separation beyond the ideal value indicate 

surface contamination problems.  Common surface contaminants are adsorbed species, 

insoluble products of the redox reaction, or an oxide layer.  Typically, electrode surfaces 

are pretreated and then tested using a well known analyte to verify they can achieve close 

to the ideal peak separation.  This procedure is critical in characterizing new electrode 

materials. 
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5.3 Thin-Film Carbon as a MEMS Material 

Carbon is often the material of choice for electrochemical sensor electrodes 

because of its high chemical and mechanical stability, relatively high resistance to oxide 

layer formation, wide potential window, and low cost.  Manufacturing of carbon into 

suitable electrodes is often based on either a pyrolysis technique, such as the making of 

carbon fibers from polyacrylonitrile fibers, or from a carbon paste containing carbon by-

products of petroleum or coal burning [102].  While sufficient for the investigation of 

electrochemical properties of solutions, carbon electrodes made using these methods are 

difficult to integrate into many microdevices.  Of particular interest in the MEMS 

community is the ability to fabricate thin-film carbon (TFC) microelectrodes for 

integration into a variety of chemical and biochemical sensors.  Carbon has recently been 

used in MEMS devices as diverse as an uncooled bolometer [106], a 3D microbattery 

[107], and a nanofluidic flowmeter [108].  For electrochemical MEMS sensors, carbon 

films must be compatible with photolithography processing, have good adhesion to the 

substrate, and still maintain all the electrochemical benefits of carbon.   

The most common methods of constructing surface-machined carbon 

microelectrodes are screen-printing using a carbon paste and sputtering.  Recently 

pyrolysis of photoresists has been explored as another alternative for carbon deposition 

[107, 109, 110].  Screen printing lacks the ability to make microelectrodes with features 

smaller than 200 um or to provide a conformal carbon coating.  Pyrolyzed photoresist can 

provide atomically smooth carbon coatings, but it is not conformal and can limit 

processing options prior to pyrolysis.  Sputtering allows for both small feature sizes and 

mostly conformal coating but can be limited by shadowing effects and very high aspect 



 106  
 

 

ratios.  Another alternative is to use Parylene-C as the carbon source material for 

microelectrodes [106, 111, 112].  Parylene is conformally deposited at room temperature 

even over very high aspect ratios, is not limited by shadowing, can be patterned into 

small features before or after pyrolysis using an oxygen plasma, and shows good 

adhesion to most materials in both its deposited and pyrolyzed forms.  Pyrolyzed 

Parylene was first used by Hui et al. [113] as a fast-etching, conformal, sacrificial layer in 

molded polysilicon processes.     

 

5.3.1 TFC from Pyrolyzed Parylene-C 

To develop a better understanding of the pyrolysis process for Parylene-C, several 

tests were preformed.  A free-standing film of Parylene-C (15.8mg) was examined by 

simultaneous thermal analysis, which provides thermogravimetric analysis (TGA) and 

differential scanning calorimetry (DSC).  The sample was heated to 1500oC with a 

heating rate of 5oC/min in flowing Ar (100mL/min).  The inert Ar atmosphere was 

necessary to prevent burning of the carbon.  As seen in Figure 5-4, the material 

undergoes an endothermic phase transition, presumably melting, at 296oC.  An 

exothermic event peaks near 480oC and is accompanied by a weight loss of 66%.  The 

exothermic event at 480oC is believed to be the Parylene-to-carbon transition.  Total 

weight loss to 1500oC is 70.1%. 
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Figure 5-4. Simultaneous thermal analysis data for a free-standing, 15.8 mg film of Parylene-C  

(heating rate = 5oC/min, in flowing Ar at 100mL/min) 
 

MicroRaman analysis was conducted on both loose film and attached Parylene 

samples (Figure 5-5).  Parylene carbonized at 900oC on Si shows broad and poorly 

defined G and D1 peaks, whereas carbonization at 1550oC in flowing Ar resulted in 

narrow and well-defined peaks, indicative of glassy carbon.  The band near 1580cm-1 is 

known as the graphite band (G band) and corresponds to the in-plane vibration of C 

atoms in graphite structure [114, 115].  For perfect single-crystal graphite, it would be the 

only band observed.  The presence of the so-called defect band (D1) around 1350cm-1 

indicates that a finite particle size is associated with carbonized Parylene. The D1 band is 

broader for poorly ordered carbons, and narrows as increased heat treatment results in 

increased order, as can be seen in Figure 5-5.   
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Figure 5-5. MicroRaman data for Parylene C. Parylene C was carbonized in furnace at 1550oC (top - 

heating rate = 5oC/min, held at temperature for 5 min, flowing Ar @ 100mL/min) and Parylene C 

carbonized on Si (heating rate = 10oC/min, held at 900oC for 1 hr, flowing N2 at 100 mL/min) showing 

clear glassy carbon peaks, labeled D1 and G, according to [114, 115]. 
 
 
 Resistivity of pyrolyzed Parylene was measured for pyrolysis temperatures 

between 600°C and 900°C (Figure 5-6) [116].  The effects of heating rates were also 

investigated.  As shown in Figure 5-6, the resistivity of the thin-film carbon can be 

changed over 12 orders of magnitude.  The lowest resistivity was achieved at the highest 

pyrolysis temperature.  The changes in resistivity are consistent with the MicroRaman 

data which shows the development of a more ordered and graphite-like structure at high 

pyrolysis temperatures.  For electrochemical detectors, the most graphitic, therefore 

lowest resistivity, carbon is desired. 



