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ABSTRACT 

A Laminar Flow Reactor (LFR) using the principles of hydrodynamic focusing 

was created and used to fabricate functional composite polymer fibers.  These fibers had 

the ability to conduct or serve as a carrier for singlet oxygen-generating molecules.  

Critical to the process was designing an easy-to-fabricate, inexpensive device and 

developing a repeatable method that made efficient use of the materials.  The initial 

designs used a planar layout and hydrodynamically focused in only one dimension while 

later versions switched to a two-fluid concentric design.  Modeling was undertaken and 

verified for the different device layouts.  Three types of conductive particles were 

embedded in the formed polymer: silver, indium tin oxide (ITO) and polyaniline.  The 

polymer was also used as a carrier to two singlet oxygen generating molecules: 

Methylene Blue (MB) and perylene.  Both were effective in killing Bacillus thuringiensis 

but MB leached from the fiber into the tested cell suspension. Perylene, which is not 

water soluble, did not leach out and was just as effective as MB.   

Research that was performed at ITT is also presented.  A critical need exists to 

detect, identify, quantify, locate, and track virus and toxin aerosols to provide early 

warning during both light and dark conditions.  The solution presented is a remote 

sensing technology using seeding particles. Seeding particles developed during this 

program provide specific identification of threat cloud content.  When introduced to the 
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threat cloud the seeders will bind specifically to the analyte of interest and upon 

interrogation from a stand off laser source will fluoresce.   The fluorescent signal is 

detected from a distance using a long-range microscope and collection optics that allow 

detection of low concentrations of threat aerosols. 
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CHAPTER 1: BACKGROUND AND SIGNIFICANCE:  NANOTECHNOLOGY 

AND POLYMERS  

 

1.1 Overview 

 

The purpose of this research was to design and fabricate a Laminar Flow Reactor (LFR) 

capable of forming micro or nano sized fibers using the principle of laminar flow to 

hydrodynamically focus the reactants and to test the properties of the resultant fibers.  

The device was designed to minimize both the time and amount of material required 

during the fabrication process as well as during fiber formation.  Incorporation of 

nanoparticles into a fabricated polymer material will form a nanocomposite that has 

properties that can differ greatly from the polymer itself.  In this research, fibers that can 

conduct electrically as well as dyed fibers that have photodynamic properties capable of 

producing singlet oxygen, which is known to kill bacteria, were fabricated and tested.   

Existing methods to fabricate fibers of this nature have several shortcomings.  The 

main constraint that current techniques have is that the fibers produced are entirely 

dependent upon the bulk solution and technique that are used to produce it.  What is 

sought out in this research is a technique to be able to control intra-fiber properties and 

components.  Once this technique is established there is a wide array of uses.  The first 

step to developing this process is to produce conducting fibers, and that is completed in 

the work presented here.  Once the process is fully developed, other electrical 

components and structures could be formed.  A few examples are shown in Figure 1.1. 
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Figure 1.1- Potential applications of a process that can control intra-fiber 
properties.   

 

If the components shown above can be precisely fabricated and controlled, there 

are several pertinent applications which are covered in more detail later in the chapter.  

One is the ability to authenticate merchandise.  Pirating of designer products is an on 

going problem.1 The ability to incorporate a functional fiber into a garment that upon 

interrogation will effectively give a “bar code” would greatly aid to curb piracy.  An 

example would be to create a fiber with specific and known resistive areas.  With an 

applied voltage the elements would heat giving a thermal signature that could be used to 

authenticate.  In the E-textiles field there is already work being done on a shirt an 

outpatient can wear to track vital signs and then transmit back to a health professional 

that can monitor the patient remotely.2  These fibers would have immediate use in these 

and similar applications.   
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Subject matter that is critical to the research will be reviewed in chapter one and 

elaborated on in subsequent chapters.  In this chapter a number of areas related to the 

formation of fibers are reviewed: polymers, nanotechnology, nano composites, fluidics 

and a brief background on singlet oxygen research.  More details in these areas are given 

in subsequent chapters.  Chapter two details hydrodynamic focusing as well as highlights 

modeling efforts.  Chapters three and four discuss device layout and design.  Chapter five 

summarizes the experiments performed and results obtained from attempting to fabricate 

a conducting nano composite fiber.  Chapter six discusses the efforts made to use fibers 

as a carrier for a singlet oxygen generating species.  And lastly, chapter seven is a 

summary and discusses concepts for future research. 

In addition, research conducted at ITT under the supervision of Tom Schneider is 

included in Appendix A.  A critical need exists to detect, identify, quantify, locate, and 

track virus and toxin aerosols to provide early warning during both light and dark 

conditions.  In this research, seeding particles were developed and tested in conjunction 

with a remote sensing system.   

 

1.2 Polymers 

 

The word polymer typically invokes very specific images of nylon and various plastics, 

but technically it is merely a chain of repeating units, or monomers.  The monomers react 

with each other to form a larger molecule having hundreds, thousands, or millions of the 

repeat units linked together.  The exact properties of the polymer will depend on chain 
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length, properties of the monomer, how they are linked (branched or straight chain), and 

forces between separate chains.3   

Polymerization occurs in two ways: condensation or addition.  Condensation, also 

known as step growth polymerization, occurs when reactive ends of monomers join to 

form dimers (two monomers), trimers and larger oligomers.  The oligomers will also 

have two reactive ends and can react with other oligomers and rapidly create long 

polymer chains.  Two examples of polymers that undergo this are polyamide and 

polyester; both important materials in textiles.4  

The second type of polymerization is addition or chain growth polymerization.   

Addition growth occurs in three distinct steps.  The first is chain initiation. This type of 

reaction usually requires a large amount of energy and/or an initiator.  When the initiator, 

such as a free radical or ion, adds to a double bond it creates a new active bond and thus 

an activated site.  A common example is a peroxide initiator altering a carbon-carbon 

double bond to make it a single bond.  The second step is chain propagation.  In this step 

the new activated site will attack a similar double bond creating a polymer with a new 

active site.  A figure of these two steps is in Figure 1.2.  An inherent problem to this 

technique is that the sites are extremely reactive so in addition to interacting with the 

available monomer, it will often target other chains resulting in highly branched and hard 

to control polymers.  The final step, chain termination, occurs when two radicals combine 

and no more monomers or other chains are added.  The resulting polymers can have waxy 

properties due to the high degree of branching that prevents regular structures from 

forming and resulting in weak inter-chain forces.5 
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Figure 1.2- Illustration of addition growth.  ‘A’ serves as the initiator that alters the 
carbon-carbon double bond creating an active site on the monomer.  The process is 
repeated as the two monomers form a dimer. 

 

The definition given above for a polymer is simple but polymers find a litany of 

uses across many fields.  In clothing, Nylon has become a mainstay for many 

applications.  In home construction most drainage lines are formed using 

polyvinylchloride (PVC) and most windows are sealed using a silicone (synthetic 

polymer) based caulk.6,7  In automotives synthetic polymers serve as a viable alternative 

to conventional engine oil.8  Finally, polymers are being used in fabrication applications 

to make anything from the substrate for organic light emitting diodes to an array of 

MEMS applications using materials such as poly (methyl methacrylate) (PMMA), epoxy 

based resins such as SU-8, and polydimethylsiloxane (PDMS).9 

Fabrication techniques vary from polymer to polymer and can vary with the same 

polymer depending on the intended use.10  For example, Nylon can be fabricated simply 

by mixing two reactants and pulling a fiber from the interface of the two fluids, but in 

practical applications where it is being used for clothing, a more complex process is 
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applied where a molten Nylon mixture is forced through a spinneret (a piece of metal 

with holes in it) and is drawn away by spools.11   In the work presented in this thesis, 

Nylon was a test case for the laminar flow reactor.   

In addition to polymers being used as structural binding material for fibers they 

are also used in MEMS.  Photoresistive MEMS fabrication materials come in two 

varieties: negative and positive. For negative photoresist materials, the portion exposed 

by UV light will become relatively insoluble to a developer or developing solution and 

when rinsed will remain while the unexposed parts will be dissolved.  With positive 

photoresists, the opposite is the case. When the exposed material is rinsed in a developer, 

parts that are soluble will be washed off leaving the desired design features (such as 

channels or pillars).  Applications such as micro circuitry, medical diagnostics (“Lab on a 

Chip”), and micro fluidics have all benefited greatly from the flexibility and adaptability 

that photoresists provide.12,13,14 In chapter three, as well as Appendix B, a process to 

fabricate a Laminar Flow Reactor out of both PDMS as well as SU-8 is presented. In all 

of the above applications, and many more, the process to crosslink or solidify polymers 

or polymer blends requires a catalyst of some sort.  In the case of photoresists this is 

referred to as an initiator.  The process is explained above and was critical to achieving 

the goals of this project 

While much of this research depended on finding a geometry for the LFR that 

worked effectively, there were other aspects that needed to be understood.  Above is a 

brief description of the polymer background that was required, and more details will 

follow in subsequent chapters.  It should be noted that simply making polymers was not 

the end point of this research.  The overarching goal was to create polymers that had 
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specific functional applications.  One technique to make the polymers functional was to 

embed nano or micro particles in them.  Background on these principals is presented in 

the following section. 

 

1.3 Nanotechnology 

 

According to many sources, the first mention of nanotechnology was by Richard 

Feynman in his 1959 lecture at Caltech entitled “There’s Plenty of Room at the Bottom”. 

In this lecture Feynman postulated on being able to manipulate materials a single atom at 

a time and proposed the subsequent implications this capability would have on the field 

of chemistry.  It was not until fifteen years later, in 1974, when a new term was defined: 

“'Nano-technology' mainly consists of the processing of, separation, consolidation, and 

deformation of materials by one atom or one molecule”, by Norio Taniguchi at the Tokyo 

Science University. 15  During the mid 1980’s through the early 1990’s the field 

flourished with inventions like the Scanning Tunneling Microscope (STM) and 

discoveries such as C60 (the “buckyball”) and carbon nanotubes.16  Today, 

nanotechnology has branches reaching into physics, chemistry, biology, physical 

chemistry, materials science, biomedical engineering, and electrical engineering to name 

a few. 

One specific area that nanotechnology impacts is transistors.  The science of 

transistors is an area that has a large commercial importance and will need a better idea of 

atom-to-atom interaction in order to continue the advances it has achieved in the last few 

decades.  Moore’s law states that the number of transistors that can be placed on an 
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integrated circuit will increase exponentially as a function of time.17 Advances in 

electronics have been aided greatly by nanomaterials and many believe in order to avoid 

the “end to Moore’s Law”, projected to be in 2018, a better understanding of particle 

properties on the nanoscale will have to be obtained.18 

While applications such as novel electronic devices, integrated circuits and carbon 

nanotubes are the most talked about, lesser known areas are just as interesting and 

innovative.  Drug delivery is benefiting from nanotechnology by being able to target only 

the affected region and more effectively releasing the drug locally.  Because of their size, 

polymer nanoparticles have the ability to penetrate into connective tissue thus allowing 

for sustained drug delivery and effectiveness.  In a University of Michigan study on rats, 

lyophilized nanoparticles were found to be effective drug carriers for inhibiting retenosis, 

the reoccurring narrowing of blood vessels.  Their research also demonstrated the ability 

of similar systems to successfully use nanoparticles as a delivery agent in pigs.19  In 

another study Chang et al. developed a liposome-based nano-sized drug delivery moiety 

that can “specifically and efficiently target primary and metastatic tumors”.20   

Clearly the use of nanomaterials has had an influence quite a few fields and 

continues to do so.  As new techniques and characterization methods continue to rapidly 

expand the knowledge base of nanomaterials, the emerging challenge is to determine how 

best to use the properties of these materials and incorporate them with other materials and 

existing devices.  While in this work only a few types of conducting nanoparticles were 

used, nanotechnology will be a critical component to fully accomplish the goal of having 

an array of electrical components on one fiber.  Below is a brief discussion of two 
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specific areas, composite materials and E-textiles, both of which use aspects of 

nanotechnology and overlap with the work presented here.   

 

1.4 Composite Materials and E-textiles 

 

A simple definition of a nanocomposite material is that having inhomogeneities smaller 

than 10-7 m.21  The advantage of many of these materials is that their resulting properties 

can differ greatly from the properties of the unaltered bulk material.  In most applications 

the nanomaterial is in some way incorporated into a bulk or host material, often a 

polymer.  This will often change the bulk material such that it will take on some or all of 

the properties of the nanomaterial.  Some properties that can be affected include greater 

strength, hardness, size dependent light absorption, and greater reactivity.22 

One example of this is presented by Liff, et al.  In their research they used a novel 

solvent exchange to effectively disperse nano-sized clay discs in a rubber like polymer.  

They were inspired by naturally occurring spider silk, and were motivated to produce a 

material with similar characteristics.  Spider silk, as well as their nanocomposite, is filled 

with tiny particles or crystals.  Their resultant material was a polymer that was stronger, 

stiffer and, more importantly, withstood higher temperatures.   In this example the 

researchers had managed to take particles that were well understood and successfully 

incorporate them into a functional material. Their newly created polymer to a degree took 

on some of the characteristics of the clay nano discs, illustrating the previously 

mentioned advantage of nanocomposites.23   
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Another area that this research will impact is Electronic-textiles (E-textiles).  E-

textiles is a fast growing field that incorporates a wide range of accessible sensing 

technologies into materials that can be worn.  For instance, leveraging the phenomenon 

of capacitance, the MIT Media Lab fabricated a dress with embroidery containing two 

conductive layers separated by an insulating regular fabric layer.  A change in 

capacitance would indicate a pressure on one of the embroidered elements.24  A number 

of optical techniques are also being used.  The Wearable Motherboard Project employed 

a series of optical fibers that, when broken, would indicate a gunshot or other type of 

wound.25  Other optical techniques use light scattering such as a sensors on the wrist to 

track movements of the finger.26  This is by no means an exhaustive list, and it should be 

emphasized that the E-textile field is being driven not by the development of new sensors 

and technology but rather by the ingenuity that incorporates these devices into something 

that can be worn. 

The capability to have fibers that have conductivity similar to conventional wires 

but lack their stiffness and rigidity would enable the creation of many E-textile devices 

and make others easier to fabricate.  In terms of existing technology there are several 

examples.  A company called ElekSen has been able to fabricate a pressure sensing 

fabric.  The system is said to be a “soft sensing and switching system” and is capable of 

sending digital signals to other devices based on signals sensed by the fabric.  One of the 

first products that they introduced was a fabric keyboard.  According to their patent, the 

keyboard was able to withstand being rolled and folded and operated without problem 

after repeated handling.27 
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1.5  Photosensitizing Molecules and Singlet Oxygen Background 

 

In addition to using particles to form composite materials with increased functionality, 

one of the other goals of this research was to incorporate a singlet oxygen generating 

species into polymer fibers.  Successful completion of this goal could provide a useful 

technique for water purification in parts of the world where clean water is not accessible.   

In general, a photosensitizer is a chemical that interacts with light to produce 

singlet oxygen radicals that are extremely reactive and destructive to biologicals.  

Photosensitizers and singlet oxygen have been used for a wide array of ailments.  

Hypericin, the “active” ingredient in St John’s Wort, as well as Methylene Blue (MB) 

have been used to neutralize retroviruses such as HIV in blood.28  In the last ten years 

there has been a great deal of research into Photodynamic Therapy (PDT), a treatment for 

cancer.  In PDT, tumors are targeted by attaching a photosensitive dye to molecules that, 

when injected into the blood stream, are preferentially absorbed by cancerous cells.  Once 

absorbed, radiation from a laser is placed on the tumor causing the formation of singlet 

oxygen.  The singlet oxygen will attack the cancerous cells and the cells will eventually 

die via apoptosis.29 

There are several types of photosensitizers.  One of the latest developments has 

been the use of semiconductors as photosensitizers.  Such a product has recently reached 

the market and claims to clean the air using a light bulb coated with TiO2.
30  Another 

category is porphyrins, phthalocyanines, and tetrapyrroles.   These occur in natural 

environments and can be metalated to slightly tune their properties. Examples are 
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octaethylporphine and tetraphenylporphine.  Most literature focuses on organic dyes and 

aromatic hydrocarbons, similar to those used in this study.  Specifically Methylene Blue 

and perylene were investigated.   

The ground state of diatomic oxygen is the paramagnetic triplet state.  Selection 

rules forbid direct excitation via absorption of light to the singlet state.  Instead, more 

complex processes are needed to produce singlet oxygen.  Type I interactions are 

characterized by either an electron or hydrogen atom extraction between a substrate and 

the sensitizer that creates free radicals.  These radicals can then react with triplet oxygen 

to create the singlet oxygen.  Type II interactions, which are used in this research, involve 

the excitation of a photosensitizer into its triplet state that in turn excites a triplet oxygen 

into is singlet state.  The process is shown below where P is the photosensitizer, S0   is its 

singlet ground state, S1 is the first excited singlet state and, T1 is the lowest lying triplet 

state, 3O2  and 1O2 refer to the triplet and singlet states of diatomic oxygen respectively.   

 

                                         P(S0) + hv→ P(S1) → P(T1)                                        (1.1)                           
                                         P(T1) + 3O2→P(S0)+ 1O2                                                                                  (1.2) 
 

It should be noted that the transition to oxygen’s triplet state from the singlet state 

involves intersystem crossing and is classically forbidden.  Thus, there is a long relative 

time that the singlet oxygen is able to interact with other molecules. There are additional 

naturally radiative processes that can occur with the excited sensitizer.  An illustrative 

Jablonski diagram is shown in Figure 1.3.31 
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Figure 1.3- Jablonski diagram showing singlet oxygen processes.*   

 

1.6 Research Focus 

 

Although all the basic building blocks, such as nanofibers and nanoparticles, and a solid 

base of polymer science have been analyzed, the full potential of using these components 

in functional devices has not been reached.  Exactly how to optimize the existing building 

blocks into the ‘macro’ world is an innovative and ongoing area of research.  The 

research of Liff et al. utilizing nano discs, as mentioned earlier, exemplifies how 

nanotechnology can be incorporated into micro-devices or the macro-world.22  Their 

solution used a recently patented solvent exchange to embed a useful nano material to 

produce a functional end product.  There is a wide range of other applications exploiting 

this general approach to solve similar problems.  Part of the project presented here 

focused on exploring ways to incorporate existing nanoparticles and technology to 

develop functional units, such as a conducting fiber. 

                                                 
* Figure reproduced with permission from Rose M Cory.30 
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Another illustration of successfully using a micro-scale innovation by 

incorporating it into a functional device is found in liquid crystal displays (LCD).  

Research showed that embedding metal nanoparticles into an LCD improved certain 

areas of performance; however, attempts to incorporate the nanoparticle caused the liquid 

crystal (LC) itself to become unstable and therefore not useable.  Existing methods to 

achieve a stable LC were multi-stepped, and required difficult and cumbersome surface 

modifications.  In order to bridge the gap between experiments done in a lab and a 

practical, real-world application, one research  group found that using low molecular 

weight mesogens (fundamental unit of LC) could both reduce metal salts into 

nanoparticles and form stable LCs.  The first paper published on this subject not only 

demonstrated the success of incorporating the metal nanoparticle, but also showed a 

degree of control over the shapes the LCs would form.32  This was instrumental in getting 

a successful product to market. 

Another area incorporating functional and well understood particles is paints and 

inks.  Conventional brush/roll-on paints, spray paints and inks contain a mixture of 

particles that determine the desired texture and color as well as components that will 

suspend those particles.33  Recently, the incorporation of nanoparticles has given rise to 

many other possibilities and capabilities.34 

An additional technology that has benefited from incorporating nanotechnology is 

solar panels. A company called Nanosolar has used a proprietary ink and roll processing 

that can easily render miles of material for solar panels.  This reduces both the production 

time and the amount of resources consumed, making the process far more advantageous 

than many solar panel-producing technologies that use evaporation or sputtering of 
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metals onto a substrate.  This innovation earned the researchers a spot on Time 

magazines top 50 inventions of 2008 and bridged the gap between existing solar 

capabilities and the ability to mass produce them.35  Although Nanosolar has done well to 

develop a technique to make low cost solar panels and the associated conductive 

materials to convert radiation to a usable form of energy, there are few existing 

techniques that can inexpensively create conduction on a micro-scale. For making 

nanoparticles into wires and other regular structures, techniques such as template growth 

in pores or voids, vapor phase growth and assembly, and electrodeposition are being 

employed.36,37,38  All of these techniques have a high level of complexity, consequently 

constraining the length and orientation of the resulting fiber.   

Currently the most common technologies used to make nanoscale fibers are 

electrospinning and the more recently developed near-field electrospinning (NFES) 

technique.  Both electrospinning and NFES involve pulling fibers from a metallic needle 

by applying a high voltage to a droplet of a polymer solvent solution at the needle tip.  

The problem with this method is that all variables, polymer concentration, viscosity, 

applied voltage and electrode to substrate distance, must be tuned correctly or the fiber 

will break up and electrospinning will not occur.39 

In lieu of actually having a wire or similarly defined conduction path, several 

groups are using techniques that either chemically attach conducting elements or dope the 

polymer fibers.  A group led by Kyung Hwa Hong at the Seoul National University used 

Nylon 6 polymerized with Poly(3,4-ethylenedioxythiophene) (PEDOT) to make a 

conducting fiber.  In their study, they achieved conductivities on the order of 0.36 S/cm.40  
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As a point of reference, copper is 5.96x105 S/cm.  The disadvantage of this technique is 

that it uses bulk reactions resulting in the waste of a lot of materials.   

In contrast to the above mentioned techniques, what is sought out in this research 

is a simple, straight forward, scalable and inexpensive method to produce micro or 

nanofibers.  The ultimate goal is to control the intra fiber properties and components in 

order to eventually make highly functional fibers.  While the only component fabricated 

in this research is a conductor, the results will serve as an intermediate step towards being 

able to precisely control fiber composition.  

The solution introduced is a device and technique to combine nanoparticles and 

micro particles into polymer fibers using the principle of hydrodynamic focusing.  A 

large portion of the research will be to develop and test a Laminar Flow Reactor (LFR) to 

enable as well as control polymerization and the incorporation of materials.  Several 

different types and sizes of particles will be used, along with dyes, to show that the fibers 

have the capability of being used as a conductor as well as a vehicle for embedding dye.   

There is a wide array of possibilities once the capability is established, including 

the capability to conduct highly exothermic/explosive reactions that, when preformed in 

bulk, are unstable and unsafe due to the large amounts of heat generated.  Another 

appealing application would leverage the high surface to volume ratio of resultant fibers; 

small perturbations of the fiber would account for large changes in its physical properties 

and make them ideal for biological or chemical sensors.  For instance, Diaz et al. 

illustrated how the change in conductance of a nanojunction array can be used as a 

chemical sensor.  They were specifically able to monitor copper and nickel ions in 

water.41   
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Another possible capability is to tune the properties of the fiber to facilitate the 

identification of a variety of consumer goods such as high end purses, shoes or other 

sought after goods that are commonly pirated.  If these fibers can be tuned appropriately 

to give a certain electrical, magnetic or optical “fingerprint” upon a specific type of 

interrogation they can be used to authenticate textiles to reduce the trafficking of pirated 

goods.   

With the explosion of nanotechnology, nano related research and the field of 

smart textiles or E-textiles (mentioned above), this research concentrates on the use of 

conducting fibers.  The ability to wear an article of clothing that has controllable 

electrical or magnetic properties could cultivate a wide array of new tools.  One use is the 

ability to monitor the person wearing the material.  For example, it could be given to a 

patient recently released from a hospital to monitor their vital signs.  The garment itself 

could in theory transmit wirelessly to a medical professional monitoring the patient’s 

status.  An even more promising application would be the interweaving of the fibers into 

a war fighter’s uniform to aid in identification of friend or foe, or as part of a biological 

or chemical agent sensor. Numerous other examples of possible uses were given in 

section 1.4 and illustrate the need for the technology developed in this research.   
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CHAPTER 2:  HYDRODYNAMIC FOCUSING 

 

2.1 Overview 

 

Hydrodynamic focusing is the spatial confinement of fluids and/or particles by fluids 

flowing in a laminar regime.  The main prerequisite for focusing is to have no mixing 

between the sample (the fluid or solution to be focused) and the sheath flow (the fluid 

that is focusing the sample).  Laminar flow refers to fluid flowing in layers with high 

momentum diffusion, resulting in a velocity gradient, and low momentum convection.  It 

is characterized by a low (<3000) Reynolds number is defined as: 

                                           

                                              
µ

ρVd
RE=                                                  (2.1)                                                  

where ρ is the fluid density, V is the mean fluid velocity, d is the diameter of the channel 

and µ is the dynamic viscosity.  Conceptually, it can be thought of as a ratio between 

inertial (ρV) and viscous (d/µ) forces.  When viscous forces are dominant the fluid will 

flow in layers rather than have shear forces between the layers to cause the formation of 

eddies.  Characteristic Reynolds number values vary depending on the situation but a 

range for geometries similar to those presented here is 100-3000.  Typical examples of 

laminar flow are air through a duct or blood in arteries.  Examples of turbulent flow are 

eddies in a river and the mixing of hot and cold air that causes the aptly termed 

“turbulence” in air travel. 



 19

The term hydrodynamic focusing is most commonly encountered in biology and 

is associated with flow cytometry.  Flow cytometry has been in commercial use since the 

early 1970’s and is used to both identify and enumerate biological samples.  The general 

set up does not differ greatly from the research presented here.  The sample flow 

consisting of a suspension of cells or other biological material is arranged so that it 

emerges in individual droplets.  If the sheath fluid is flowing in a laminar regime the 

velocity profile will be parabolic across the channel with the highest velocity in the 

middle of the channel.  Thus, there is also a pressure profile with the lowest pressure 

being in the center of the flow.  If a particle, or a droplet or stream of fluid, is placed in 

this pressure field, it will naturally migrate to the area of lowest pressure.  This is the 

focusing aspect and will ensure that the particle (i.e. cells or other biological material) is 

in the appropriate location for the rest of the process to take place.  The stream is 

interrogated by one or more lasers and the resultant light, either fluorescent or Rayleigh, 

is measured using photometers.  The advantage that this provides is two-fold.  For one, it 

is a great deal faster than other enumeration and identification techniques and, in contrast 

to staining or culturing techniques, it allows the entire sample to be interrogated rather 

than only a tiny portion. 

This project uses similar principles to get a fluid and reactant particles to a desired 

area.  In the same way as flow cytometry uses a flow stream to focus a particle to specific 

area, focusing channels will confine reactants to small reaction area. By carefully 

choosing appropriate fluids and inlet velocities a steady stream will be established and 

maintained.   The size of the reaction area can be controlled via increasing the flow rate 

of the focusing channels or decreasing the flow rate of the reactant channels. 
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Figure 2.1 illustrates the basic principle.  Solvent, or more generally a focusing 

fluid, flows in from channels C and D.  Under appropriate parameters that  

 

 

Figure 2.1- Schematic of LFR as originally proposed.  Reactants enter from ‘A’ 
and ‘B’ and are focused into a small reaction channel by ‘C’ and ‘D’.  All fluids exit 

through channel Z. 
 

keep the Reynolds number sufficiently low, the fluid will undergo laminar flow.  

Reactants are introduced from channels A and B and are forced into the boundary layer 

between fluid from channels C and D.  This creates an extremely small region in which a 

reaction can take place.  Ideally, the product will be formed and carried out through the 

exit channel, Z.  An example of what can be accomplished is the formation of Nylon 6, 6, 

a semi-crystalline polyamide commonly used in carpeting and clothing.  Introducing 1,6-

hexanediamine into channel A and adipic acid into channel B leads to the synthesis of the 

polymer Nylon 6, 6 at the interface. 
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Several groups have conducted research that overlaps with this project.  Kenis et 

al. used laminar flow to both deposit metals as well as etch metals.42 To deposit metals 

they positioned a pattern formed into PDMS onto a glass slide.  In a two reactant system 

they flow the two components of an electroless plating kit in the channel created by the 

pattern in the PDMS.  One fluid contains a metal salt that, when reacted with the second 

reducing liquid, will effectively precipitate out silver at the interface between the two 

fluids.  What is left behind is a smooth and well defined continuous silver “wire” on the 

glass slide.    Their system can similarly be used to etch thin films.  Rather then placing 

the PDMS mold onto a glass slide they place it onto a slide that is coated with a thin film 

of gold, for example.  In either a two- or three-channel set-up they flow etchant in one 

channel and a focusing fluid in the others.  The etchant will dissolve off the surface and 

create a void the size of which can be controlled by varying the flow rate of the focusing 

fluid(s). One of their important auxiliary findings was that the laminar flow had the effect 

of “error correction”: while the roughness of the surface of the physical channels was on 

the order of 10um, the roughness of the etched or deposited “wires” was around 1um.   

Another group has developed a technique to fabricate polymer fibers using 

hydrodynamic focusing using a device fabricated out of PDMS and pulled pipettes.43  

First, anchors are secured in the bottom of a Petri dish and then a glass pipette tip is fixed 

using double sided tape.  A curable PDMS solution is poured over it and then allowed to 

cure.  Once the PDMS has fully hardened the pipette is removed leaving a bored hole.  A 

pulled glass pipette that will serve as the sample fluid channel is cut to the desired inner 

diameter and inserted into the PDMS mold.  The pipette is secured by exposing both it 

and the PDMS to an oxygen plasma and then curing the assembly again on a hot plate.  
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Repeating the process, an additional hole is bored through the PDMS and a pulled pipette 

is placed to deliver the sheath fluid.  Finally, at the exit a normal sized pipette is inserted 

to serve as the exit channel.   

This process is relatively inexpensive but does require access to micro fabrication 

tools.  The original paper showed the ability to use the device to fabricate both fibers and 

tubes as well as to immobilize enzymes and test the mechanical properties of the fiber.  

They also showed that the fibers themselves can swell and contract when placed in 

solutions of differing pH.  The group expanded the system to create multiple fibers; 

however, to date they have not attempted to make the fibers capable of conducting or 

imbedding anything other than the immobilized enzymes.  

 

2.2 Device Design 

 

Two geometries were used in this research and they will be discussed in more detail in 

subsequent chapters.  A brief description of the layout is given here to highlight modeling 

techniques.  The first layout, as discussed previously, is shown in Figure 2.1.  Reactants 

from channels A and B are focused into a small reaction area by the focusing channels, C 

and D and carried out of the device in channel Z.  The angle between channel A and C as 

well as the angle between B and D was fixed at 45° and C and D flowed in orthogonally 

to channel Z.  The angles were chosen based on previous research performed by Gargiuli 

et al.44  In their research a series of experiments was performed using different 

geometries to form “nylon membranes” inside fixed channels.  Their results showed that 

channels entering at 45° (relative to the adjacent focusing channel) gave the most 
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consistent desired results.  They attributed this to the avoidance of an over pressure at the 

entry point of the two fluids.  For each device, the widths of all four entrance channels 

(A-D) were equal.  The width of the exit channel, Z, varied between devices.  In one 

device it was kept the same size as the entrance channels, while in another it was four 

times the width with the same depth.  Exit width variation was used to understand how 

pressure was affecting the system.  Finally, in one of the devices, there were only two 

entrance channels, A and B, and the exit channel Z was twice the width and the same 

depth as A and B.   

The second layout consists of two concentric fluids flowing in a cylinder, more 

specifically a glass pipette.  The sheath fluid flows around the exit of the sample fluid 

port as shown in Figure 2.2 and they continue to flow the length of the pipette until they 

exit.  The reaction can take place at any point in the channel where the fluid interacts or, 

in the case of photopolymerization, whenever light is incident on the sample flow.  

 

 

Figure 2.2- Side view of concentric flow device.  Fluid enters through a syringe 
from the left of the picture and continues the piece of white Delrin (indicated by diagonal 
lines).  The focusing fluid enters from the bottom of the Delrin and surrounds the syringe.  
Both the syringe and the focusing fluid exit into a glass tube.  The syringe terminates and 

continues down stream until it is irradiated by a UV lamp and polymerizes. 
 

Out of Syringe/ 
Before UV Fluid in Syringe After UV 

Focusing fluid 
UV Lamp Glass tube 
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2.3  Modeling 

 

Preliminary modeling was performed using finite element modeling (FEM) applying well 

established computational fluid dynamics (CFD) techniques.  Comsol’s Multiphysics® 

program was used to do the majority of the modeling.  FEM is a numerical solving 

technique for partial differential equations (PDE) that is particularly well suited for 

modeling systems with irregular geometries.  Generally, the geometry is divided into a 

suitable number polyhedrons.  The resulting structure is called the mesh.  Locations 

where the shapes meet are referred to as nodes.  In practice, attaining an analytic solution 

over the entire structure can be impossible or at best tedious.  Instead FEM solves the 

PDE for the smaller element and attempts to match the solutions at the nodes.  Clearly, 

FEM is only an approximation method, but it can be very useful.   

As with most CFD models, the physics is well described by the Navier-Stokes 

incompressible fluid equations.  For the purposes here we need to use the basic diffusion 

equation to explain the diffusion across fluidic layers.  The generalized Navier-Stokes 

equations for incompressible Newtonian fluids is: 

                                  fvpvv
t

v
+∇+−∇=∇•+

∂

∂ 2)( µρ   .                                  (2.2) 

                                                    0=•∇ v                                                                  (2.3) 

where v is the velocity field, µ is the dynamic viscosity ρ is the density, p is the pressure 

and f is external forces.  The first equation is the momentum balance equation and the 

second is the equation of continuity.  Using cylindrical coordinates, as shown in Figure 

2.3, and simplifying for steady flow (∂v/∂t = 0), assuming the fluid only flows axially (all 
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components of v = 0 except vz)  and the flow is fully developed (∂vz /∂z = 0), Equation 

2.2 reduces to: 
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Figure 2.3- System of cylindrical coordinates that was used for calculations.  
Radius of cylinder is R and cylinder is centered at r = 0 and fluid flows along axis. 