 109  
 

 

0.001

0.1

10

1000

105

107

109

1011

500 600 700 800 900 1000

ρ  wi t h 10℃/ mi n
ρ  wi t h 4. 5℃/ mi n

R
 e

 s
 i 

s 
t i

 v
 i 

t y
   

 ρ
 [

Ω
cm

]

Temperature [℃]  
Figure 5-6. Resistivity as a function of pyrolysis temperature and heating rate.  Note resistivity is 
adjustable over 12 orders of magnitude.  Figure from [116]. 
 

5.3.2 Pyrolyzed Parylene Electrodes  

 Of particular interest in the MEMS community is the ability to fabricate thin-film 

carbon microelectrodes for integration into a variety of chemical and biochemical 

sensors.  The carbon films must be compatible with standard MEMS processing, most 

importantly photolithography, and still maintain all the electrochemical benefits of 

carbon.  Pyrolyzed Parylene-C not only meets these requirements but it is also conformal 

over high aspect ratio structures (Figure 5-7). 

a) b)a) b)
 

Figure 5-7. Three-dimensional electrodes using pyrolyzed Parylene.  (a) Cross-section view of silicon well 
coated in pyrolyzed Parylene.  Note the conformal nature of the coating.  Oxide growth done prior to well 
etch.  (b) Top side view of silicon wells coated in pyrolyzed Parylene 
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The increase, or gain, in geometric surface area obtained by using square posts 

conformally coated in carbon as an electrode structure can be estimated as 
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where d is the depth of the silicon posts, s is the closest edge-to-edge separation, and w is 

the width of the posts.  For square-packed cylindrical posts of radius, r,   
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and for hexagonally-packed cylindrical posts of radius, r,  
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Finally, for a hexagonally-packed, hexagonal post, of side length, w, the gain is: 
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Fabrication constraints require s ≥ 25 μm, w or 2r  ≥ 3 μm, and d ≤ 250 μm for 10 μm 

Parylene coatings.  For 3 μm Parylene depositions, s can be reduced to 9 μm. Parylene 

coatings below 3 μm could produce films whose mechanical strength is insufficient. The 

geometric surface area is maximized when the s = w = 2r, w is minimized, and d is 

maximized subject to all constraints.  Table 5-3 summarizes the expected gains for the 

four different post geometries and for the two different Parylene coating thicknesses.  

Calculations show that hexagonally-packed hexagonal posts will produce the greatest 

gain in surface area, approximately 29.51.   
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Table 5-3. Gain in Surface Area Due to 3-D Electrode Structure 
Geometry 10 μm Parylene Gain 3 μm Parylene Gain
Square 11 28.78 
Cylindrical-Square Pack 8.85 22.82 
Cylindrical-Hex Pack 10.07 26.19 
Hex-Hex Pack 11.26 29.51 

 

5.3.2.1 TFC Electrode Fabrication 

  Thin-film pyrolyzed Parylene-C electrodes were fabricated using room 

temperature polymer vapor deposition onto a Si/SiO2 substrate.   The electrodes were 

pyrolyzed in a nitrogen atmosphere then patterned using O2 plasma.  Metal contacts were 

deposited and the 900oC electrodes were then isolated with a second Parylene layer.  The 

isolation Parylene layer was then etched using O2 plasma to form either single electrodes 

or an array of electrodes (Figure 5-9).  The fabrication process is diagramed in Figure 

5-8.   

Parylene
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Si
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Parylene

C

Parylene
SiO2

Si
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Figure 5-8. TFC electrode fabrication process 
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Figure 5-9. Fabricated TFC electrodes.  (a) Single 58.06 mm2 opening. (b) 10 x 10 array of 0.16 mm2 
electrodes 
 

5.3.2.2 TFC Electrode Characterization 

A simple electrochemical characterization was performed to show that the thin-

film carbon has potential as a working electrode material.  Figure 5-10 shows cyclic 

voltammograms of 5 mM ( )3 / 4

6
Fe CN − −  in 0.1 M KCl for a pyrolyzed Parylene electrode, 

as well as a scan using a Pt electrode for comparison.  The Parylene was pyrolyzed at 

900°C in an N2 atmosphere.  The measured differences in anodic and cathodic peak 

potentials are 144 mV and 216 mV for the Pt and TFC electrodes, respectively.  No 

pretreatment was performed on the TFC electrode.  The Pt electrode was polished by 

hand using alumina slurry, rinsed thoroughly with deionized water, and dried prior to use.  

Improvements in electrode kinetics, evident by a reduction in peak-to-peak separation, 

were observed as carbonization temperature and film thickness are increased (data not 

shown).   
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Figure 5-10.  Cyclic voltammograms of 5.0 mM hexacyanoferrate in 0.1 M KCl using platinum and 
pyrolyzed Parylene electrodes.  The scan rate is 50 mV/sec.  The Parylene was pyrolyzed at 900°C.   
 
 
 The thin-film carbon was prone to adhesion failure to the oxide substrate after 

several minutes of soaking in the electrolyte solution.  The 2nd layer of Parylene 

deposited for isolation was helpful in minimizing detachment of the film from the 

substrate.  Electrochemical performance of the TFC electrodes was not extensively 

characterized.  Preliminary results show that the TFC can be used as an electrode material 

with performance slightly worse than platinum wire.   