 
The general solution for vz is  
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with c1 and c2 as constants of integration. Requiring vz to be finite at r = 0 makes c1 = 0.  
Imposing “no slip condition” (v = 0) at the boundary (r = R) gives: 
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Thus, 
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which is clearly a parabolic profile.45 

The diffusion part of the model is governed by the equation 

                                                  0)( =+∇−•∇ cvcD                                             (2.8) 

where c is the concentration, D is the diffusion coefficient and v is velocity.  In this case c 

describes the concentrations at the inlets of the reactant channels. In the event that the 

diffusion is anisotropic D can be a tensor but for purposes here it was assumed to be 

isotropic.  The second way in which diffusion is addressed by using artificial diffusion as 

a stabilization technique† when solving the Navier Stokes equations.46,47,48   

The boundary conditions are set as follows.  At the entrance of each channel there is an 

inlet velocity and concentration, and the reactant channels were set arbitrarily at a 

concentration of 100 M and the focusing channels at zero.  This was done to obtain a 

rendering of the concentration and velocity profile to see how the fluids are being focused 

as well as how and where concentrations change.  It should be noted that this is not 

simulating a reaction, but rather a verification that there is in fact laminar flow and to 

conceptualize where the fluids will be. The inlet velocities used were chosen based on the 

characteristics of the current syringe pump capabilities and assuming a parabolic velocity 

profile.  Initial ranges were around 0.33 m/s.  The walls of the device were modeled with  

                                                 
† In general terms CFD solves models by matching boundary conditions of the geometry’s generated mesh.   
One situation in which a solution can fail to converge is when boundary conditions vary spatially.  This is 
the case with all four of our inlet velocities.  If the mesh is not fine enough to resolve this there will be a 
very local problem at the onset.  As the solver runs the perturbation will propagate through the entire 
model.  The use of an artificial diffusion term will make the gradients less steep and allow the solution to 
converge.  An exhaustive explanation can be found in references 44-46. 
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the ‘no slip’ condition (v = 0), meaning simply that the fluid velocity immediately at the 

wall was zero, and the outlet was modeled using the “outflow/pressure” setting on 

Multiphysics, meaning that the fluids were allowed to flow out of the exit channel with 

no external pressure or forces. 
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 The diffusion coefficients are set to represent a quantity similar to that of 

nanoparticles that were being considered and ranged from 10-10 to 10-12  m2/s with little 

Figure 2.4- Top: Concentration profile at boundaries.  Bottom: Slices of the 
fluid velocity. Note that it is fastest in the center along the z-channel. 

Channel sizes are 100 µm 
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change in the results over that regime.  The device was modeled using 100 µm channels 

to simulate a MEMS fabricated device. 

Using the information gathered from these simulations a range of inlet velocities 

was selected for use in the actual experiments.  As illustrated in the top of Figure 2.4, the 

fluid is well confined to the middle of channel with little transverse diffusion.  What is 

also plainly visible is that the fluid is in contact with the top boundary, which was a 

source of many of the problems that were inherent to the device and will be discussed in 

later chapters. Shown in the right of Figure 2.4 is a velocity profile.  As can be seen, the 

velocity increases toward the center in both dimensions, width and height, which is 

expected in laminar flow.   

Shown in Figure 2.5 is one of the pitfalls of using a packaged CFD program.  A 

solution can converge but if a mesh is too course in the region of interest the results can 

be misleading. The Figure shows a boundary profile simulation identical to the one 

shown in Figure 2.4 with one notable difference that changes the outcome drastically.  

Specifically, in the simulation below the mesh size was not as fine as it was in the one 

above and the resultant concentration seems to be erratic at the outlet as well as along the 

length of the output channel.  As mentioned earlier, CFD essentially matches boundary 

conditions of a generated mesh.  If that mesh is not fine enough, artifacts of that will be 

seen in the solution.  Ultimately, with any mesh the solution needs to be inspected to 

verify that the physics is consistent with what would be expected and what is reasonable. 

Ultimately, the smaller the mesh the better the solution, but the trade off is 

computation time.  On a relatively simple simulation, such as those shown here, 

computation time was on the order of 40 minutes.  Finding both a mesh that allowed for a 
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reasonable solution as well as allowed for a reasonable amount of time was an important 

consideration.  While COMSOL does provide a user friendly interface, a certain 

rudimentary knowledge of FEM, CFD, the physics of the geometry being used, and the 

software, is required.  

 

 

Figure 2.5- Boundary concentration profile.  In this case the mesh was not fine 
enough to give an accurate result in the region of interest. 

 
In response to the problem of fluid apparently being forced to the top boundary, 

reactant channels that were 50 µm x 50 µm were considered.  By using channels that 

were half the size in each dimension and centered in height with respect to the focusing  



 31

fluid channels, the concentration could be better confined near the center of the exit 

channel.  A picture of the boundary concentrations is shown in Figure 2.6.   

 

Figure 2.6- Fluid concentration at the boundaries using smaller inlet channels 
(50µm x 50µm) 

 

The apparatus using cylindrical flow was far simpler to analyze so CFD 

simulations were not used.  The velocity of a fluid in a cylinder undergoing laminar flow 

is given by 
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where v is the linear velocity, Q is the sum of the outer fluid flow and the sample fluid 

flow, R is the radius of the cylinder and r is an arbitrary distance from the center of the 

cylinder.  In the cylindrical device the sample fluid is assumed to be circular in cross 

section and flowing in the center of the tube.42  Therefore, the sample stream volume 
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flow rate is equal to the integral of the above equation.  Integrating and solving for the 

radius of the sample fluid gives, 
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where the subscripts ‘focusing’ and ‘sample’ refer to the sample and focusing fluids and 

Rs is the radius of the sample flow.  Because of the nature in which the concentric device 

was used, this was the extent of the calculations that were performed.  Once the 

appropriate fluids were chosen the device performed over a wide range of flow rates (up 

to factor of ten for the sample flow) and diameters were consistent with theoretical 

predictions.  

 

2.4 Results and Discussion 

 

Simulations of the four channel device yielded mixed results.  The solution to the Navier-

Stokes equation showed that the geometry allowed for a well defined laminar flow.  

Figure 2.3 shows that the flow in all the reactant channels is parabolic and remains that 

way as the fluid enters the exit channel.  What the modeling also showed is that the 

sample fluid is focused mainly in the y-direction, which is not surprising given that all the 

entrance and exit channels are the same height.  The fact that the fluid contacts the top 

and bottom boundaries of the exit channel turned out to be problematic in the 

experiments.  Additional simulations suggested that using smaller inlet channels could 

potentially address this issue but changing to such a system would have required a new 

fabrication and sealing process that would have gotten away from the simplicity that was 

desired.  In addition, concurrent with modeling, experiments using the cylindrical device 
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were showing immediate success.  Hence further optimization of the four channel device 

was not pursued.   

Measurements of fibers fabricated from the cylindrical device were consistent 

with the sizes derived from Equation 2.11 to within the precision of the instrumentation 

(discussed later).  For a given set of experiments the expected value for the radius of the 

fiber was calculated to be 210 µm and the actual fiber was measured using an SEM to be 

250 µm.  The difference can be attributed to two factors.  The predominant factor is the 

indirect way in which the sheath flow was measured, and that is discussed later.  

Allowing a 10% error for that measurement accounts for most of the size difference.  The 

second source of discrepancy is swelling.  It has been documented that fibers of this 

make-up respond to pH changes as well as moisture changes by swelling.42 
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CHAPTER 3:  DEVICE FABRICATION 

 

3.1 MEMS- LFR 

 

A major component of this project was to develop an apparatus that was able to achieve 

the hydrodynamic focusing.  The project concept was originally described by Schneider, 

et al.  They were able to fabricate the device and get fluid through it, as well as 

demonstrate the formation of nylon within.49  The basic concept of the device has been 

explained in Section 2.2.   Figure 3.1 shows the formation of a fiber using the device 

fabricated by Schneider et al.  The image reveals a small nylon fiber formed in the middle 

of the exit (lower) channel.  Similar to devices created at Georgetown University, 

clogging in the channel was an issue. 

 

 

Figure 3.1- Original LFR.  In the middle of the channel nylon has formed.  Top 
channels are 100 µm and exit is 200 µm. 
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The fabrication process for a micro device was later further developed in the Van 

Keuren lab at Georgetown University.  A brief description is given here and a full 

procedure can be found in Appendix B.  To prepare the chip, a reactive ion-etching (RIE- 

Oxford Instruments Plasma80 Plus) was used to both clean and roughen the surface of a 

glass microscope slide so that SU-8 would adhere to it properly.  The slide is then taken 

to a UV-free lithography area at GNu-lab (Georgetown Nanoscience and 

Microtechnology Laboratory).  The base layer of SU-8 is deposited on the slide and then 

spun.  The bottom layer is finished by applying heat from a hot plate and then exposing it 

to UV radiation to create cross linking and solidification.  To create the second layer the 

same process is repeated, but upon UV exposure, a mask is used to create the channels.  

The two layers of SU-8 are then rinsed with a SU-8 developing solution and then rinsed 

and dried.  The layers are visually inspected for integrity at this point.  

To insert the micro capillaries that will be integrated to the syringe pump tubes, 

four lengths of 109 µm outer diameter micro capillaries were cut.  The capillaries were 

inserted into the channels and sealed with self-leveling silicone glue and then covered  

Figure 3.2- Image of the MEMS fabricated LFR.  Device is fabricated from 
PDMS.  Input channels are 100 µm and the exit channel is 400 µm. 
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with silicone sheeting.  The entire structure was allowed to dry for two days.  A photo of 

the device is shown in Figure 3.2.  A step-by-step procedure can be found in appendix B.‡  

 

3.2 Results and Discussion- MEMS LFR 

 

A well defined procedure and process manual was developed for fabricating a Laminar 

Flow Reactor from SU-8.  Issues inherited through the PDMS design, such as liquid 

polymer diffusing into the device and difficulty connecting using micro capillaries, were 

mitigated by switching to an SU-8 substrate.  In the work presented here, the extent of the 

progress made with this device was leak testing and assuring that fluid made it through 

the device, which it did on most fabrication attempts.  In this project, one of the 

challenges was finding a geometry and fabrication process that worked, but also 

reconciling that with the chemistry within the device.  For the purposes here, it was 

extremely difficult to determine the mode of failure when the device did fail.  In addition, 

if and when it did fail, fabrication time was on the order of days.  In order to study fiber 

formation in more detail, as well as avoid potential problems with clogging and other 

flow related issues caused by the size of the device, a scaled version of the device was 

designed. 

 

3.3 Macro Device 

 

                                                 
‡ Fabrication procedure and Appendix A was developed by David Littlejohn and Joe Vaughn based on 
standard SU-8 processing parameters.  
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There were three requirements that needed to be satisfied to avoid the problems that arose 

from using a micro-scale device.  The first was that the dimensions of the channels be 

larger to avoid boundary effects as well as make the flow easily observable.  As stated 

above, the velocity of the fluid layer along the walls of the device is assumed to be zero 

(“no-slip condition”).  Small disruptions to the fluid flow along these walls due to any 

number of factors (irregular fluid flow, small aberrations in the channel walls, changes in 

viscosity/Reynolds number, etc) are amplified as the cross sectional area of the channels 

becomes smaller. Increasing the channel size minimized these effects so that larger scale 

variables (i.e. flow rate and fluid interaction) can be understood first.  It also made the 

experiments easier to observe visually.  The second requirement was that whatever the 

method used to seal the device was, it must be transparent so that the flow could be 

monitored.  The capability to digitally record the trials allowed for careful monitoring of 

fluid flow and interaction and verification that the equipment was functioning properly.  

Finally the device either had to have a short (less than one day) fabrication time or there 

had to be a way to clean the device.  With the micro fabricated device, most experimental 

failures rendered the device unusable for future experiments.  Having a cleanable device 

allowed efforts to be focused on optimization of device function rather than fabrication. 

The macro device was fabricated out of a black Delrin disk that was 79.2 mm in 

diameter and 15.7 mm thick.  All five 12 mm channels were milled into the face of the 

Delrin® disk and each was 762 µm wide and 762 µm deep including the bottoms of the 

channels which were fully radiused.  A photo of the device is shown in Figure 3.3.  The 

orientation in the channels is identical to the previous device.  The fluids are introduced 

into the four entry channels through channels that enter on the periphery of the device 
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through Luer Lok fittings that had been blind drilled (not drilled to all the way through to 

opposite side) into the side.  The fluid comes up from the bottom of the device and enters 

the channel.  After going through the exit channel the resulting mixture drains through a 

hole to the bottom of the device.  A cover membrane of transparent silicone rubber serves 

to isolate all the channels.  Sealing and compression of this membrane is achieved 

through a clamping ring acting on a glass plate.   

 

 

Figure 3.3- Picture of the ‘macro’ version of the LFR.  Channels have been highlighted 
in white.  Inlet channels are 762 µm wide and exit channel is 3048 µm. 

 

A similar device had been used for the formation of nylon 6, 6 fiber membranes 

by a J. Gargiuli et al.43  They found that using a two inlet system, under various 

configurations and layouts, led to a fairly uniform nylon membrane that could be created 

in the middle of a reactant channel simply by flowing two solutions into the device.  The 
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formed membrane also was shown to act as a good barrier between two fluids allowing a 

minimal amount of mixing and they postulated that it could be used as a transport control 

vehicle in the device.50  Formation of Nylon would be a starting point for the research 

done here, and serves as the basis for the observations made below.   

With the completion of this macro device all three of the objectives listed above 

were achieved.  The channels were big enough to both allow monitoring and eliminate 

effects attributed to a relatively large ratio of wall surface area to channel cross section 

area ratio.  In addition, with a clear glass cover over the reaction area the experiment 

could be monitored and activity within the channels could be observed visually or with an 

inexpensive microscope.  Lastly, it was easy to clean the device.  With the previous 

device, if there was any sort of clog or build up, nothing could be done.  In this design the 

lid was removable and the device could be restored to its original pristine state.  This was 

done by using a wire brush to scrub a soap solution on both the top and bottom surface.  

The component being cleaned would then be rinsed under running water for 30 seconds 

and then finally rinsed with deionized water.   

To verify the cleaning procedure, contact angles were measured before and after 

nylon formation on both the Delrin and silicone surfaces.  Sets of five measurements 

were taken.  Each measurement used 50 µL of water. The results, shown in Table 3.1, 

indicate that the cleaning process does not change the surfaces and in fact is effective in 

removing waste and returning the device to a clean state. 

Surface Before After
Delran 71° 72°
Silicone 98° 98°  

Table 3.1- Contact angle measurements of the Delrin and silicone surfaces before 
nylon fabrication and after cleaning process. 
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Specific to this device there was one major flaw.  The exit port of this device was 

on the bottom (where the channels are milled) of the Delrin disk making collection 

difficult.  While monitoring of the reaction area had to be taken from above the device, 

the product would emit from the bottom.  This also added an additional turn in the fluid 

/reactant path that could result in a more complex fluid flow and perhaps even turbulence.  

The device did however produce informative images that aided in design of other devices 

and experiments. 

In response to this design flaw two additional devices were fabricated.  The first 

had the two focusing channels like previous designs. The second device in this generation 

had only two reactant channels and omitted the focusing channels.  The mechanism for 

mixing in many of the reactions or processes being considered is transverse diffusion at a 

fluid-fluid interface.  In this case focusing channels would only have served to further 

confine the reaction area or alter fluid flow and/or pressure.  Removing the focusing 

channels removed a layer of complexity to the system making it easier to simply 

understand the basics of how the fluids were moving and ascertain whether or not they 

would react with each other in the device.  A picture of this device can be seen in Figure 

3.4.  However, since this is not the only reaction being considered both devices were 

made and tested.  In both the devices the exit channel width was increased to either two 

or four times the entrance channel depending on whether the focusing channels were 

present.  In addition, the output channel was made to exit out of the side of the device 

directly from the mixing channel. 
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Figure 3.4- Picture of the 2 channel LFR.  Reactant channels are 762 µm and the 
exit is 1524 µm.  The channels are highlighted in white.   The device has been burned by 

UV radiation and those burns are circled in red. 
 

The images in Figure 3.5 are of the actual device in use (A full movie can be 

found in Appendix D).  The sample fluid channels contain plain water (coming from the 

top of the pictures) while the focusing channels contain fluorecine.  The left picture is 

before the water was pumped into the device while the right picture shows the device 

having no trouble focusing the water into the center of the channel.  What is also seen is 

that the channel created is transparent implying that the focusing fluid is contact with the 

top and bottom surfaces, introducing a major problem to the design.  Formation of nylon 

never proved to be difficult- at the interface of the two fluids, it forms almost instantly.  

In fact, in most trial runs a piece of nylon in the shape of the channels would be removed 

from the Delrin when the silicone sealing layer was pulled off.  Similarly when a photo 

polymerizable fluid (4HBA: 4-Hydroxybutyl Acrylate, Acrylic Acid, Ethylene Glycol 
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and a photo initiator; discussed in subsequent chapters) was used, it likewise formed 

immediately, as expected, clogging the channel.  These two products have very different 

consistencies when formed but neither was able to be retrieved with any kind of 

regularity, thus exposing the biggest flaw of the device.   

                   

Figure 3.5- Images of the LFR during an experiment.  The white is fluorecine and 
is entering through the focusing channels.   What appears as black is water and is 

entering via the reactant channels. . 
 

 

3.4  Results and Discussion- Macro Device 

 

The fabrication of a larger, macro version of the LFR allowed significant progress to be 

made in this project.  Predictions from modeling using COMSOL were confirmed in two 

ways.  First, video of the fluid flows, a frame of which can be seen in Figure 3.5, 

confirmed the focusing effect observed in the modeling.  The second confirmation was 

the large concentration of reactant at the top and bottom of the exit channel.  In addition 

there were also auxiliary findings that proved just as interesting and useful for the project.  

Using the same experiment that yielded Figure 3.5 it was also observed that the fluid was 

“pulsing”.  The cause of this was determined to be one of the pumps was using a stepper 

motor having steps that were far too coarse to dispense at the desired flow rates.  The end 
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effect was a fluid that had a rapid “stop and go” cycle that effectively caused flow, and 

thus pressure, fluctuations that disrupted laminar flow.  This effect would very likely 

have gone undetected at the micro level and until this point, had been unknown.  In 

addition, the fabrication of Nylon and 4HBA highlighted the main shortcoming with the 

device and that was the difficulty of fiber collection.  Nylon forms as a wet and sticky 

fiber, while 4HBA forms rigid but wet fibers.  Regardless, both were very hard to 

extrude.  What complicated this was that the formed fibers would be in contact with the 

top or bottom of the channel.  Expanding upon that observation, anything formed in this 

device would face a similar result.  In light of this, as will be further detailed in chapter 4, 

another device was designed using an entirely different geometry. 
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CHAPTER 4:  CYLINDRICAL SETUP AND GENERAL EXPERIMENTAL 

PROCEDURES 

 

4.1  Background 

 

The common problem with all of the previously described devices and configurations 

was that within the exit channel, focusing occurred along only one of the two 

independent axis perpendicular to the direction of flow.  Consequently, while all signs 

indicated that fluid flow was being focused and reactions were taking place to form a 

solid, the solid would adhere to the top piece of silicone, the Delrin channel, or both, 

rathe than be transported out but the flow.  Several adjustments to the original design 

were considered including additional focusing in the vertical direction (essentially 

focusing in the shape of a cross), aligning the reactant channels to merge before focusing, 

and using smaller reactant channels. 

Ultimately the decision was made to change the geometry of the device.  

Conceptually, switching to a cylindrical system would allow the stream to be focused as 

tightly as instrumentation would allow, while also keeping the inner (sample) fluid away 

from the walls of the device.  Therefore, a device that allowed for coaxial flow was 

designed.   

This new design still used the concept of laminar flow, but rather than focusing 

transversely, it focused the fluid by surrounding it.  The device was made out of White 

Delrin® and, like the previous devices, was fabricated in the Georgetown Physics 

Machine Shop.  With this device there were only two inlets as shown in Figure 4.1.  An 
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18-gauge blunt tip needle was forced through a tiny opening in the top of the device.  On 

the side, a Luer-Lok® connector was screwed into a drilled and tapped hole that went 

through to the cavity containing the needle.  At the exit of the device, a glass tube was 

inserted into that same cavity.  Fluid would fill around the syringe and flow in a laminar 

fashion by the time it reached the end of the needle. The two fluids then flowed in two 

separate layers towards the exit of the device.   

 

 

Figure 4.1- Side view of concentric flow device.  Fluid enters through a syringe 
from the left of the picture and continues the piece of white Delrin (indicated by diagonal 
lines).  The focusing fluid enters from the bottom of the Delrin and surrounds the syringe.  
Both the syringe and the focusing fluid exit into a glass tube.  The syringe terminates and 

continues down stream until it is irradiated by a UV lamp and polymerizes. 
 
Jeong, et al. had a similar concept that they employed to accomplish several 

different objectives. 51  Their device requires the use of a clean room as well as a 

micropipette puller.  The process is complicated and involves curing PDMS with a glass 

pipette that is taped to an acrylic anchor in it and then withdrawing it.  The fibers created 

from the device behaved as predicted, and furthermore, by adding a third inlet they were 

able to make micro tubes.  This was done by using three concentric flows with only the 

middle being able to polymerize upon UV exposure.  In addition, they were able to 

Fluid in Syringe After UV 

Focusing fluid 
UV Lamp Glass tube 
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immobilize enzymes, thereby making a case that the fibers could be used as a type of 

sensor. 

The main difference in the current device is its simplicity.  In its most base 

construction it can be made with a drill and a small tap to thread the hole where the Luer-

Lok® inserts into the device.  In addition, there was no need for concern with the 

smoothness of the channels due to a phenomenon known as error correction, as described 

by Kenis, et al.  In terms of using laminar flow to fabricate fibers, they found the 

roughness of the walls of their reactor to be on the order of 5-10 µm and the roughness of 

their fibers/wires that were made using focusing to be 1 µm.  In other words, the small 

channel that was created at the interface of the two fluids had “walls” or boundaries that 

were smoother than the solid walls that confined the fluids.52  The clear advantage of this 

as it pertains to this device is that the holes/channels need not be perfectly smooth or 

professionally milled.       

The setup was optimized to the following configuration.  Fluid lines were 

attached via Luer-Lok® connectors to both the device and the syringe pump.  In total, 

four syringe pumps were used.  The first was a KD Scientific 200 Series syringe pump.  

It lists in its specifications a range of flow rates from 2.757 µL/min to 70.56 mL/min.  

The second pump used was a Hamilton Microlab 500 series syringe pump, which proved 

inadequate for this research.  Using a camera, it was observed that this pump, when used 

to drive the focusing fluid or the reactant fluids caused waves in the channels indicating 

that the stepper motor was moving too coarsely and causing a pulsing action.  The third 

pump was a single syringe pump made by Harvard Apparatus.  To date this pump has had 

little use since it only drives one syringe.  The final pump was fabricated from a 
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mechanical gas compressor at the Georgetown Physics Machine Shop by Leon Der.  The 

pump was designed for utility and did not have a digital interface.  Volume 

measurements were derived mathematically by measuring the velocity of the syringe 

pump.  

All the devices were fitted with Luer Lok connections so no further modifications 

were needed to connect directly from the syringes.  In cases where two focusing channels 

were needed, two equal sized syringes were filled and loaded into the appropriate pump.  

To this point reactant channels have all flowed at the same speed and so those were 

mounted together.  

Collection of the product varied between each device.  Three main methods were 

used.  The first was simply either to let the product drip out or to pull it from the outlet.  

There were several problems with this.  The outlet of the first device was positioned at 

the bottom, rendering it inaccessible.  In addition, the fluid would form bubbles and stick 

to the bottom of the device rather than drip out.  The second device had an output in the 

plane of the channels but similar problems with bubbling occurred.  The solution was to 

place either the bottom or the side in a pool of liquid, usually water, to let the product 

flow freely.   

When the current, coaxial version was fabricated an initial effort was made to run 

it horizontally and “catch” the product at the outlet after it had been exposed to the UV 

light and polymerized.  The focusing fluid was water while the sample fluid was the 

photopolymerizable 4HBA mixture.  Two problems arose.  The first was that in the fluid 

flow regime that should have worked the sample fluid was pulled apart by the focusing 

fluid as it flowed through the glass tube, and did not remain as one solid stream.  The 
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other problem was that the fluid in the center was too dense and would sink in the glass 

tube.   

Two adjustments were made.  The first is that the focusing fluid was changed to a 

combination of polyvinyl alcohol (PVA) dissolved in water.  The higher viscosity fluid 

more closely matched that of the sample fluid and therefore it did not break apart over the 

length of the glass tube.  Secondly, the device was set on its end to mitigate the effects of 

gravity and allow the fluid to flow straight down the center of the glass tube.  This also 

resulted in easier collection of the fibers from the exit of the device.   

When the products were collected they were coated in the thick PVA from the 

focusing fluid.  Two techniques were used to rinse the fibers.  In the first technique the 

fiber would be taped down to the slide and submerged into a heated water bath.  The 

PVA would dissolve off and the fiber would then be prepared for testing.  The fiber 

would remain in the fluid bath until it could be easily separated from the slide and hang 

freely in the water.  In the other method the fiber was either taped or held down 

immediately after fabrication and was rinsed until the slide was visibly clear of PVA.  

While both methods were efficient in getting PVA off the slide, the first method 

created a series of problems.  Ideally when the fibers exit the glass tube they are 

deposited on the slide and forced along by the fluid, but there were a few difficulties in 

the process.  The fibers did not always flow straight out and often it was difficult to get 

them onto the slide without pulling them along and causing small defects in the fiber.   

Upon heating the fiber, these small defects were aggravated, as can be seen in Figure 4.2.  

In addition, during the heating the fiber would swell due to thermal expansion.  In many 

trials particles were embedded into the fiber, and this process is discussed later in this 
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chapter.  Since the particles are not chemically attached and are just physically trapped in 

the polymer matrix this swelling would cause many of the particles to fall out of the 

matrix and would be visible at the bottom of the water bath.   

 

 

Figure 4.2- SEM image of a fiber that has undergone damage due to heating.  The fiber 
is loaded with 7% silver particles. 

 

4.2 Fiber Fabrication 

 

With the current device only one sample photopolymerizeable fluid was used.  The 

mixture was composed by volume of 85% by weight 4-hydroxybutyl acrylate (4HBA), 

11% acrylic acid (AA), 1% ethylene glycol dimethacrylate (EGDM), and 3% 2,2’-

dimethoxy-2-phenylacentonephenone (DMPA).  All chemicals were obtained from 
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Fisher Scientific.  This formula was based on a series of papers published by Jeong, et 

al.50  

The 4HBA (shown below) is a clear colorless acrylic ester often used for clear 

coating that will copolymerize well with vinyl monomers.  Industrial purposes include 

waterborne and powder coatings as well as uses in paints.  The AA is widely used in the 

adhesive and resin industries largely because of the ease in which it will polymerize.  The 

combination of the two major constituents is a yellow tinted, clear, liquid with a slight 

odor.  A combination of 4HBA with a monomer, a cross linker and an initiator for use 

with instant polymerization applications has been well documented and was thus chosen 

as the sample fluid.42 

 

 

Figure 4.3- Structures of 4HBA and AA, respectively. 

UV light exposure causes the DMPA to split into two radicals that will interact 

with copolymers 4HBA and AA.  The radicals will act on the double bonds on each of 

the copolymers creating active sites to undergo step growth polymerization as explained 

in Chapter 1.  These active sites will then act on other double bonds creating other active 

sites thus creating a large polymer chain.  The small amount EGDM serves to crosslink 

the long chains and increase rigidity.  The consistency of the resultant polymer could be 

made more like rubber by increasing the AA and more like a plastic by increasing the 
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4HBA.  The mixture chosen had been used in previous studies and no significant 

deviations were attempted.   

Using one of the syringe pumps detailed above, the fluid was injected through an 

18 gauge 4-inch long blunt tip syringe.   The 0.38 cm inner diameter glass tube where the 

fluids exit is partially covered with either tape or aluminum foil to eliminate clogging at 

the exit of the syringe tip.  At the exit a Photon Technology International Xenon arc lamp 

operated between 5W and 100W irradiated the sample causing it to rapidly polymerize.  

The procedures and methods used to embed various types and preparations of particles 

into the fibers are detailed in subsequent chapters. A photo of a fiber with polyaniline 

embedded and silver conductive glue on top to act as good electrical contacts is shown in 

Figure 4.4. 

 

 

Figure 4.4- Image of a fiber deposited on a slide.  The dark circles are silver 
conductive glue that was used as electrical contacts. 

 

4.3 Suspensions and Colloids 

Critical to trying to get the polymers to conduct was ensuring that the particles 

were reasonably dispersed.  Particle suspension occurs in two distinct phases.  The first is 

the wetting of the particles.  Wetting is the ability of a liquid to completely cover the 
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surface of a particle.  In most treatments of wetting, the problem is reduced to a spreading 

coefficient that is given by, 

                                                              γ2−=WS                 (4.1) 

where S is the spreading coefficient, W is the thermodynamic work of adhesion (the 

amount of work needed to separate a unit area of two separate phases in contact) and γ is 

total surface tension of the liquid.  If S ≥ 0 there will be no problem covering (wetting) 

the particles or other solute.   In all cases here, wetting was trivial so a further discussion 

will be omitted.  The more difficult task is getting the particles to stay suspended and 

homogenized once in liquid.   

One main factor in particle settling and suspension is size.  A colloidal suspension 

refers to a suspension in which gravity alone is not enough to make particles settle out.  

The particle size range that this encompasses is 0.001 µm to 1 µm.53  But those are not 

strictly defined numbers.  The properties of the particle as well as its size are both key 

factors.   

A particle in a fluid is influenced by three main forces.  They are gravity, viscous 

drag and buoyancy.  All three forces are shown below: 

                                                             mgFgravity =                                                       (4.2) 

                                                            sdrag RvF πη6=                                                    (4.3) 

                                                            gVFbouyancy ρ=                                                     (4.4)                                         

where m is mass, g is the acceleration due to gravity, η is viscosity of the liquid, R is 

radius of the particle, vs is the terminal velocity of the particle, ρp is the density of the 

particle, ρ is the density of the liquid and V is the volume of the particle.54 

At terminal velocity the sum of these forces is zero: 
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                                                             gVRvmg s ρπη += 6                                           (4.5) 

which can be rewritten as, 
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Rearranging gives a format that more clearly highlights the important factors: 
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In a given fluid, the dominating factors to how fast a particle will fall are the 

density difference and the size of the particle.  Note that the above calculations assume a 

spherical particle.  For most particles, this approximation does not introduce significant 

errors.55   

Once in suspension, small particles have a tendency to acquire charge and then 

aggregate instead of remaining dispersed.    The primary method to avoid that is the use 

of surfactants.  Surfactants consist of two parts; a hydrophilic head (polar), usually 

containing an amine or phosphate group, and a hydrophobic tail (non-polar).  There are a 

range of surfactants but the basic principle is to surround the particles with the 

hydrophobic tail on the surface of the particle and the hydrophilic head on the outside.  

With the polar part of the molecule now interacting with water it will be more likely to 

behave like a polar molecule and stay dispersed.  Particles that are already agglomerated 

in a liquid can also benefit from surfactants.   Surfactant, used with any sort of 

mechanical shear, such as milling or sonication, can be used to separate them as well.  

The shearing will serve to aid in getting surfactant in between agglomerated particles.  If 

it is energetically favorable for the surfactant to attach to the surface of particle, as 
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opposed to the particle attaching to another particle, and the surfactant physically has 

access to the particle, it will attach and force the particles apart. 

In most cases presented here, the prepared particles were suspended without the 

use of surfactants and as Equation 4.7 illustrates, the smaller the particle chosen, the 

better suspended it would be.  The prepared particles were small enough that the time it 

took all the particles to settle out was much longer than the time it took to complete an 

experiment.  Most the particles were simply mixed with the fluid and used as they were.  

The particles that did settle quickly enough to prevent good fiber formation were 

mechanically chopped (explained below) and/or mixed with surfactant.  In the case that 

surfactant was used, 1% was mixed with the polymer mixture stated in the previous 

chapter. 
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Chapter 5: Conducting Polymers 

 

5.1 Conducting Polymer Background 

 

As mentioned in Chapter 1, there is a wide array of uses for conducting polymers, for 

example smart textiles.  Shirts that discharged patients can wear to monitor vital signs is 

one possible use for this technology.  In military applications, being able to monitor the 

health status or physical location of the war fighter is an important task that can be aided 

by E-textiles.  Several E-textile products have already made it to market including a 

keyboard that can be rolled up and reused without loss in performance.  Other 

technologies are allowing mass production of solar cells by being able to effectively print 

on conductive polymer material.  There is an assortment of other uses and possibilities 

mentioned in Chapter 1 that would benefit by the development of a reliable rapid method 

to fabricate conducting polymer fibers. 

Depending on the application, the magnitude of the conductivity required can 

vary considerably.  Technologies that are using any sort of embedded metal, such as 

copper, as a pathway need conductivities on the order of 1x105 to1x106 S/cm and are 

generally looking for the conduction properties of the embedded metal and the ease of 

formation that the polymer provides.  Examples may include any application where high 

conduction, such as MEMS chips or conducting films, is needed.  On the other end of the 

spectrum, when dealing with conducting polymer sensors, conductivities on the order of 

1-10 S/cm will suffice.   
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There were three methods considered for making polymers conduct.  They were 

doping, surface modifying, and particle embedding.  To date, several groups have 

attempted and succeeded in making conducting polymers and the field has been evolving 

for decades.  Although many polymers can be doped and/or semiconduct, to date there 

are very few practical intrinsic conductors.  The recognized onset of the explosion in the 

field of conducting polymers was during the 1950s and the 1960s when it was noted that 

polyacetylene and polyphenylacetylene were semiconductors.56  Shortly thereafter, 

groups found that doping these polymers resulted in drastic increases in their 

conductivity.57  Later studies arrived at the consensus that the mechanism for conduction 

was indeed motion of charged defects in polymer.58,59  Like most semiconductors, the 

conductivity of the polymer is directly proportionate to the number of charge carriers and 

their mobility.  Extrapolating that fact, introducing more charge carriers via reduction, or 

more commonly oxidation, will increase conductivity.   

One interesting application that this change in conductivity allows is the use of 

the polymer as a sensor.  One such example is the use of polyacetylene to measure 

glucose concentration.  The process starts with glucose, which is oxidized by oxygen and 

glucose oxidase.  This will produce hydrogen peroxide that will in turn oxidize iodine 

ions to form triiodide ions.  Triiodide ions are known to oxidize polyacetylene which will 

change its conductivity.  The result is that conductivity will be proportional to glucose 

concentration.60   

Another common technique to make polymer or polymer structures conduct is 

some sort of surface modification.  The most widely used is electroless plating.  In this 

technique a pattern is first imaged onto a photoresistive material.  The sample is then 



 57

baked, rinsed and dried as is normal in photoresist applications.  Then the sample is 

irradiated with UV light and immersed in a solution that will chemically modify the 

surface, often with an amine group that will easily attach to a metal.  One example is the 

use of N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide phosphate buffer, and 

ethylenediamine.  After stirring for several hours, the sample is bathed in a gold salt bath 

and then rinsed with water to complete the gold plating.  This gold plating serves as the 

seed layer for copper plating.  The sample is now added to a copper salt bath and a 

reducing agent to complete the process.61  Clearly the drawbacks of this technique are the 

relatively long wait times and large quantity of resources needed to achieve this.   

A slightly more straightforward, but maybe less elegant solution was employed by 

Jiguet, et al. when they imbedded particles in a polymer matrix.62  They simply mixed 

silver particles in the micron range into SU-8 and performed typical fabrication 

techniques (spinning, UV exposure, masking, etc) on the composite photoresist.  They 

found that the technique was effective in fabricating structures with predictable thickness 

as a function of the volume of silver that was in the composite.  In addition, they found 

that the fraction at which the composite started conducting followed a percolation model 

and was around 6% by volume.  A major flaw they found was a loss in resolution of the 

fabricated structures and the thickness was dictated by the percent loading of the SU-8.  