 
5.4 Carbon Nanotubes Nanoarrays 

Carbon nanotubes (CNT) are allotropes of carbon.  The nanotube structure can be 

described as a one atom thick sheet of carbon rolled to form a tube (Figure 5-11).  Carbon 

nanotubes come in two main varieties: 1) single-walled (SWCNT) and 2) multi walled 

(MWCNT).  The discovery of MWCNT is traditionally attributed to Sumio Iijima [117] 

in 1991, but there exists several earlier publications of similar items [118].  SWCNT were 
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discovered simultaneously by Iijima and Ichihashi [119] and Bethune et al. [120] in 1993.  

In 2002, Li et al. [121, 122] developed embedded vertical CNT nanoarrays that could be 

used as electrochemical detectors. 

 

Figure 5-11. Illustration of a multi-walled carbon nanotube.   Image taken from [123]. 

Integration of carbon nanotubes (CNT) with microfluidic HPLC columns presents 

several major fabrication challenges.  For most CNT applications, CNT are grown and 

put into a liquid suspension and later dispersed on a substrate.  An alternative method is 

to grow the tubes on the device substrate.  The tubes naturally grow in a roughly vertical 

fashion starting with a metal seed layer on the substrate.  As grown, vertical carbon 

nanotubes cannot withstand standard MEMS processing such as photolithography.   

The vertical carbon nanotubes must be encased in a stabilizing matrix prior to the 

fabrication of the microfluidic channels that will deliver the analyte.  In the past, thermal 

chemical vapor deposition (CVD) of tetraethylorthosilicate (TEOS) has been used as a 

stabilizing matrix, but this method requires the use of chemical mechanical polishing 

(CMP) to planarize the electrode surface and expose the tips of the carbon nanotubes 
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[103, 121, 122, 124, 125]. The high-temperature CVD TEOS process and accompanying 

CMP can make this technique expensive, time consuming, and incompatible with other 

processing requirements for on-chip fluidic channels.  To address these limitations, a 

process based on room temperature CVD deposition of Parylene-C has been developed to 

replace CVD TEOS.  Parylene can conformally coat the CNTs and be etched back using 

O2 plasma to expose the CNT tips.  This Parylene process completely removes the need 

for CVD TEOS and CMP. 

 

5.4.1 CNT Nanoarray Electrode Fabrication 

CNT nanoarrays are grown on 100 mm diameter silicon wafers.  The steps 

involved in full-wafer electrode fabrication are:   

(1) Metal Film Deposition: A 50 nm barrier layer of Ti is deposited using electron 

beam evaporation on a Si wafer. 

(2) Catalyst Deposition: A 35 nm layer of Ni is deposited using electron beam 

evaporation for use as the CNT growth catalyst.    

(3) PECVD CNT Growth: Vertically aligned multi-walled carbon nanotubes 

(MWCNT) are grown for 30 minutes from the Ni catalyst in a variety of processing 

conditions.  The processing gas used is a mixture of NH3 and C2H2.  The highest quality 

CNT growth is achieved with a NH3 to C2H2 ratio of 110 mtorr: 25 mtorr and 1510 W of 

power.  Average CNT height and diameter is determined using scanning electron 

microscopy (SEM) to be approximately 5 μm to 8 μm and 100 nm, respectively.  A 

complete characterization of the growth process has been previously reported [103, 121, 

122, 124, 125].  See Figure 5-12 for a diagram of the CNT growth chamber [126] and 

Figure 5-13 for a photograph of the CNT growth in progress. 
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Figure 5-12. PECVD and hot filament assisted vertical CNT growth chamber [126] 

 

Figure 5-13. Photograph of PECVD vertical CNT growth in progress.  Photograph courtesy of Dr. Alan 
Cassell. 
 

(4) Parylene Deposition and Reflow: Approximately 7 μm of Parylene-C is deposited 

on the wafer.  The Parylene deposition is carried out at room temperature using a PDS 

2010 Labcoter (Specialty Coating Systems, Indianapolis, IN).  After deposition, the wafer 

is heated to temperatures between 350˚C and 375˚C for one hour in a N2 atmosphere to 
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allow the Parylene to reflow and planarize the surface of the electrode. The wafer is 

allowed to cool at a rate of 1°C/min. Individually coated CNTs are shown in Figure 5-14 

with a 0.34 μm Parylene coating.  Figure 5-15a shows CNTs before Parylene deposition.   

a) b)a) b)  

Figure 5-14. Vertical CNTs covered in 0.34 μm of Parylene.  (a) Side view of individually coated CNTs 5 
to 7 μm in height.  (b) Tips of CNTs with Ni seed visible through Parylene coating 
 

(5) CNT Tip Exposure:  The Parylene surface is exposed to O2 plasma to etch several 

microns of Parylene and reveal CNT tips forming the nanoelectrode array.  Figure 5-15b 

shows a cross-section of the CNT array after completion of the fabrication process.  

Variations in CNT height in the growth step allowed average tip to tip separation to be 

controlled through manipulating the O2 plasma conditions and etch time.    The exposed 

CNT lengths were measured to be approximately 1 μm using SEM and transmission 

electron microscopy (TEM), but significant length variation was noted (Figure 5-16).    