This would be the expected result as crosslinking is UV induced.  Adding more particles 

will scatter that light and inhibit it from penetrating and thus crosslinking.62 

 

5.2 Conductivity Requirements 
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In this work, two methods were investigated to make polymers conduct: doping and fiber 

loading.  There are several kinds of polymers that can be doped to conduct: ionic, charge 

transfer and conjugated polymers.  Ionic and charge transfer polymers do not process 

well and often are not stable at room temperature.63  As a result, the methods for 

investigation were down-selected to doping conjugated polymers and doping with 

conducting particles.  The only exception was in the case of polyaniline where it was 

used as a filler particle and then doped once it was incorporated.   

The process of chemical doping can be explained using relatively simple band and 

hybrid orbital theory.  Like metals, conducting polymers need to have charge carriers as 

well as a structure that allows them to move.  In most conjugated polymers 

(polyacetylene, polypyrrole, polyaniline) the backbone structure of either alternating 

single and double bonds or segments that have elements that introduce p-orbitals allow 

for continuous π orbital overlap.64  It is this delocalization that will facilitate the transport 

of charges.    The issue is that most of these materials lack the actual charge carriers and 

intrinsically are high band gap semiconductors (~2-3 eV).  When an oxidative or 

reductive agent is introduced it will either donate an electron to the conduction band or 

remove one from the valence band.  Either way, there will now be a carrier as well as a 

path for conduction.   

The condition for conduction in surface modification is trivial.  As explained 

above, the conduction path is effectively patterned and has conductive particles all in 

contact.  The case of loading the fiber with micro or nano particles is more complicated.  

Logically, if one is simply dispersing particles randomly the goal is to have one 

continuous conduction path.  The theoretically calculated value for that condition is 16% 
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volume fraction.65  This point is referred to as the classical percolation point and is the 

point at which if particles are uniformly arranged in the solid they will form a continuous 

pathway for conduction.   However several groups have reported volume percentages 

well under 16% including one group that reported HCl-doped polyaniline conducting 

when mixed with various polymers at concentrations as low as 0.03%.66  There are three 

possible explanations in the literature.  One is that the percolation threshold is dependent 

on particle size.  The smaller the particle size the higher the probability that the particles 

will be in contact with each other.67 If this is in fact the case, and several other studies 

indicate it is, then particles size is a factor, and volume percentage is just one variable in 

fiber loading and not the only one.  The second explanation is that it has been found that 

in polymer-particle systems, fine particles tend to aggregate and form conduction paths.68  

Finally there is the possibility of quantum mechanical tunneling between particles in the 

polymer matrix.44 For the purposes here, analysis will be based on systems that had 

similar sized particles in order to compare analogous experiments and results. 

 

5.3 Loading Fibers with Silver 

 

One of the main objectives of this project was to try to manipulate the electrical 

properties of a resultant fiber.  Originally, silver flakes (Art Clay World) intended for use 

in pottery, were used.  The particle range size was 0.18 mm to 0.5 mm.  The very large 

particle size was chosen to try to limit the number of actual particles that would be 

needed to form a continuous conduction path.   These particles were far too big and were 

not able to be suspended in the solution long enough to attempt to make them into a fiber.  
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Attempts were made at using an Ultra Turrax® brand high performance disperser 

operated at 24,000 revolutions per minute to mechanically grind the particles but were 

ultimately unsuccessful.  A picture of the bottom of the turrax depicting the rotor and the 

stator is shown in Figure 5.1.  The Turrax® uses the rotor to pull particles in axially and 

then force them out radially through the stator.  High accelerations in the particles 

produce a large amount of shear and thrust that will effectively shred the particles.  To 

solve this, a much smaller silver particle with a high surface area (0.25-0.75 m2/g)§ was 

chosen.  The product (Silflake® 144) is specifically designed for conducting epoxies and 

is produced by Technik Inc.   

Figure 5.1- Illustration of Turrax® mode of grinding**  

Previous data obtained by Jiguet, et al. showed that the point at which conduction 

occurred in SU-8 loaded with silver was around 5.5%.  Initial trials at 7% by volume 

immediately showed conduction with very low resistance.  An SEM image of one of the 

resultant fibers is shown in Figure 5.4.  The particles are clearly visible and appear to be 

on the surface as well as being embedded in the polymer matrix.   The particle size is 

reasonably consistent, but there is no apparent order in which the particles are arranged.  

In this image, as well as others, the fiber appears to have a concentration greater than 7%.   

 

                                                 
§ Technical Data sheet in Appendix C 
**  Reproduced with permission from IKA 
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Figure 5.2- SEM image of fiber loaded with 7% embedded silver particles. 

There are three possible explanations.  The first is that the particles are likely on 

or close to the surface and this can be inferred from the image.  Second, the particles 

shown here are extremely thin flakes and what is visible is the large surface of the 

particle. Finally, the reason that mainly the flat side of the flake is visible is that the fiber 

is formed when the particles are flowing in a fluid stream and thus will orient in fashion 

that causes the least amount of drag. 

To make the fibers, a solution of 85% by weight 4-hydroxybutyl acrylate, 11% 

acrylic acid, 1% ethyleneglycol dimethacrylate, and 3% 2,2’-dimethoxy-2-

phenylacentonephenone was prepared and the silver particles were added up to the 

desired volume percentage.  The suspension was sonicated for one minute using a 

Branson 1510 sonicator to break up any large agglomerations and then drawn into a 250 

µL syringe (Hamilton).  The PVA solution was drawn into a 25 mL plastic syringe and 

connected using Tygon® tubing.  The sample flow rate was 70 µL/min and the sheath 

flow rate was 4.11 mL/min.  In this there was little concern for photo effects other than 
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the desired polymerization so the lamp was operated at its highest level.  The fibers were 

collected onto a precleaned microscope slide and rinsed immediately.   

In order to test the fibers for electrical conduction, they were allowed to dry 

completely over night.  Silver conductive glue was placed at various points on the fiber to 

act as contacts for measuring resistance.  A Fluke Digital Multimeter (DMM) was used to 

measure resistance over a given length.  Fiber cross sectional areas were found to be 

constant over the length of the fiber so the electrical properties of the can be 

characterized in terms of resistance per unit length.  Resistance measurements were taken 

on samples with 1%-10% particle loading by volume, working in 1% increments.  The 

fibers did not register a resistance (> 2 MΩ over the distances on the order of 1 cm) on 

the DMM until there was a 7% loading fraction. 

These measurements are fairly consistent with what was found by Jiguet, et al. 

when they used silver particles to load SU-8.  They found they had a very small 

conduction until a loading value of 5.5% by volume.  More importantly this provided a 

baseline to know where to start with when testing other particles for conductivity and 

other characteristics.  Success in these experiments also indicated that techniques were 

valid and repeatable, while also verifying that the radius given in equation 2.11 was valid 

for the system used.  Finally, failures with larger particle sizes helped to rule out future 

options for particle use.  

 

5.4 Loading with ITO 
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Indium Tin Oxide (ITO) has been of significant interest recently for a variety of reasons.  

The main appeal of the material is its ability to both conduct electricity (~104 S/cm) as 

well as be optically transparent.69  Accordingly, the most common applications are its 

uses in ITO-coated glass, display devices such as LCDs and touch screens, organic light 

emitting diodes and antistatic coatings on glass.  ITO can also withstand high 

temperatures and has found use as strain gauge sensors in extreme environments.70  

While there is a current push to find alternatives to ITO due to its limited supply and 

relatively high price, no good replacement has been identified and it still is in high 

demand. 

ITO was obtained from Sigma Aldrich.  Particle size was <325 mesh, meaning 

that all the particles passed through a sieve with a 44 µm opening.  As before particles 

were mixed in various volume fractions with the polymer/initiator mixture containing 

85% by weight 4-hydroxybutyl acrylate, 11% acrylic acid, 1% ethylene glycol 

dimethacrylate, and 3% 2,2’-dimethoxy-2-phenylacentonephenone.  The mixture was 

sonicated for one minute and pulled into a 250 µL syringe.  The syringe as well as the rest 

of the set up was positioned as discussed above.      

Using the ITO without any preparation proved not to be an effective method.  It 

was observed that the mixture, when placed in a 1 cm x 1 cm cuvette, would precipitate 

out within one minute.  Adding up to 1% Sodium dodecyl sulfate (SDS) as a surfactant 

did not make a difference, which was predictable based on the large particle sizes.  Even 

so, the fabrication was done and fibers formed.  After the fibers were rinsed and air dried, 

resistance measurements were taken.  It was found that over similar distances, resistance 
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measurements varied over a few orders of magnitude.  For example over a 1 cm distance 

the resistance could range from hundreds of Ohms to greater than two mega-Ohms,   

It was hypothesized that the reason for this is simply that the “suspension” was far 

from uniform or homogenous and thus introduced variables that were difficult to control.  

For instance, the time from pulling the mixture into the syringe to time of polymerization 

has to be controlled, since particle settling is rapid and time dependent.  Additionally, at 

what point in the dispensing of the syringe the sample was taken and even how it was 

pulled from the cuvette both became experimental factors for the same reasons as those 

listed above.   The above considerations make getting a consistent fiber difficult.   

With this method, particle loadings as low as 3% showed good conductivity 

depending where in the batch of materials it was taken while parts of the batch that 

contained 10% fiber loading showed no conduction.  As discussed above, the percolation 

point for particles of this size is well higher than 3%.  On the other extreme, 10% loading 

should be conducting all of the time. This indicates that the dominating factor is particle 

settling.  Because of this other techniques of fiber preparation were employed.   

The first technique consisted of mechanically milling the particles.  A 3 cc sample 

4HBA and 7% ITO was made and placed in a small plastic bottle.  An ultra-turrax (as 

shown in Figure 5.1), operated for three minutes and at 24,000 rev/min, was used to grind 

the particles down.   An image of the ground particles is shown in Figure 5.3. In the 

image, all the particles seem to be well below the 44 µm size limit on particles coming 

from a 325 mesh sieve.   
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Figure 5.3- Microscope view of milled ITO.  Note that the particle size is well under the 
value given from the manufacturer. 

 
The mixture was then prepared as described above with and without 1% of a 

surfactant.  Three surfactants were used: SDS, Sodium bis(2-ethylhexyl) sulfosuccinate 

(AOT), and Triton 100x.  Fibers were taken over several different batches and at different 

points in each syringe dispense.  The fibers were rinsed and dried and resistance 

measurements were taken over lengths varying over 0.5 cm and 1.5 cm.  The various 

fibers were observed via SEM to have reasonably similar cross sections so electrical 

properties are characterized by the resistance per unit length.  Results are shown in Table 

5.1 along with results from experiments done with fibers loaded with polyaniline (PANI). 
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Material R/L(Avg)(kΩ/cm) Std Dev 

ITO 318 
2

63 

ITO + SDS 233 
1

97 

ITO + TRITON-100X 347 
2

47 

ITO + AOT 329 
2

83 

PANI 548 
4

99 
Table 5.1- Measured resistance of fibers under different preparations.  All ITO 

was prepared via the milling procedure described.  50 measurements were taken for each 
set. 

 
While the results, specifically the standard deviation, still show a wide range 

within fiber formulations, two conclusions can be drawn from the images and the data 

and other observations. One is that the standard deviation is great enough to conclude that 

there is no statistical difference between using the surfactants or not.  The standard 

deviation is over 50% of the measured value in all trials.  Establishing any consistency in 

the fiber is clearly an issue.  The second conclusion is that mechanically making the 

particles smaller was an effective method to assist in suspension.  As stated above, 

without milling, the particles do not stay suspended nearly long enough to fabricate 

efficiently.  An image of an ITO fiber is shown in Figure 5.4. 
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Figure 5.4- SEM image of a fiber with 7% milled ITO embedded. 

5.5 Loading Fibers with PANI 

 

5.5.1 PANI background.  Polyaniline is a material that has been in use since the 

middle of the 18th century.71  Like a few other polymers, polypyrrole most notably, it has 

the ability for high conductivity (10 S/cm) when properly doped.  What makes it far more 

attractive than some other polymers is ease of synthesis and how easy it is to dope.  It is 

this doping property that gives rise to one of the more interesting uses of the material as a 

gas sensor, as mentioned in Chapter 1. 
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PANI exists in several oxidation states.  On one end is the fully reduced polymer, 

Leucoemeraldine, and on the other is the fully oxidized state emeraldine.72  A monomer 

of each the two states is shown below, with Leucoemeraldine on the right side and 

emeraldine on the left hand side.  If y = 1 then the polymer is fully reduced and if y = 0 it 

is fully oxidized.  If 0 ≤ y ≤ 1, then it is one of the many intermediate states.  The state 

that has been most studied and the only one of interest here is the neutral emeraldine 

base.  When doped with an acid the emeraldine becomes a conductor.  But what is most 

interesting is that this conduction is reversible by the introduction of a base.  This makes 

it an especially good candidate for use in solid state gas sensors.73,74 

 

Figure 5.5- Diagram of two PANI oxidation states††75 

5.5.2 Experiments and observations with PANI.  In addition to achieving 

conduction in fibers loaded with silver and ITO, experiments were performed to test the 

possibility of using similar techniques to get PANI to conduct within the matrix of a 

different polymer.  

High molecular weight (15,000 AMU) PANI, already in its doped form with an 

additional proprietary salt, was obtained from Sigma Aldrich.  The powder was 

suspended simply by adding it to a solution of 85% by weight 4-hydroxybutyl acrylate, 

11% acrylic acid, 1% ethylene glycol dimethacrylate, and 3% 2, 2’-dimethoxy-2-

phenylacentonephenone and sonicating for one minute.  Initial observations showed at 

10% loading by volume the solution in a 1 cm2 cuvette remained opaque over 24 hours.  

This was in stark contrast with the settling times of both formulations of ITO which were 

                                                 
†† Reproduced with author’s permission 
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on the order of minutes.  It was not expected that it would suspend at all or with such ease 

based upon other groups reporting difficulty in suspending PANI.  Most cases required 

the use of a stabilizer or other complex mixing technique.76, 77 

The suspension was pulled into a 250 µL syringe, placed into the syringe pump, 

and fibers were formed and collected as described above.  The fibers with embedded 

PANI formed fibers without complication or further particle preparation.  The size at 

which they were acquired was sufficient to suspend them for an extended period of time 

and there were no complications in drawing the fluid into the syringe.  The fiber size was 

consistent with previous calculations and well within the precision of the instrumentation.  

Qualitatively, the fibers were easier to collect during experimentation and upon rinsing 

the fibers the rinsing fluid had fewer particles.  In addition, as can be seen in figure 5.6, 

the fibers appear smoother than the fibers with ITO. 

Using the above parameters at 7%, 10% and 15% by volume concentrations, the 

fiber failed to conduct.  While several groups have reported increases in conductivity in 

PANI films and composites (of particular interest is poly(vinyl chloride) (PVC), they also 

have reported a complete loss in conductivity when exposed to high doses of ultra-violet 

radiation.78,79 To test for possible radiation effects a glass depression slide was filled with 

the suspension and allowed to dry.  When tested, over distances on the order of a 

centimeter the dried PANI had resistances on the order of several hundred Ohms- far less 

than the ITO fibers studied above.  This was convincing evidence that the loss of 

conductivity was related to the high dosages of UV radiation. 
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Figure 5.6- SEM image of fiber loaded with PANI 

Working with the hypothesis that the intense UV radiation required for 

polymerization was causing the absence of conduction, the process of redoping was 

attempted.  Several groups have reported that conductivity of PANI can be changed 

reversibly with a combination of radiation and doping.80  Many of the techniques 

involved doping with an acid and the process is shown in Figure 5.7.  In fact, it has been 

reported that drastic changes in conductivity in polyaniline in the presence of certain 

gases makes it a suitable candidate for use in gas sensors, as previously mentioned.81 One 

of the groups used nanofibers and found that due to high surface to area ratios along with 

porosity made it “perform better than conventional films”.82   

 

200 um 
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Figure 5.7- Schematic diagram showing the reversible doping of PANI 

 

To dope the PANI into a conducting state the prepared fibers were left on the 

slides they were collected on and exposed to HCl vapor, in order to dope, for a period of 

two days.  After the exposure the slides were removed and allowed to air dry to make 

sure that no liquid was aiding in conduction.  Silver glue was deposited at various 

intervals and resistance measurements were taken.  Table 5.1 shows the results. 

 

5.6 Results and Discussion  

 

It should be noted that all of these measurements were taken only on “well formed 

fibers”.  This is an inherently subjective and, in some ways, only a qualitative way to 

measure the conducting capabilities of the fibers.  Fiber segments that failed to conduct 

(R > 2 MΩ/cm) were assumed to be not well formed.  In addition fibers that were visibly 

damaged or doubled over onto itself were deemed not well formed.  The obvious problem 

with this is that even with the slower settling times of the ITO suspension and the 

prolonged opacity of the PANI suspension, many of the fibers that were labeled as not 

well formed could have been formed perfectly and just been polymerized at a point in the 

dispensing where the volume percentage was lower than the required threshold.  The 

same reasoning also extends to fibers that had relatively low resistances.   
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What can be noted is that from samples collected from 2 - 250 µL syringes 

fabricated under identical conditions, roughly 30% of ITO fibers failed to conduct while 

only 10% of PANI fibers did not conduct.  These are the same fibers that were used in the 

resistance measurements shown above.  Observationally, the ITO fibers were far more 

brittle than the PANI fibers.  In fact the PANI fibers stood up well to being manipulated 

post fabrication.  One outstanding issue is the large standard deviation in the data.  In 

order to increase functionality of the produced fibers the properties, in this case 

conductivity will have to be better controlled.   

An interesting result is the success of the PANI.  It was mentioned above that 

several groups have reported difficulty in getting PANI to suspend.  While the techniques 

described here did not completely suspend the entire mixture, the prolonged opacity of 

the mixture is an indication that at worst, some of the powder was remaining suspended.  

The ease in which it was doped to allow for conduction was expected for structures 

known to have a good particle distribution and served as a confirmation that the fibers 

produced here had achieved that. 
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CHAPTER 6:  FIBERS AS A CARRIER FOR PHOTOACTIVE MOLECULES 

 

6.1 Background 

 

In addition to suspending particles in the polymer fiber, attempts were made to 

incorporate dye molecules into fibers.  The area that was focused on was incorporating a 

photosensitizing dye or pigment into the fiber.  The concept behind this was to use the 

fibers as a proof of concept that the properly treated fibers could be used as a method for 

killing biologicals in water.   A full discussion of singlet oxygen and its properties was 

given in chapter one. 

In the research presented here, MB and perylene were incorporated into the 

polymer fibers.  The fibers were placed in a suspension of Bacillus thuringiensis (BT) 

cells to test for its ability to disinfect water.  BT was chosen since it is a known simulant 

for Bacillus anthracis cells, better known as Anthrax.  The driving idea is that in most 

places on Earth, there is plenty of sun but there is not water that is free of harmful 

biologicals.  Having a substance that could be dropped into water and then allowed to just 

sit in the sun would be a very useful tool.   

A similar technique had been used by Bonnett et al.83  In their technique they used 

a chitosan membrane and added photosensitizer in three different ways: adsorption, 

dissolution and casting, and covalent attachment.  For adsorption the membrane was 
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simply placed in a bath of 0.5% of the photosensitizer.  For the dissolution technique the 

sensitizer was dissolved in the chitosan and then the chitosan was prepared as otherwise 

described in the paper.  For covalent attachment a slightly different sensitizer was used 

and was functionalized to attach to the membrane.    

To test the ability of the membranes to neutralize cells they created two devices; a 

static and a circulating photoreactor system.  The static system was mechanically stirred 

and the circulating system had a peristaltic pump.  In the experiments where they used a 

pump they used cells concentrations that were 30 times as high as the static experiments. 

What they found was that over a long enough time (around 90 minutes), there were zero 

surviving cells in both systems.   

Another group as recent as 2005 was working on similar techniques in a large 

scale multi-nation supported effort called SOLWATER to create a system using only 

sunlight to disinfect water. 84  Their mission is the “development of a fully autonomous 

system to the disinfection and elimination of trace organic contaminants in household 

drinking water” using only a solar powered water pump and singlet oxygen generating 

species. 85 

The group that was studying the materials aspect used rubrene complexes.  

The sensitizers were immobilized on porous silicone, nylon and poly(vinylidene 

difluoride) membranes using only adsorption as a technique.  They also had 

success similar to the group referenced above- using the device they constructed 

they had a bacterial survival rate of around 10%.  Ideally, all the water would be 

decontaminated but their results are a positive step in an ambitious project. 
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6.2 Fabrication Process 

 
Several techniques were considered for loading the fiber with a photosensitive dye.  The 

first technique was simply adding up to 10% by volume of a photosensitive dye solution 

containing 3.33 mg/L MB to the standard solution of 4-HBA that has been used above.  

Initial attempts to fabricate using the lamp at high power showed that the fluid was going 

through drastic color changes, indicating that detrimental photo bleaching was occurring 

with the fiber. The power was lowered and the fibers were refabricated.  While the color 

remained blue, the fibers were tested and there was no significant cell death.  This was 

interpreted to mean that there still was photo damage being done to the dye. 

The next technique used was to attempt to just have the material adsorb into the 

polymer.  To do this, a solution of 3.33 mg/L was added to the fibers and allowed to soak 

overnight.  The fibers were removed, rinsed and then bathed in water overnight.  The 

intention was to repeat this until the water was clear, but due to leeching, this never 

occurred.  While small amounts of MB are unlikely to do any damage to people ingesting 

the water, the very fact that it is leeching out of the fibers would cast doubt on the results.  

MB is already known to disinfect water in the presence of light.  The objective here was 

to show that photosensitizers immobilized in a polymer that was fabricated in the studied 

device could be used to disinfect water. 

The next attempt was to use a photosensitizer that was not soluble in water.  

Perylene was chosen for its availability.  100 mg of perylene was dissolved into 5 mL of 

cyclohexane.  Fibers fabricated in the method described above were placed into a 
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container with the solution and allowed to sit over night.  The fibers were removed and 

rinsed until the water ran clear.   

 

6.3 Experimental Techniques 

 

Bacillus thuringiensis was chosen since it is a good simulant for Bacillus anthracis.  It 

was obtained from American Type Cell Culture (ATCC organism #55173 and kept in a 

liquid nitrogen dewer until it was needed.  Cells were then removed, thawed and placed 

in a nutrient broth (Acumedia) and set on a heated shaker at 27°C for about 16 hours.  

Cells were grown and harvested in late-log/early stationary phase (see Figure 6.1) with an 

optical density of around 1.2.  The cells were then removed and placed in a phosphate 

buffer solution and centrifuged down to a pellet. The supernatant was poured off and the 

process was repeated to rinse out all of the nutrient broth and non-viable cells.  The cells 

were mixed with deionized water in a 1:3 ratio for the experiments.  Diluted cells (2.5 

mL) were placed in one of two cuvettes.  One had just the cells and a mini stir bar and the 

second had the same with the addition of the perylene stained fibers.   

 



 77

 

Figure 6.1- Characteristic plot of cell growth.  Cells used in experiments were 
harvested in the late-log/early stationary phase.  Cell concentrations correspond to an 
optical density (OD) that is experimentally determined.  In this case OD = 1.2 

 

The cells were placed under a solar simulator (Newport 1000W Solar Simulator) 

operating at 350W which is roughly 0.75 the equivalent power of the sun.  Ultraviolet 

light is known to kill biologicals so a plexiglass™ plate was placed between the cells and 

the simulator to filter out any wavelength shorter than 400 nm. The cells were irradiated 

for an hour and then removed from the light.  A portion of the sample was removed and 

analyzed using cell plating or staining protocol.  The rest was used to verify that there 

was no leeching out of the perylene.  A graph of absorbance of the fluid from the 

experiments and a graph of perylene is shown in Figure 6.2. 
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Figure 6.2- Absorbance Spectrum for Perylene and the fluid removed from cell 
death experiments 

 

6.4 Results and Discussion 

 

Results were counted in two ways.  The first technique used was a dilution series 

followed by plating on solid nutrient agar Petri dishes.‡‡  The plates were cultured 

overnight and colonies were counted.  To get a percentage of alive versus dead cells, only 

the 10-7 plate was counted.  The second method used a mixture of stains and optical 

microscopy to count the cells.    The stain consisted of two dyes; one stained the viable 

cells and the other only stained the dead cells (Baclight from Invitrogen live/dead cat no. 

7012).  A characteristic image of stained cells is shown below in Figure 6.3.  

                                                 
‡‡ A full procedure on all biological techniques used can be found in Appendix C. 
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Figure 6.3- Side by side images of the same field of view with different fluorescent 
channels.  The green side shows viable cells and the red shows dead cells. 
 

On a series of nine trials, seven killed 100% of the Bacillus thuringiensis.  In the 

two trials where 100% off the cells were not killed, 77% and 80% of the cells were found 

to be dead.  In addition, absorbance spectroscopy shows that there is not a significant 

amount of perylene leeching from the fiber into the surrounding fluid, provided that the 

fluid is water.  Graphs of that data are shown in Figure 6.2.  The experiments were also 

performed in triplicates.  The reasoning for that is that the fibers that were used were not 

placed back in a fluid bath of perylene solution between trials.  That implies that over a 

course of three hours of exposure, there was no significant photobleaching or photo-

degradation.   



 80

The advantages of this technique are many.  For one, it is fast, simple and requires 

a very low amount of technology and instrumentation to produce.  Secondly, in the 

literature cited above, most created a membrane that water had to be forced through.  

Here, all that is required is that the water be gently circulated.  An argument could also be 

made that due to the high surface to area ratio of the fibers, less material would have to 

be used to disinfect a given quantity of water.  Another advantage is that the fibers can be 

re-dyed in the event that they do eventually photo-degrade.  A downside is that singlet 

oxygen is also known to cause damage to stabilized polymers.86  While no damage was 

observed in these trials, prolonged usage could be a limiting factor in the effectiveness of 

the fibers. 

It was also stated above that projects have been undertaken to deploy water 

purification systems based on singlet oxygen generation.  While on a mass scale this 

might make sense and might one day be a reasonable method, there still is a need for 

small scale water purification.  Techniques and materials like this might provide an 

insight to a solution that would be economic, easy to deploy and effective.   
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CHAPTER 7- CONCLUSIONS AND FUTURE RESEARCH 

 

In the research presented above the process of developing a device to fabricate functional 

polymer fibers was presented.  The device was designed to be made quickly and with a 

minimal amount of tools and machines.  Several devices were constructed and tested and 

one provided a means to create fibers that had conductive or antimicrobial properties.  

This is a step towards the ultimate goal of having a device and procedure to control intra-

fiber properties.  Several groups are using similar techniques but none are currently 

working towards this goal.  The conductive fibers had well defined and repeatable shape 

and radius, but resistance measurements showed their conductive properties to be 

somewhat inconsistent.  Further research could include finding a particle better suited to 

suspension in the mixture that was used, and investigating methods to ensure that the 

conductivity of the fibers can be more constant.   

The fibers that had a photosensitizer imbedded had a much higher degree of 

consistency.  They were effective in killing a biological that is a known simulant for a 

threat that is of interest in the biological and chemical defense community.  It also 

provided a means to neutralize this threat without contaminating the surrounding media.  

One possible use for these fibers is to include them in a kit that includes a course 

particulate filter.  The kit could be included in first aid or survival packages intended for 

use where there is not a known clean water source.  Having access or means to attain 

clean water can be the difference between life and death in rescue operations.87 

Several devices were made but some did not provide a usable fiber.  There is little 

doubt that these devices were effective at providing hydrodynamic focusing and future 
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research could be directed to modify these devices to make useful products.  One option 

is to redesign the milling process so that the reactants can be focused from top and 

bottom and not just from the sides.  Another option would be to miniaturize the existing 

cylindrical device, by using a smaller syringe or glass tube, to make the fibers smaller.   

There is a great deal of research that has occurred in the last decade on using 

laminar flow and hydrodynamic focusing to make production of an array of products 

easier, faster and more efficient.  The full potential of these methods has not been 

reached.  As with the research presented here, progress will likely be made by using 

existing technologies and finding a way to make it better or make better use of it.   



 83

 
                                                 
 
 
 
 
 
 
 
 
 
 
 
1 “Officials Seize $14 Million in Counterfeit Merchandise.” Imperial Valley News.   2009.  Web. 4 March 

2009. 
2 “T-shirt that measures a patient’s vital signs”  Coolest Gadgets Website. 2009. Web. 18 March 2009. 
3 Allison Calhoun, Andrew J. Peacock.  Polymer Chemistry.  Cincinatti, OH: Hanser Gardner 

Publications, 2006. 
4 Lewin, Menachem.  Handbook of Fiber Chemistry.  Danvers, MA: Crc Press, 2007. 
5 Oboigbaotor, Robert Ebewele.  Polymer science and technology.  Danvers, MA: Crc Press, 2000. 
6 Nass, Leonard I., Heiberger, Charles A.  Encyclopedia of PVC.  Danvers, MA: Crc Press, 1986. 
7 McGregor RR.  Silcones and their Uses.  Columbus, OH: McGraw-Hill, 1954. 
8 Speight, James G. Synthetic fuels handbook: properties, process, and performance.  Columbus, 

OH: McGraw-Hill Professional, 2008. 
9 Gad-el-Hak, Mohamed.  MEMS: Applications.  Danvers, MA: CRC Press, 2005.    
10 White, James Lindsey. Principles of polymer engineering rheology.  Hoboken, NJ: Wiley-IEEE, 

1990. 
11 “The Chemist Spins.”  Popular mechanics Mar 1940: 23-4. 
12 Varadan, V. K.  RF MEMS and their applications.  Hoboken, NJ: John Wiley and Sons, 2003. 
13 Yager, P et al.  Microfluidic diagnostic technologies for global public health. Nature 442 

(2006): 412-8. 
14 Tabeling P., Cheng, Suelin.  Introduction to microfluidics.  Oxford:  Oxford University Press, 

2005. 
15 A. Keiper, “Nanotechnology History: A Non-Technical Primer”, Nanotechnology Now 29 

March 2008. Web.  13 Feb 2007. 
16 The Nanotech Revolution.  New York:  The Rosen Publishing Group, 2007. 
17 Moore, Gordon E. “Cramming more Components onto Integrated Circuits.”  Electronics 38.8 

(1965): 114-7. 
18 Kanellos, Michael. “Intel scientists find wall for Moore's Law.”  Cnet.com 1 Dec 2003. Web. 14 

Feb 2007. 
19 Labhasetwar, V., et al. “Nanoparticle Drug Delivery Systems for Restenosis”. Adv. Drug. Del. 

Rev 24.1 (1997): 63-85. 
20 Kathleen F. Pirollo, et al. “Tumor-targeting nanoimmunoliposome complex for short interfering 

RNA delivery.” Human Gene Therapy 17.1 (2006): 117-24. 
21 Gedney, Richard .  “Mechanical testing of tiny devices.”  Entrepreneur.com Aug 2004.  Web. 

23 Mar 2007.  
22 Knauth, Philippe, Schoonman, Joop.  Nanocomposites: Ionic Conducting Materials and 

Structural Spectroscopies.  New York: Springer, 2007. 
23 Liff, S, et al.  “High-performance elastomeric nanocomposites via solvent-exchange 

processing.” Nature Materials. 6 (2007): 76 – 83.  
24 Post, E., et al  “E-broidery design and fabrication of textile-based computing” IBM Systems 

Journal 39.3-4 (2000): 840–60. 
25 S. Park, et al.  “The wearable mother-board: An information infrastructure or sensate liner for 

medical applications,” Studies in Health Technology and Informatics 62 (1999): 252–8. 



 84

                                                                                                                                                 
26 B. Howard and S. Howard, “Lightglove: wrist-worn virtual typing and pointing,” Fifth 

International Symposium on Wearable Computers (2001): 172–3. 
27 Sandbach, DL.  “Detector Constructed From Fabric Having Non-Uniform Conductivity.”  U.S. 

Patent 6369804.  23 Apr 1999. 
28 Gulick, Roy M, et al.  “Phase I Studies of Hypericin, the Active Compound in St. John's Wort, 

as an Antiretroviral Agent in HIV-Infected Adults: AIDS Clinical Trials Group Protocols 
150 and 258.”  Annals of Internal Medicine 103.6 (1999):  510-4. 

29 Du, Hongyan.  “Hypericin-mediated photodynamic therapy elicits differential interleukin-6 
response in nasopharyngeal cancer.”  Cancer Letters 235.2 (2006): 202-8. 

30 Inspired Living Website.  “Wellness Center.”  Inspiredliving.com. 2009.  Web. 4 Feb 2009. 
31 Cory, Rose M., et al.  “Quantifying Interactions between Singlet Oxygen and Aquatic Fulvic 

Acids.”  Environ. Sci. Technol. 43.3 (2009): 718-23. (Diagram used with permission) 
32 V. Ajay Mallia, et al.  “In Situ Synthesis and Assembly of Gold Nanoparticles Embedded in 

Glass-Forming Liquid Crystals”.  Angewandte Chemie.  119.18 (2007): 3269-74. 
33 Patton, Temple C.  Paint flow and pigment dispersion.  Hoboken, NJ:  Interscience Publishers, 

1964. 
34 Gangopadhyay, S.  “Magnetic properties of ultrafine iron particles.”  Phys. Rev. B. 45 (1992): 

9778-87. 
35“TIME’s best innovations of 2008.” Time.  2008.  Web. 28 Apr 2009  
36 Park J et al.  “Interfacial Aspects of Electrodeposited Conductive Fibers/Epoxy Composites 

using Electro-Micromechanical Technique and Nondestructive Evaluation.”  Journal of 
Colloid and Interface Science 237.1 (2001): 80-90. 

37 El-Shall, M. Samy et al.  “Vapor Phase Growth and Assembly of Metallic, Intermetallic, 
Carbon, and Silicon Nanoparticle Filaments.”  J. Phys. Chem. B 107.13 (2003): 2882–6. 

38 Zhu, Jian-Hua ,et al. “Mineralization for micropatterned growth of carbonate nanofibers.”  
CrystEngComm 11 (2009): 539 – 41. 

39 Sun, Daoheng, et al.  “Near Field Electrospinning.”  Nano Letters 6.4 (2006): 839-42.  
40 Kyung Hwa Hong, Kyung Wha Oh, Tae Jin Kang.  “Preparation and properties of electrically 

conducting textiles by in situ polymerization of poly(3,4-ethylenedioxythiophene)”.  
Journal of Applied Polymer Science.  97.3 (2005): 1326-32. 

41 Aguilar, Diaz A, et al.  “Chemical Sensors Using Peptide-Functionalized Conducting Polymer 
Nanojunction Arrays”.  Appl. Phys. Lett. 87(2005): 193108. 

42 Kenis PJA, Ismagilov RF et al.  “Fabrication inside microchannels using fluid flow.” Acc Chem 
Res 33.12 (2000): 841–7. 