SEM and TEM images show that the O2 plasma can leave some Parylene residue on the 

exposed stalk.  Longer etching times reduce the amount of residue.       
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a)

b)

a)

b)
 

Figure 5-15. (a) CNTs immediately after growth. (b) Cross-section of CNT electrode array.  The cross-
section image shows the silicon wafer with approximately 7 μm of Parylene embedded CNTs.  
Approximately 0.5 μm of the CNTs are exposed above the surface of the Parylene. SEM images were taken 
at a 59 degree tilt angle relative to the surface of the Parylene. 
 

a) b)a) b)  
Figure 5-16. (a) SEM of single CNT tip. (b) TEM of single CNT tip.  Note removal of Ni seed at the top of 
the CNT and the removal of Parylene from the exposed tip.  SEM image was taken at a 59 degree tilt angle. 
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(6) Acid Etch: The CNT tips were etched in 1:1:2 (HNO3:H2SO4:H2O) for 5 minutes 

to remove the Ni seeds. 

(7) Dicing: The wafer was diced into individual electrode arrays approximately 10x20 

mm2.   

Figure 5-17 shows a cross-sectional diagram of the process after steps 2, 3, 4, and 6.  

A variety of O2 etch times were tested to achieve the desired tip to tip separation distance 

of approximately 1 μm measured using SEM (Figure 5-18).      
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Figure 5-17. Fabrication process flow for CNT nanoarray electrodes 

 

 

Figure 5-18. Overhead view of CNT electrode array.  CNT tip to tip separation is estimated to be 
approximately 1 μm. 
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5.4.2 CNT Electrode Film Patterning 

Two methods were tested to pattern the CNT electrode film.  The first method used 

was to pattern the Ti/Ni seed layer using liftoff lithography (Figure 5-19).  CNTs were 

then selectively grown in areas with the seed layer.  The second method explored was to 

fabricate a complete CNT electrode film over the entire wafer and pattern that film using 

O2 plasma and a photoresist mask (Figure 5-20).  The embedded CNT film etch rate was 

approximately 0.1 μm/min when etched using a reactive ion etching (RIE) system, three 

times slower than that of regular Parylene.  Both methods successfully produced 

patterned CNT films, although the full-wafer patterning method is considered more 

compatible with other potential processing steps. 

 

 

Figure 5-19. CNT growth patterned using Ti/Ni liftoff and selective growth 
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Figure 5-20. Embedded CNT film patterned using O2 plasma etch 

 

5.5 CNT Nanoarray Characterization  
 

5.5.1 Electrochemical Characterization 

All electrochemical measurements were taken using a standard three-electrode 

configuration.  The Parylene-embedded CNT nanoarrays were used as a working 

electrode and platinum wire was the auxiliary electrode.  An Ag/AgCl, KCl (saturated) 

electrode served as the reference electrode in all experiments. A Princeton Applied 

Research Model 263A potentiostat (Princeton, NJ) interfaced with PowerSuite software 

was used to conduct the cyclic voltammetry and record data.  K3Fe(CN)6 was used as 

received from Sigma-Aldrich (St. Louis, MO).  Stock solution of 100 mM K3Fe(CN)6 in 

0.1 M KCl was diluted with additional 0.1 M KCl to obtain the desired concentrations of 

K3Fe(CN)6.   

The CNT nanoarrays were electrochemically characterized by cyclic voltammetry 

in 5.0 mM K3Fe(CN)6 with 0.1 M KCl at a scan rate of 100 mV/sec.  The anodic and 

cathodic peak separation (ΔEp) was used as the figure of merit for comparison of 
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electrode performance.  Figure 5-21 shows typical CV scans for platinum, non-isolated 

CNT nanoarrays, and isolated CNT nanoarrays.  Isolated CNT electrodes were attached 

to an acrylic backing and had all exposed edges covered with epoxy.  The isolation 

protocol improved peak separation from 450 mV in the non-isolated sample to 196 mV in 

the isolated sample.  The isolated CNT electrodes performed comparably to platinum. 
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Figure 5-21. Cyclic voltammetry of 5.0 mM K3Fe(CN)6 in 0.1 M KCl. Scan rate of 100 mV/sec used for 
three different electrode materials.  Pt is included as a standard and has a ΔEp = 120 mV.  The non-isolated 
CNT array has a ΔEp = 450 mV.  The isolated CNT array has a ΔEp = 196 mV. 
 

5.5.2 Pretreatment  

Various electrochemical pretreatment protocols have been shown to improve 

electron transfer kinetics on glassy carbon electrodes [127, 128].  The similarity in 

structure between glassy and graphitic carbon to MWCNTs suggested that similar 

pretreatment protocols may also be beneficial [125].  To further improve the performance 

of the isolated CNT nanoelectrodes, a variety of electrochemical pretreatments were 

tested.  Before any isolated nanoelectrode was pretreated a CV was taken in 5.0 mM 
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K3Fe(CN)6 with 0.1 M KCl.  Only electrodes with an initial ΔEp = 200 +/- 20 mV were 

used to test pretreatment conditions.  Each treatment was performed on an isolated CNT 

nanoelectrode before a CV scan was conducted to determine the pretreated ΔEp value 

(Table 5-4).   

The results show pretreatments of greater than 30 seconds lead to degraded 

electrode performance compared to untreated electrodes.  It is possible that 

electrochemical pretreatments greater than 30 seconds etch most of the exposed CNT tips 

causing the observed degradation in performance.  CNT tip heights were observed under 

SEM before and after pretreatments of 30 seconds and were found to be substantially 

shorter after the pretreatments.  In most cases, tips were leveled to the Parylene surface 

after 30 seconds of pretreatment.  Fifteen second pretreatments in H2SO4, HCl, and HNO3 

improved electrode performance.  The improvement in performance is possibly due to 

reduction of oxides and remaining Parylene residue on the surface of the carbon.  A 0.8V 

pretreatment for 15 seconds in HNO3 gave the best peak separation.   