43 Jeong, Wonje et al. “Hydrodynamic Microfabrication via “on-the-fly” Photopolymerization of 
Microscale Fibers and Tubes.”  Lab on a Chip 4  (2004): 576 – 80. 

44 Gargiuli, J., et al.  “Microfluidic systems for in situ formation of nylon 6,6 membranes.”  
Journal of Membrane Science 282.1-2 (2006): 257-65. 

45 Bronzino, Joseph D. Tissue Engineering and Artificial Organs. Danvers, MA: CRC Press 2006. 
46 C. Johnson.  Numerical Solution of Partial Differential Equations by the Finite Element 

Method.  Cambridge: Cambridge University Press, 1987. 
47 C. Johnson, A. Schatz, L. Wahlbin.  “Crosswind Smear and Pointwise Error in Streamline Finite 

Element Methods.”  Math. Comp. 49 (1987): 25-38. 
48 Quarteroni, Alfio and Valli, Alberto.  Numerical Approximations of Partial Differential 

Equations.  New York: Springer, 1993. 
49 Scneider, T.  “Methods for material fabrication utilizing the polymerization of nanoparticles.”  

U.S. Patent 20030083401.  1 May 2003. 
50 J. Gargiuli et al.  “Microfluidic Systems for in situ Formation of Nylon 6,6 Membranes.”  

Journal of Membrane Science 282.1-2 (2006): 257-65. 
51 Jeong, W, et al.  “Hydrodynamic microfabrication viaon the fly photopolymerization of microscale fibers 

and tubes.”  Lab Chip  4 (2004): 576 – 580. 
52Kenis PJA, Ismagilov RF et al.  “Fabrication inside microchannels using fluid flow.” Acc Chem Res 33.12 

(2000): 841–7. 
53 Manahan, S.  Fundamentals of Environmental Chemistry. Danvers, MA: CRC Press, 2007. 



 85

                                                                                                                                                 
54 Edelstein, Alan S., Robert C. Cammarata.  Nanomaterials: synthesis, properties, and 

applications.  Danvers, MA: CRC Press, 1998. 
55 Twardowski, Thomas.  Introduction to Nanocomposite Materials. Lancaster, PA: Destech 

Publications Inc., 1997.  
56 R. de Surville, "Electrochemical Chains Using Protolytic Organic Semiconductors" Elec. Acta. 

13(1958): 1451-8. 
57 Chiang, C. K. et al. “Electrical Conductivity in Doped Polyacetylene.” Phys. Rev. Lett. 39.17 

(1977): 1098-101. 
58 Frommer, J. E.; Chance, R. R. In Encyclopedia of Polymer Science and Engineering.  New 

York: Wiley, 1986. 
59 Heinze, J. “Electronically Conducting Polymers.” Topics in Current Chemistry, 152 (1990): 1-

47. 
60 Margolis, James. Conductive Polymers and Plastics, Danvers, MA: Chapman and Hall, 1989. 
61 Dai, Wen, Wang, Wanjun. “ Selective metallization of cured SU-8 microstructures using 

electroless plating method”.  Sensors and Actuators A: Physical. 135.1 (2007): 300-7. 
62 Jiguet, S. “SU8-Silver Photosensitive Nanocomposite.”  Advanced Engineering Materials. 6.9 

(2004): 719-24. 
63Liming, Dai.  Intelligent Macromolecules for Smart Devices: From Materials Synthesis to 

Device Applications.  New York: Springer, 2004. 
64 Wohlgenannt, M. “Formation cross-sections of singlet and triplet excitons in pi-conjugated 

polymers.”  Nature 409 (2001): 494-7. 
65 Jing, X, Zhao, W, Lan, L. “The effect of particle size on electric conducting percolation 

threshold in polymer/conducting particle systems.” Journal or Material Science Letters 
19.5 (2004): 377-9. 

66 Banerjee, Pallab and Mandal, Broja M. “Blends of HCl-doped polyaniline nanoparticles and 
poly(vinyl chloride) with extremely low percolation threshold — a morphology study.”  
Synthetic Metals 74.3 (1995): 257-61. 

67 Lux, F.  “Models proposed to explain the electrical conductivity of mixtures made of conductive 
and insulating materials.”  Journal of Materials Science. 28.2 (1993): 285-301. 

68 Gul V.E. Structure and properties of conducting polymer composites.  VSP, 1996. 
69 Li, Zhigang R., Hong Meng.  Organic light-emitting materials and devices.  CRC Press, 2006. 
70 Gregory, Otto J., Qing Luo.  “A self-compensated ceramic strain gage for use at elevated 

temperatures.”  Sensors and Actuators A: Physical 88.3 (2001): 234-40. 
71 H. Letheby.  “On the production of a blue substance by the electrolysis of sulphate of aniline.” 

Journal of Chemical Society 15 (1862): 161–3. 
72 W. J. Feast et al. “Synthesis, processing and material properties of conjugated polymers” 

Polymer 37.22  (1996): 5017-47. 
73 .E. Collins and L.J. Buckley.  “A room temperature polyaniline nanofiber hydrogen gas sensor.” 

Synth. Met. 78 (1996): 93–101. 
74 M. Campos, L.O.S. Bulhoes and C.A. Lindino.  “Vacuum-deposited nanocrystalline polyaniline 

thin film sensors for detection of carbon monoxide.” Sens. Actuators B 114.1 (2004): 67–
71. 

75 Nicolas-Debarnot, Dominique, et al.  “Polyaniline as a new sensitive layer for gas sensors.” 
Analytica Chimica Acta 475.1-2 (2003): 1-15. 

76 Cho, Min Seong et al. “Synthesis and electrical properties of polymer composites with 
polyaniline nanoparticles.”  Materials Science and Engineering C  24.1-2 (2004): 15-18. 

77 Swapna, Rao Palle, et al. “Synthesis by inverse emulsion pathway and characterization of 
conductive polyaniline–poly(ethylene-co-vinyl acetate) blends.”  Synthetic Metals 139.2 
(2003): 397–404. 

78 Subramaniam, C. K., et al. “Electronic transport properties of polyaniline/PVC blends” Journal 
of Polymer Science Part B: Polymer Physics 31.10 (2003): 1425 – 30.   

79 Guven, Olgun. “Radiation Induced Conductivity Control in Polyaniline Blends/Composites”. 
Radiation Physics and Chemistry.  76.8-9 (2007): 1302-1307. 

80 Virji, Shabnamm et al. “Polyaniline Nanofiber Gas Sensors:  Examination of Response 
Mechanisms.”  Nano Letters 4.3 (2004): 491-6. 



 86

                                                                                                                                                 
81 Güven, Olgun. “Radiation induced conductivity control in polyaniline blends/composites.” 

Radiation Physics and Chemistry 76 (2007): 1302-7. 
82 Virji, Shabnam, et al. “Polyaniline Nanofiber Gas Sensors: Examination of Response 

Mechanisms”.  Nano Letters. 4.3 (2004): 491-496. 
83 Bonnett, Raymond, et al. “Water disinfection using photosensitizers immobilized on chitosan.”  

Water Research 40.6 (2006): 1269-75. 
84 Jimenez-Hernandez, M. Emilia, et al.  “Solar water disinfection by singlet oxygen 

photogenerated with polymer-supported Ru(II) sensitizers.”  Solar Energy 80.10 (2006): 
1382-7.    

85 “Project Overview.” Solwater Project.  2008. Web. 10 June 2008.   
86  Pospíšil, Jan,et al.  “Impact of photosensitized oxidation and singlet oxygen on degradation of stabilized 

polymers.”  Polymer Degradation and Stability 93.9 (2008): 1681-8. 
87 “Water Procurement.”  United States Rescue & Special Operations Group Survival.  2009.  

Web.  14 July 2009.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 87

                                                                                                                                                 
 

 

 

 

Appendix A- Research at ITT: TACITC 

The primary project during the apprenticeship was part of the Cloud Emitter 

Seeding with Active Remote Sensing (CESARS) project, and specifically on the Threat 

Agent Cloud Tactical Intercept & Countermeasure (TACTIC) program.  “An aerosol is a 

suspension of solid or liquid particles in a gas. Particles in suspension must… be small, 

or they would settle out under the influence of gravity; typical diameters range from 

about 0.001 micrometers to about 100 micrometers, and the density of the suspended 

particles may range from extremely small values up to around 10 grams per cubic meter 

of gas.”87  Aerosols can be produced in a large number of modes, both natural and 

induced.  Some simple methods include burning candles or hammering a nail into a wall.  

The most common thought of apparatus is the aerosol can- essentially just a liquid or 

solution under pressure.  Typical ambient air concentrations are generally on the order of 

107 particles/m3.  Since aerosols can generally be produced quite easily and can be 

dispersed over a large area very quickly they pose a serious threat to security and war 

fighters as well as civilians. 

A critical need exists to detect, identify, quantify, locate, and track virus and toxin 

aerosols to provide early warning during both light and dark conditions.  Current 

approaches do not have a sufficient standoff range for detection and discrimination of 

bioaerosols at desired concentrations, nor do they differentiate between chemical, 
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biological or innocuous agents.  In addition, current technologies offer timelines for 

detection that are unacceptably long, sensors designed only for gas phase detection and 

systems that are only effective at night.  The main task at the Alexandria site was to 

design and build an aerosol test bed as well as demonstrate the technology and innovation 

at a Government Test bed with results showing detection at 108 particles/m3 with a 

probability of detection of 0.9 and a probability of false alarm of 0.01.   

ITT’s resolution is to use known solution chemistry and apply it to aerosols.  

Seeding particles developed during this program provide specific identification of threat 

cloud content.  When introduced to the aerosol cloud the seeders will bind specifically to 

the analyte of interest and upon interrogation from a stand off laser source will fluoresce.   

The fluorescence, or signal, is detected from a distance using a long-range microscope 

and collection optics that allow detection of low concentrations of protein/DNA fragment 

aerosols. 

Two types of seeders were used.  Both types contain an ITT proprietary solution 

developed during this program to allow wet chemistry to take place in protein/DNA 

fragment aerosol clouds as well as increase the probability of particle-to-particle 

interaction by increasing the size of the aerosols.  The first is a molecular beacon that 

uses a hairpin single stranded DNA sequence with a fluorophore on one end and a 

quencher on the other.  In the absence of a complimentary oligomer the molecule will be 

quenched by Fluorescence Resonance Energy Transfer (FRET) and will not fluoresce in 

the region of interest.  When the oligo is present the hairpin structure will straighten and 

the molecule will fluoresce (see figure 1.1). 
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is expressed  
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Figure 1.1- Schematic diagram of hairpin DNA structure 

The second configuration uses a two-piece DNA aptamer-quencher construct 

shown in figure 1.2.  On the end of the aptamer is a fluorophore that when bound to the 

complementary oligo is quenched by either another fluorophore or other molecule until it 

binds specifically to a part of the protein/DNA fragment that it is being used to detect.  

Upon binding the aptamer-quencher complex is “unzipped” and fluoresces indicating a 

positive identification.  Since the aptamer is binding to specific DNA sites on the aerosol 

it provides the discrimination and specificity that current approaches have failed to 

achieve.   
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Figure 1.2- Second configuration.  Illustration shows how a DNA fragment will attach to 
the aptamer. 

 

 

Experimental Set Up 

Optics and remote sensing- The remote sensing system is designed for standoff detection 

of proteins and DNA fragments in aerosol clouds.  It uses the innovative concept of 

LIDAR (Light Detection And Ranging) using an argon ion laser to interrogate a 

perceived threat cloud and collect light in two channels.  The system was designed to be a 

stand-alone unit with all electronics and computing stowed on board.  One of the most 

important tasks of the system was to gather data for modeling to determine what, if any, 

changes or modifications would have to be made to deploy the system on a larger scale.   
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Figure 1.3- Picture of cart, electronics and large aerosol chamber. 

 

To be able to do this the system was designed to be easy to adjust, change and 

adapt to many situations.  The cart itself is on wheels and stands 37” tall (see figure 1.3).  

A class IV multi-mode continuous wave 500mW maximum power argon ion laser is used 

to excite fluorescent aerosols in a sealed chamber (see Aerosol Chamber and Aerosol 

Generation section below).  A QM-1 Long Range Microscope (Questar) is used to collect 

light from the interrogation region and passes through a Raman edge filter and then one 

of the two narrow band pass filters.  The light is collimated and then collected by two 

sub-femtowatt photomultiplier tubes (PMT- Perkin Elmer MH 992).  By using different 
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filters the system would be able to detect a two-fluorophore system, as mentioned below.  

The second PMT could also be used to track the status of the system by periodically 

performing test runs and making sure PMT readings from different trials were the same.  

The signal from the PMTs are processed by a SR830 Lock-In Amplifier (Stanford 

Research Systems) and then recorded. 

The above was the most commonly used configuration.  There were also several 

variations and other capabilities that the system had.  Most commonly, the PMTs were 

used but the system also has the capability of using less sensitive silicon femtowatt 

detectors.  The system also has the capability of using a spectrophotometer (USB2000 

Ocean Optics).  When in series with the optical filters it effectively serves as a 

fluorimeter.  Over the course of this project the spectrophotometer was used several times 

to check or confirm the status of the system.   

Perhaps the most important part of the remote sensing system is that it is scalable.  

Without too much alteration the basic design of the cart could be used to greatly increase 

the standoff distance of the system and make it more than just a laboratory tool.  For 

example, increasing the diameter of the long-range microscope is something simple that 

could be done to increase sensitivity and distance.   

 

Aerosol Chamber and Aerosol Generation 

The task for producing aerosols was to produce a high enough seeder 

concentration to create the particle dynamics that we needed while being able achieve a 

low enough aerosol concentration to attain the goal of 108 particles/m3.  Several modes of 

introduction and two aerosol chambers were optimized to accomplish this.   
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Figure 1.5- BGI  Inc. Collison nubulizers. 

 

There were three main types of aerosol generators purchased for this project.  

Two were Model 9302 and 9306 Atomizers from TSI Inc.  It had the functionality of a 

built in diluter while allowing the user to select up to six jets.  Ultimately both of these 

atomizers could not be used.  The quantity of aptamers that could reasonably be produced 

by partners at UT-Austin could not support the large reservoir of fluid that was needed to 

operate these devices.  Instead, Collison nebulizers (figure 1.5) fitted with an extender 

sleeve and precious fluids jar (BGI Inc.) were used to generate both target and seeder 

aerosols.  Clean, dry, HEPA filtered air was supplied to the nebulizers by a Filter Air 

Supply Unit (TSI Inc.) at 30 psi (207 kPa).   

Two aerosol chambers were used. Originally a 1m x 1m x 1m (1.0 m3) stainless 

steel chamber was used in experiments (can be seen in figure 1.3).  The size of this 

chamber did not allow for the concentrations of seeder particles to get in the range that 

was needed.  A smaller chamber was employed to obtain the concentrations that were 

required to achieve an acceptable signal to noise ratio as predicted by the modeling.  The 

second chamber was 33 cm x 32 cm x 38 cm (0.040 m3) and made from acrylic.   

Ultimately this chamber was too small to get the low concentrations we needed to 
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achieve the goal of detection at 108 particles/m3.  To solve this problem a diluter 

consisting of a pump, an additional HEPA filter and diffusion dryer was placed in parallel 

with the particle stream.   

Aerosols were introduced into the smaller aerosol chamber and mixed using a 4 

cm x 4 cm, 12 V CPU cooling fan.  Relative humidity (RH) and temperature in the 

chamber was controlled using a heated water bubbler system and several heating 

blankets.  These parameters were measured using an RH/temperature probe (Dwyer Inc.).  

Aerosol concentration and particle size information was measured using a model 3302A 

Aerosol Diluter in series with a 3321 Aerodynamic Particle Sizer (APS®) spectrometer 

(TSI Inc.).    

There were several different formulations of seeder and target solution that were 

used.  The seeders were mixed with an ITT proprietary solution to increase size, particle 

to particle interaction and provide enough hydration for reaction to take place.  A 

component in that solution aided in keeping the particles hydrated as well as prevent the 

fluorophores and quenchers from becoming in intimate contact as aerosol particles dry.  

In the presence of this wetting agent the particles stay hydrated longer increasing the 

chances of an unquenching event.   

The order of aerosol introduction was varied dependant upon the mode of signal 

detection (see Aerosol Experiments below).  Seeder concentration varied over a degree of 

magnitude.  This number was an optimization between the time it took to introduce the 

aerosols, the rate of drying, and the rate of aerosol loss to chamber walls.  Before and 

after experiments the chamber was purged by pulling air through an intake HEPA filter 
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by drawing vacuum at the exhaust port that was passed through a pre-filter in series with 

a HEPA filter before discharging.  

To accomplish detection at 108 particles/m3 the optimal conditions had to found.  

It was found that working at a high RH mildly aided in keeping the aerosols hydrated.  

However if the chamber became too moist the optical window at the front of the chamber 

would fog and the data would have to be excluded.  Maintaining the RH was also an 

issue.  A heated water bubbler system was used to raise the RH.  It was observed that the 

presence of water saturated filter paper aided in maintaining RH.  Without the filter paper 

the RH would fluctuate greatly and was hard to stabilize.  With higher temperature one 

would expect better particle dynamics, but also increased quantities of unquenched 

fluorophores.  At lower temperatures the reverse is true.  At the selected temperature 

there was a range of about 2°C in which little difference in detection quality was noticed.   

 

Fan placement was also was a factor.  Various configurations were used to 

optimize particle dynamics and airflow.  The effect was magnified by the fact that such a 

small chamber was used.  When the fan was in an optimal position the PMT response 

was smoother and results obtained were more easily and consistently reproduced. 