Table 5-4. ΔEp of K3Fe(CN)6  after Electrochemical Pretreatment of CNT 
Nanoelectrodes 

1.0 M HNO3 0.6 V/30 s 0.8 V/15 s 1 V/30 s 
ΔEp (mV) 469  123 NRa 
1.0 M HCl 0.6 V/30 s 0.8 V/15 s 1 V/30 s 
ΔEp (mV) NTb 174  483  
1.0 M H2SO4 0.6 V/30 s 0.8 V/15 s 1 V/30 s 
ΔEp (mV) 922  167 870  
1.0 M KOH 0.6 V/30 s 0.8 V/15 s 1 V/30 s 
ΔEp (mV) NTb 224  856  
a Tested but there was no response  
b Not tested   
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5.5.3 Additional Electrochemical Characterizations after Pretreatment 

Two electrodes were prepared using optimal processing parameters, isolated, and 

electrochemically pretreated in 1.0 M HNO3 at 0.8 V for 15 seconds.  Solutions of 5.0 

mM K3Fe(CN)6 in a supporting electrolyte of 0.1 M KCl, phosphate buffered saline 

(PBS) with pH 7.4, and 0.1 M KCl were prepared.  The potential window of the electrode 

whose boundaries were defined by the onset potentials of water hydrolysis was measured 

in both 0.1 M KCl and PBS.  The water potential window in the 0.1 M KCl was 

determined to be between approximately -0.35 V and 1.0 V (Figure 5-22a).  The potential 

window in PBS was determined to be approximately -0.6 V to 1.1 V.  The potential 

window of the electrode in 0.1 M KCl and PBS is similar to the reported water potential 

window of Pt in 1 M H2SO4 and pH 7 buffer, respectively [95]. The 0.1 M KCl window 

is slightly smaller than the size reported for glassy carbon, -1 V to 1 V in 0.1 M KCl [95, 

102].   

The double layer capacitance, Cdl, of the electrode can be estimated from the 

baseline currents and was found to be approximately 51 μF/cm2 and 47 μF/cm2 in 0.1 M 

KCl  and PBS, respectively.  The measured Cdl is consistent with the expected values for 

a glassy carbon electrode or the edge plane of a highly-ordered pyrolytic graphite 

electrode [102].  All normalized values were calculated using the geometric surface area 

of the electrode submerged in solution. 
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Figure 5-22. Electrochemical characterization of CNT nanoarrays.  (a) CV scan of 0.1 M KCl at a scan rate 
of 100 mV/sec.  No significant water hydrolysis occurs between -0.35 V and 1.0 V.  The dash line shows 
the cathodic and anodic baseline currents determined by a linear fit in the potential window.  (b) Peak 
cathodic current versus the square root of scan rate for scan rates between 10 mV/sec and 1 V/sec.  The 
dashed line is a linear fit of the data points showing a nearly perfect linear dependence. 
 

Using the second electrode, cyclic voltammetry scans of the 5.0 mM K3Fe(CN)6 

solution were taken at scan rates ranging from 10 mV/sec to 1 V/sec. For each CV scan, 

the baseline current due to the uncompensated resistance was determined by a linear fit of 

the voltammagram in the -0.1 V to 0.1 V range, where no electrochemical activity was 

observed.  The cathodic peak current was measured from the baseline to the 

voltammagram.  Figure 5-22b shows the electrode performed as expected (see Equation 

(5.2-11)), exhibiting a near perfect linear relationship between the peak cathodic current 

and the square root of the scan rate.   
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5.5.4 Sensitivity and Lower Detection Limit 

Solutions of concentrations of K3Fe(CN)6 ranging from 0.1 μM to 100 mM in a 

supporting electrolyte of 0.1 M KCl were prepared.  For each concentration, a cyclic 

voltammetry scan was taken at a scan rate of 100 mV/second, and the baseline current 

due to the uncompensated resistance was determined by a linear fit of the voltammagram 

in the -0.1 V to 0.1 V range, where no electrochemical activity was observed.  The 

cathodic peak current was measured from the baseline to the voltammagram.    According 

to equation (5.2-11), a plot of the log10 ip verse log10 C will produce a line with a slope of 

one.  Figure 5-23 shows a graph of log10 ip verse log10 C obtained using a CNT electrode.  

One linear fit is made for concentrations above 100 μM and another for concentrations 

below 100 μM.  The two fits cross at approximately 100 μM.  The high-concentration fit 

has a slope of 0.88 and the low-concentration fit has a slope of 0.308.  Both of the slopes 

are significantly lower than the expected value of one.  At higher concentrations, the 

sensitivity is much closer to the expected linear dependence than at lower concentrations.  

These results, however, are consistent with previously reported behavior of similar 

vertical CNT electrodes and other nanoelectrode arrays [103, 129].   
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Figure 5-23. Sensitivity measurements of CNT nanoarrays.  Plot of the log10 of the measured peak cathodic 
current relative to background current verses log10 of the concentration of K3Fe(CN)6.  The low 
concentration linear fit (dashed line) has been extended to show its intersection with the lower detection 
limit (solid red line).  This indicates that the lower detection limit could possibly be extended to be on the 
order of 100 pM.  Using current fabrication techniques no signal was detectable for concentrations below 
100 nM. 
 

A lower detection limit was determined based on the noise in the baseline current 

fit.  A detectable signal is defined as any current level above twice the root mean square 

error (RMSE) in the linear baseline fit.  The average RMSE was used to calculate the 

overall lower detection limit of the electrode, which was 768 pA/mm2.  Assuming the 

experimentally determined relationship between ip and C will hold to concentrations 

below 0.1 μM, it is estimated that a lower detection limit on the order of 100 pM to 1 nM 

is possible.     

 



 128  
 

 

5.6 Conclusions 
The development of new electrochemical detector working electrode materials 

with higher potential sensitivity or lower detection limits can greatly aid in the 

application of electrochemical detection to trace analysis.  It is critical to develop new 

MEMS process compatible materials as HPLC and other trace analysis techniques are 

miniaturized.  Carbon is a promising material because it is well known and widely used 

in current HPLC electrochemical detectors.  Investigations into thin-film carbon and 

carbon nanotubes will need to continue if these materials are to reach their full potential.  

Integration of the thin-film carbon onto three dimensional structures can provide 

significant increases in electrode sensitivity. 

Parylene-embedded carbon nanotube nanoelectrode arrays have the potential for 

ultra-low detection limits while being relatively easy to produce using standard MEMS 

processes after CNT growth.  The CNT electrode films can be patterned either before 

growth or after being embedded in Parylene.  The nanoelectrodes have demonstrated 

stable electrochemical behavior.  The peak separation was comparable to Pt, but the CNT 

electrodes exhibit a higher background current due to their greater resistivity.  A variety 

of electrochemical pretreatments were tested and several were found to improve electrode 

performance.   

Electrode sensitivity was measured and found to have a nonlinear dependence on 

bulk concentration.  Koehne et al. also observed a similar nonlinear relationship where ip 

was proportional to Cα with reported exponents, α, between 0 and 0.2.  Koehne et al. 

theorized that the stabilizing matrix could be adsorbing analyte on its surface leading to 

local concentrations near the CNTs higher than that in the bulk solution [103, 129].   The 

Cα relationship results in lower sensitivity, which is normally undesirable.  One notable 
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benefit, however, to the Cα relationship is that it favors lower detection limits since a 

larger decrease in analyte concentration is necessary before the detected signal is reduced 

below the background noise level.  This nonlinear relationship reduced the electrode’s 

sensitivity but improved its lower detection limit.   

Although the tested electrode did not produce a detectable signal when used in 10 

nM solution, it is probable that through further refinement of the fabrication process an 

improvement in lower detection limit of one to three orders of magnitude can be 

achieved.   Furthermore, Koehne et al. made use of a more sensitive electrochemical 

detection technique known as differential pulse voltammetry (DPV).  DPV allows for the 

subtraction of the double layer charging current greatly reducing the total background 

noise.  The 768 pA/mm2 noise floor represents the electronic noise in the detection 

system but does not account for the background electrochemical noise due to double 

layer charging.  It is possible for the double layer charging current to mask analyte redox 

signal at very low concentrations. This could explain why detection below 0.1 μM was 

impossible even though the electronic noise floor indicates it should be possible.  In any 

system incorporating the CNT nanoelectrode array as a detector, DPV should be 

investigated and used to improve the detection limit.  It should be noted that the 

confirmed 0.1 μM lower detection limit is on par with most working electrode materials.  

Due to their possible lower than average detection limit, the CNT nanoelectrode films 

may be well suited for use in trace electrochemical analysis.  Because of the 

compatibility with other MEMS fabrication techniques, in the future the CNT 

nanoelectrodes can be integrated as an electrochemical detector in the nHPLC systems.     
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6 CONCLUSIONS 

The field of microfluidics is young and exciting.  From its start as a sub-discipline 

of MEMS to its current popularity among industrial and academic research, it has been at 

once challenging and rewarding.  The early years of microfluidic research yielded a vast 

variety of miniaturized microfluidic devices based in silicon.  In a short period of time, 

new materials began to be explored, and polymers became the dominant material in the 

field.  In recent times, entire microfluidic systems have been demonstrated on chip and 

new areas of application in analytical chemistry, biochemistry, and biology are being 

explored.  The goal of fully integrated, monolithic microfluidic devices still dominates 

the desires of many researchers.  This work represents a distinct departure from this 

classic microfluidic paradigm. 

An old approach to new problems is offered as the way forward in microfluidic 

system design and manufacturing.   Much of the microfluidic field recognizes good 

packaging technologies along with reliable, robust, and reconfigurable microfluidic 

systems as major challenges for the future.  This work addresses those challenges through 

the development of novel microgasket and MEMS O-ring coupling technology, the 

promotion of modular microfluidic design, and the implementation of a prototype 

modular nano high-performance liquid chromatography system with performance on par 

with some of the best macro HPLC systems.  The adoption of the modular design scheme 
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offered here, or something similar, can allow for the much needed standardization of 

microfluidic components.   

No modular microfluidic system is possible without a good solution to the 

interconnection problem.  Integrated microgaskets and MEMS O-rings provide not only 

practically leak-free operation at typical operating pressures, but also the possible 

extension of operating pressures and flow rates well above today’s standards.  The 

photodefinable silicone microgaskets allow for via dead volumes below 1 nL which is 

unachievable using any other interconnect technology.  The microgaskets also provide a 

new packaging technique for fully surface micromachined microfluidics, eliminating the 

need for costly thru-wafer etching.  These advances only represent one possible 

application of the new commercially available photodefinable silicone. 

The development of the photodefinable MEMS O-rings has lead to the first 

Parylene microfluidic modular microfluidic system.  The prototype nHPLC consists of 

three individual devices and a single interconnect device.  Each device could be 

fabricated in less than one week with an additional two weeks needed for release.  These 

relatively short device fabrication times (for surface machined microfluidics) have 

drastically reduced the length of time to next-generation systems.  The nHPLC system 

showed it can achieve performance on par or better than comparable commercial systems.  

The nHPLC separation also included the refinement of a valveless injection scheme that 

will make on-chip ion exchange chromatography much more repeatable.  It was able to 

do all of this while maintaining a modular design scheme, allowing for easy part 

replacement and upgrade. 
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The component that drove the need for modular design was the electrochemical 

detector.  There was a desire to incorporate a new low detection limit electrochemical 

detector into the HPLC system without making the system fabrication unnecessarily 

complicated.   The low detection limit electrochemical detector was based on a novel 

Parylene-embedded vertical carbon nanotube nanoarray working electrode.  Testing 

showed that the CNT nanoarray electrode produced a bifurcated sensitivity profile that 

allowed for a lower detection limit at the cost of sensitivity.  Other novel working 

electrode materials were also explored.  A high effective surface area electrode was 

developed based on pyrolyzed Parylene.  The pyrolyzed Parylene thin film carbon was 

capable of conformally coating high aspect ratio structures that provide for at least an 

order of magnitude increase in effective surface area relative to geometric area.  While 

these new materials proved too experimental for the modular nHPLC prototype, the 

eventual integration into an nHPLC system could make trace analyte detection a 

possibility.  With trace analyte detection and high efficiency analyte separation in a 

modular microfluidic system, applications such as near real-time, single cell secretion 

monitoring are on the horizon.   
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Appendix A: Mechanical Drawings 
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Appendix B: Control Chip Fabrication 
Recipe 

 
1. Glass wafer 

a. Wafer Type: Soda Lime 
b. Wafer Thickness: 550 μm 

2. Deposit Parylene (~ 3 μm) 
a. Parylene Type: C 
b. Adhesion Promoter: 400:400:4 IPA:H20:A174  
c. Mass of Parylene dimer: 4.25 g 

3. Lithography for Channels (25 – 30  μm) 
a. Mask: Channel Layer 
b. Stepper Program: Contact Aligner 
c. Adhesion Promotion: None 
d. Photoresist Type: AZ4620/AZ4620 
e. Spin Speed/Time: 1.25 krpm/40 sec (both layers) 
f. Bake Temp/Time: 100°C for 5 min, 100°C for 30 min  
g. Exposure Time: 150 sec 
h. O2 Descum Pressure/Power/Time: 250 mtorr/400 W/2 min  

4. Hard Bake 
a. Temp/Time: 100°C for 3.5 hour 

5. BHF Dip 
a. Time: 10 sec 

6. Deposit Parylene (~ 3 μm) 
a. Parylene Type: C 
b. Mass of Parylene dimer: 4.25 g 

7. O2 Parylene Roughening 
a. Plasma type: 100% O2 
b. Machine: PEII 
c. Plasma Pressure/Power/Time: 250 mtorr/400 W/2 min  

8. SU-8 Lithography (~ 50 μm) 
a. Mask: SU-8 Layer 
b. Stepper Program: Contact Aligner 
c. Adhesion Promoter: None 
d. SU-8 Spin Speed/Time: 500 rpm/100 rpm/s/10 sec then  

2250 rpm/300 rpm/s/30 sec then 
3000 rpm/1500 rpm/s/0.5 sec 

e. SU-8 Prebake Temp/Time: ramp to 65°C @ 555°C/hr hold 4 min ramp to 
85°C @ 555°C/hr hold 10 minutes ramp down to 21°C @ 60 C/hr  

f. SU-8 Exposure Time: 100 sec 
g. SU-8 PEB: ramp to 65°C @ 555°C/hr ramp to 80 C @ 555°C/hr ramp down 

to 21 C @ 60°C/hr 
h. SU-8 Developer Time: 4 min  
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9. O2 etch Parylene  
a. Plasma type: 100% O2 
b. Machine: RIE 
c. Plasma Pressure/Power/Time: 312 mtorr/400 W/15 min (Recipe 3) 

10. Silicone Lithography (~ 25 μm) 
a. Mask: Silicone Layer 
b. Stepper Program: Contact Aligner 
c. Silicone Spin Speed/Time: 500 rpm/100 rpm/s/10 sec then  

                               500 rpm/300 rpm/s/30 sec then 
1500 rpm/1500 rpm/s/0.5 sec 

d. Silicone Prebake Temp/Time: 110°C for 2 min 
e. Silicone Exposure Time: 100 sec 
f. Silicone PEB Temp/Time: 130°C for 2 min on hot plate 
g. Silicone Developer Time: 3.5 min 
h. Silicone Post Bake: None 

11. Silicone Descum  
a. Plasma type: 70 sccm O2 and 50 sccm SF6 
b. Machine: RIE 
c. Plasma Pressure/Power/Time: 180 mtorr/180 W/15 min  

12. Hard Bake 
a. Temp/Time: 100°C for 30 min (in oven) 

13. Dice wafer (top side up) 
a. Passivation Layer: AZ4260 @ 2000 rpm for 40 sec 
b. Passivation Layer Bake: 100°C for 15 min 
c. Depth: 0.250 mm 
d. Index I: By hand 
e. Index II: By hand 
f. Blade Type: Standard 
g. Total Number of Cuts: 6 

14. Channel Release 
a. Release agent:  IPA @ 80°C for 8 days, Acetone @ 21°C for 3 days 

 
Note: Etching pressures are given as the chamber pressure prior to striking the plasma.  
Base pressure is included in this value.  Typical PEII base pressure is between 25 and 40 
mtorr. 
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Appendix C: Device Chip Fabrication Recipe 
 
1. Glass wafer 

a. Wafer Type: Soda Lime 
b. Wafer Thickness: 550 um 

2. Deposit Parylene (~ 3 μm) 
a. Parylene Type: C 
b. Adhesion Promoter: 400:400:4 IPA:H20:A174  
c. Mass of Parylene Dimer: 5.29 g 

3. Lithography for Metal Liftoff 
a. Mask: Metal Layer 
b. Stepper Program: Contact Aligner 
c. Adhesion Promotion: None 
d. Photoresist Type: LOR 3B/AZ1518 
e. Spin Speed/Time: 3 kHz/40 sec (both layers) 
f. Bake Temp/Time: 190°C for 10 min, 100°C for 30 min 
g. Exposure Time: 25 sec 
h. Developer Time: 1 min 
i. O2 Descum Pressure/Power/Time: 250 mtorr/400 W/2 min  

4. Hard Bake 
a. Temp/Time: 120°C for 2 hr  

5. Deposit Metal  
a. Machine: E-beam 
b. Metal Source: Pt 
c. Pt Thickness: 2000 Å 

6. Liftoff  
a. Stripper used: ST-22 @ 100°C (on digital hotplate) 
b. Time: 20 min agitate once after 5 min 

7. Descum 
a. Plasma type: 100% O2 
b. Machine: PEII 
c. Plasma Pressure/Power/Time: 250 mtorr/400 W/2 min  

8. Lithography for HPLC Channel (25 – 30  μm, 5 μm filters) 
a. First Mask: Channel Layer 
b. Second Mask: Filter Layer 
c. Stepper Program: Contact Aligner 
d. Adhesion Promotion: None 
e. Photoresist Type: AZ4620/AZ4620 
f. Spin Speed/Time: 1.25 krpm/40 sec (both layers) 
g. Bake Temp/Time: 100°C for 5 min, 100°C for 30 min  
h. Exposure Time First Mask: 135 sec 
i. Exposure Time Second Mask: 40 sec 
j. Developer: 50 mL AZ351: 100 mL DI H2O 
k. Development Time: 4 min 
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l. O2 Descum Pressure/Power/Time: 250 mtorr/400 W/2 min  
9. Hard Bake  

a. Temp/Time: 100°C for 2.75 hour 
10. BHF Dip 

a. Time: 10 sec 
11. Deposit Parylene (~ 3 μm) 

a. Parylene Type: C 
b. Mass of Parylene dimer: 4.56 g 

12. O2 Parylene Roughening 
a. Plasma type: 100% O2 
b. Machine: PEII 
c. Plasma Pressure/Power/Time: 250 mtorr/400 W/2 min  

13. SU-8 Lithography (~ 50 μm) 
a. Mask: SU-8 Layer 
b. Stepper Program: Contact Aligner 
c. Adhesion Promoter: None 
d. SU-8 Spin Speed/Time: 500 rpm/100 rpm/s/10 sec then  

2250 rpm/300 rpm/s/30 sec then 
3000 rpm/1500 rpm/s/0.5 sec 

e. SU-8 Prebake Temp/Time: ramp to 65°C @ 555 C/hr hold 4 min ramp to 
85°C @ 555°C/hr hold 10 minutes ramp down to 21°C @ 60°C/hr  

f. SU-8 Exposure Time: 100 sec 
g. SU-8 PEB: ramp to 65°C @ 555°C/hr ramp to 80°C @ 555°C/hr ramp down 

to 21°C @ 60°C/hr 
h. SU-8 Developer Time: 4 min  

14. Lithography for Parylene etch 
a. Mask: Pary Etch 
b. Stepper Program: Contact Aligner 
c. Adhesion Promotion: None 
d. Photoresist Type: AZ4620 
e. Spin Speed/Time: 1000 rpm/40 sec  
f. Bake Temp/Time:100°C for 30 min 
g. Exposure Time: 250 sec  

15. O2 etch Parylene  
a. Plasma type: 100% O2 
b. Machine: RIE 
c. Plasma Pressure/Power/Time: 315 mtorr/400 W/15 min (Recipe 3) 

16. Strip PR 
a. Stripper used: Acetone/IPA 

17. Dice wafer (top side up) 
a. Passivation Layer: AZ4620 @ 2000 rpm for 40 sec 
b. Passivation Layer Bake: 100°C for 15 min 
c. Depth: 0.250 mm 
d. Index I: By hand 
e. Index II: By hand 
f. Blade Type: Standard 



 141  
 

 

g. Total Number of Cuts: 18 
18. Channel Release 

a. Release agent:  IPA at 80°C for 14 days 
 
 
Note: Etching pressures are given as the chamber pressure prior to striking the plasma.  
Base pressure is included in this value.  Typical PEII base pressure is between 25 and 40 
mtorr. 
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