Aerosol Experiments  

After much testing with an actual protein, a decision was made to switch to the 

molecular beacon configuration discussed previously.  Most proteins are sequestered by 

purification of a growth medium that contains DNA fragments.  Molecular beacons have 

been shown to be very specific in their binding and thus a valid tool for DNA aerosol 



 96

                                                                                                                                                 
detection.87  The increase in signal is also higher in solution than the aptamers and thus 

would also make it simpler to show the validity of this technology. 

The first set of experiments done with the molecular beacons was performed to 

give an idea of levels of detection.  There were two configurations that were used.  The 

FAM (5-carboxyfluorescein) – DABCYL (4-(49-dimethylaminophenylazo) benzoic acid) 

was originally used with FAM being the signal and DABCYL being the quencher.  Later 

the FAM-TAMRA (6-carboxy-tetramethylrhodamine) was employed to have a redundant 

indicator.  Since emission profile of TAMRA only narrowly overlaps with the profile of 

FAM, an increase in signal from the FAM channel coupled with a decrease in the 

TAMRA channel would indicate that indeed the otherwise quenched FAM had been 

separated by the target oligomer.   

The chamber was initially filled with the molecular beacon and afterwards the 

activator oligomer would be introduced.  Figure 1.6 is a characteristic experiment.   The 

red trace shows an experiment where the activator oligomer was detected and the black 

trace the control in which the ITT proprietary blend minus the activator was introduced.  

The seeder solution in this case was generated at high RH.  Following the introduction of 

seeders, the PMTs have a localized peak.  After a brief wait the activator oligomer was 

introduced and the PMT responds to the introduction of the activator and climbs in signal 

(red trace) to its second and higher peak.  In the control experiment (black trace) where 

just the blend minus the activator was introduced after an identical wait and localized 

maximum the PMT shows no response.   
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Figure 1.6-  Example of an experiment/control pair showing the activator aerosolized 
second. 
 

In the next type of experiment the activator oligomer was aerosolized first and 

then the molecular beacon was introduced.  While levels of detection were a bit higher it 

is still shown conclusively that detection is obtained.  Figure 1.7 shows the results from 

one of these experiments.  Detection in these cases is done by the absolute magnitude of 

the peak.  Using a regression line based upon PMT response to a given number of seeder 

 

Figure 1.7-  Shows a pair of experiments where activator was aerosolized first. 
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aerosols an approximation based upon seeder concentration can be made.  From this it is 

observed that the response when the activator oligomer is aerosolized first is greater than 

the control beyond the standard error of estimate.  A regression line and the magnitudes 

of the area under the curves are shown in figure 1.8.  As can be seen, this shows 

conclusive detection in every case. 
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Figure 1.8-  Figure on left shows correlation between seeder concentration and PMT 
response.  Figure on right shows evidence that the seeders can be detected via the stated 
method even when they are aerosolized first. 
 

 

 

 

 

 

 

87 University of Oxford Physical & Theoretical Chemistry Laboratory. 
http://physchem.ox.ac.uk/MSDS/glossary/aerosol.html.  Cited Feb 2007. 

 
87 Hopkins, JF and Woodson, SA.  “Molecular beacons as probes of RNA unfolding under native 

conditions”.  Nucleic Acid Res. 2005 Oct 12;33(18):5763-70.  
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PRELIMINARIES  
 

Location: GAEL Anteroom, Reiss 127 
 

The following manual details the steps necessary to produce and use an SU-8 
hydrodynamic focusing cell.  It is a work in progress and is open to revision.  Spaces 
have been left for personal notes which should be discussed with Joseph Vaughan, 
jev4@georgetown.edu and Dr. Van Keuren evk@physics.georgetown.edu. 
 
Before entering the clean lab in GAEL: 

• Log onto calendar.georgetown.edu and request time in GAEL Litho at least 24 
hours prior to chip fabrication. 

• You will need at least an hour if not more for the initial chip fabrication and even 
more time the following day, so sign up for both. 

• If litho is already in use for specified time, but can be shared, add a Note (see 
webpage side options) and make the appointment there as to not alter the 
previously made appointment. 

• Right before entering the clean lab, go into the hallway immediately to your left 
as you enter GAEL and turn on the O2 and N2. 

• In the same room, across from the O2 pump, by the window, press the on/start 
button on the plasma pump and power it up. 

• Don clean lab jumpsuit, hairnet, shoe covers, and gloves. 
• Wipe down your notebook before entering GAEL. 
• Sign in on the sheet to the right of the door to the clean lab. 
• Enter GAEL. 

 
NOTES: 
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PLASMA PREPARATION OF GLASS SLIDES  
 

Location: GAEL Clean Lab Facility, Reiss 127 
 

This process section details the preparation of slides as the base for the hydrodynamic 
focusing chip:  
• Get as many glass microscope slides as needed. 

o One (1) slide per chip. 
o Slides are located in the slide box at the far end of the lab in the lower left 

cabinet. 
o Scratch numbers into a corner of each slide for labeling using the diamond 

pen. 
• Take the slides over to the plasma machine to clean and roughen their surfaces. 
• Select the AC and Power buttons. 
• Hold down the Manual and Vent buttons at the same time. 

o A hissing sound will turn on and then off. 
• The hissing stops when the machine has vented and can be opened safely. 
• Use the button and lever to open the top to the plasma machine. 
• Place the side of the slide with the scratched labeling number downward. 
• Use the button and lever to close the plasma machine after the slide is loaded. 
• Slide the magnet on the front of the machine to Loaded. 
• Hold down the Manual and Rough buttons at the same time. 
• Hold down the Set and Gas #1 buttons at the same time. 

o Make sure it reads 40% and then press Enter. 
• Hold down the Set and RF (30) buttons at the same time. 
• Hold Manual and RF buttons at the same time. 
• OFF: Hold down the Manual and RF buttons and Manual and Gas #1 buttons at 

the same time. 
• Hold down the Manual and Vent buttons at the same time. 
• You will then hear a hissing sound. 
• Hold down the Manual and Vent buttons at the same time. 
• Hold down the Manual and Rough buttons at the same time. 
• Slide is now ready. 
• Vent and remove slides. 
• Switch magnet back from Loaded. 
• Repeat for as many slides as needed. 
• (End of slide plasma preparation.) 

 
NOTES: 
 

SPIN SU8-100 ONTO SLIDE(S): 
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Location: GAEL Litho Room, Reiss 127 

 
This section details applying the base layer of SU-8 to the glass slides: 

• Enter UV free litho room with the slides and shut the door before handling the 
UV-sensitive SU-8. 

• Pour a good amount of SU-8 onto side of slide without the scratched labeling. 
o SU-8 polymer should be enough to cover entire slide evenly after it is 

spun. 
• Go to the spinner located under the hood in the litho room and open it. 
• Place a black O-Ring at the center of the spinner. 
• Place the slide on top of the O-Ring with the SU-8 covered side upwards. 
• Close the spinner. 
• Set spin rates. 

o 1st cycle: 15 seconds at 500 rpm. 
o 2nd cycle: 30 seconds at 3000 rpm. 

• Use the foot pedal trigger to initiate the spin cycle and again to stop it after the 
spin. 

• When done, remove the slide and place it on the hot plate on the table with the 
computer located opposite from the hood. 

o N.B. Make sure hot plate is off, clean, and carefully remove anything else 
not in progress from the hot plate and label it. 

• Clean the excess “spun-off” SU-8 from the spinner using acetone. 
• Repeat the process for each slide. 

 
NOTES: 
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BAKING THE SU-8 LAYERS BEFORE EXPOSURE:  

 
Location: GAEL Litho Room, Reiss 127 

 
This section details using the computer-controlled hot plate to bake/prepare the slides 
before UV exposure: 

• Place the slides SU-8 side upward on the hot plate located on the table across 
from the litho room hood. 

• Press the CLR  (“clear”) button. 
• Press the #6 (Edit) button. 

o Use this to step up the reading to its maximum. 
o Clear (CLR  button) as much as possible from the previous inputs. 

• Program the hot plate: Press the Enter key twice. 
o Display should read “aaaa” after this. 

• Set the plate temperature to 65 degrees by pressing #6 then #5 followed by the 
Enter key. 

• Display will then read “l.u…”, then press Enter twice 
o Press “Min Sec” (#5) 

� Enter 3:00 then press the Enter key. 
• Press Enter twice. 
• Now set the plate temperature to 95 followed by the Enter key. 
• Press Enter twice. 

o Display should read Time Min Sec 
� Enter 7:00 followed by the Enter key. 

• Press Enter twice. 
o Set plate temperature to 22 followed by the Enter key. 

• “Step down” until reaching the bottom/initial input. 
• “Step up”  to review the input data commands. 
• Press #6 to exit the setup. 
• Press the Enter key then #8 (Ramp). 

o Enter 300 followed by the Enter key. 
• Cover the slide(s) with the curved glass dish using a glass rod on one side to 

enable ventilation. 
• Press RUN to run the hot plate program. 
• Allow enough time for the slides and SU-8 to cool before removing them from the 

hot plate. 
 
NOTES: 
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ULTRAVIOLET (UV) EXPOSURE OF SU-8 LAYER:  

 
Location: GAEL Litho Room, Reiss 127 

 
This section details exposing the SU-8 slides to create cross-layer linking and the 
solidification of the chip: 

• Power ON the UV exposure machine across from the litho room hood. 
o This needs up to 10 minutes to power up. 

• Make sure all O2 and N2 valves are functioning. 
o If they are not, go back to the hallway where the plasma pump is and turn 

on the gas tanks. 
• Press the “Lamp”  button on the UV machine. 
• Apply the glass plate to the metal plate using the suction apparatus. 
• Open the circle with the glass square down. 
• Insert one slide onto the tray. 
• Set the exposure time on the clock to 15 seconds. 
• Set the glass plate as high as possible. 

o Do this despite much resistance from the machine. 
o Just be sure not to crack the glass. 
o A tight seal is imperative for a proper exposure. 

• Press the GREEN exposure button. 
• Remove the slide. 
• Repeat this process for each slide. 

o N.B. Process starts at 5 main bullet points before this step. 
 

• These steps are to be repeated later with the second layer of SU-8 except the 
mask will be placed on the glass square to create the internal channels. 

o This will be addressed in ensuing pages. 
 
NOTES: 
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2nd LAYER OF SU-8: 

 
Location: GAEL Litho Room, Reiss 127 

 
This section details applying the second layer of SU-8 to the glass slides: 

• Repeat the process on page 4. 
• Repeat the process on page 5. 
• Repeat the process on page 6 taking into account the last note concerning the 

mask. 
 
NOTES: 
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DEVELOPMENT OF 2 nd LAYER OF SU-8: 
 

Location: GAEL Litho Room, Reiss 127 
 

After applying, baking, and exposing the 2nd layer of SU-8, the chip needs to be 
developed as follows: 

• “Wash” the chips using the oscillating dish in the fume hood. 
o Fill the dish with SU-8 developing solution. 
o Run the oscillator for 10 minutes. 

• Rinse each chip using a squirt bottle of fresh SU-8 developing solution. 
• Rinse each chip with IPA. 
• Rinse each chip with H2O. 
• Dry each chip using the N2 sprayer located in the hood. 

 
Now the chip has 2 layers: 

• A solid base layer of SU-8. 
• A second layer of the same thickness of SU-8. 

o This one has the channels developed from the mask. 
 
N.B. Use the microscope at the far end of the clean room to review and note the 
integrity of each chip. 

• Channels should be clearly defined and free of all blockages. 
 
NOTES: 
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INSERTION OF MICROCAPILLARIES  

AND APPLICATION OF THE SEALING CAP:  
 

Location: Optics Laboratory, Reiss 542 
 

After developing the chip the next step is to insert the capillaries and to seal them in 
before interfacing the chip with the syringe pumps: 

• Cut 4 8-10 inch strands of 109-micron outer diameter microcapillaries. 
• Cut a 1 inch by 1 inch square of silicone sheeting covered in plastic on both sides. 
• Peel off one side of the plastic covering from the silicone square. 
• Insert the 4 strands of capillary into the 4 100-micron input channels. 

o Make sure the capillaries extend down into the channel but just short of 
touching each other in the vertex. 

• Put a drop of self-leveling silicone glue (pseudo-aquarium sealant) at the outer 
end of each channel to “glue” the capillaries in and to prevent leakage. 

• Cover the center of the chip and capillaries with the uncovered side of the silicone 
square. 

o Press the silicone square down to remove any air pockets. 
• Remove the remaining cover of plastic covering from the silicone square. 
• Apply a glob of aquarium sealant on top of the silicone square. 
• Reuse the removed square of plastic covering and press it down on top of the 

aquarium sealant. 
o Make sure it is level. 

• Let the sealant cap dry for about 2 days. 
o Check on it after 2 days and determine if it needs more time to dry and 

harden. 
• After the cap is set and dry, place the slide on top of a square of Teflon, SU-8 side 

down. 
o Use tape to secure the sides of the slide to the Teflon. 
o Make sure it is level. 
o N.B. The channels should now be able to be viewed from above quite 

clearly. 
 
NOTES: 
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SETTING UP THE SYRINGE PUMP INTERFACE:  

 
Location: “The Dungeon”, Reiss 1st Floor across from “Professor’s Entrance” to room 

112 
 

After the chip is set up and the device is secured to the Teflon block, it is time to hook it 
up to the input interface for experimentation and imaging: 

• Place the device under the black and white microscopic video camera located in 
the back corner of the lab. 

• Place the fiber optic light close to the chip. 
o Do not block the camera lens. 
o Power the light up to full intensity. 

• Make sure the microscopic lens is set and open up the AVI video software on the 
computer to the left. 

• Adjust the manual focus of the camera to the best resolution. 
• Adjust the device using the platform control knobs to center the middle of the 

chip appropriately. 
o This can all be monitored from the live feed seen on the computer. 

• Use a sowing needle to widen the opening of 4 capillary sleeves. 
• Insert the capillaries into the sleeves then attach the sleeves into the lure lock 

interface. 
• Attach the 2 side capillaries to the Hamilton syringe pump tower. 
• Attach each of the 2 top capillaries to separate syringes on the other manual 

machine pump. 
• Edit or create a new program on the Hamilton pump to dispel 25 µl in 250 

seconds. 
• Set the manual pump to dispel at a rate 10 times slower than the Hamilton pump. 

o This will require some calculation dependent on the volume of the 
syringes. 

 
N.B. The interface is now prepared for experimentation and imaging. 

• The AVI software can stream or record the video which then needs to be saved 
and put on an external memory device for transport. 

 
NOTES: 
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PREPARING INPUT PARTICLE SOLUTIONS:  

 
Location: Optics Laboratory, Reiss 542 

 
After setting up the syringe pump interface, injection solutions of nanoparticles 

and linkers need to be prepared.  
The side inputs using the Hamilton pump simply use distilled water in a beaker.  

After priming the Hamilton pump to purge air bubbles, the other pump needs to be 
prepped with the necessary injection solutions.   

Preparation of the solutions depends on whatever fibers are intended.  Here is an 
example of the solutions used in experiment which has been attempted recently. 
 

Au Nanoparticles and Hexane Dithiol Linkers: 
• Au: 36 grams of Au nanoparticles in 3 ml of H2O. 
• Dithiol: 100 µl of hexane dithiol (97%) in 1 ml ETOH. 

o Should double these to create enough to run an experiment. 
 
NOTES: 
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RUNNING THE DEVICE:  

 
Location: “The Dungeon”, Reiss 1st Floor across from “Professor’s Entrance” to room 

112 
 

With the interface, imagine, and pumps set up, do the following: 
• Adjust the flow rates empirically and capture the video. 
• Fill the manual pump syringes with the particle and linker solutions, respectively. 
• Run the Hamilton pump and wait until there is laminar flow visible on the video. 

o This may take a while due to the fact that the capillaries need to fill. 
• Run the manual pump to inject the solutions. 
• Empirically adjust flow rates to maximum results. 

o Check for and fix any leaks. 
o Make sure to save the video for later analysis. 

 
NOTES: 
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MANUAL CONCLUSION:  

 
The experimentation and imaging will be empirical and tedious.   
Any revisions and suggestions to this manual should be noted and discussed with 

Dr. Van Keuren and Joe Vaughan for proper revision (See email addresses on page 2). 
 

FINAL NOTES:  
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Appendix C: Biological Methods 

(Adapted from lab manual at The Community College of Baltimore County. 
Full manual can be found at 

http://student.ccbcmd.edu/courses/bio141/labmanua/lab4/lab4.html) 
 

The number of bacteria in a given sample is usually too great to be counted directly. 
However, if the sample is serially diluted  and then plated out on an agar surface in such a 
manner that single isolated bacteria form visible isolated colonies, the number of 
colonies can be used as a measure of the number of viable (living) cells in that known 
dilution. However, keep in mind that if the organism normally forms multiple cell 
arrangements, such as chains, the colony-forming unit may consist of a chain of bacteria 
rather than a single bacterium. In addition, some of the bacteria may be clumped together. 
Therefore, when doing the plate count technique, we generally say we are determining 
the number of Colony-Forming Units (CFUs) in that known dilution. By extrapolation, 
this number can in turn be used to calculate the number of CFUs in the original sample.  

Normally, the bacterial sample is diluted by factors of 10 and plated on agar. After 
incubation, the number of colonies on a dilution plate showing between 30 and 300 
colonies is determined. A plate having 30-300 colonies is chosen because this range is 
considered statistically significant. If there are less than 30 colonies on the plate, small 
errors in dilution technique or the presence of a few contaminants will have a drastic 
effect on the final count. Likewise, if there are more than 300 colonies on the plate, there 
will be poor isolation and colonies will have grown together.  

Generally, one wants to determine the number of CFUs per milliliter (ml) of sample . To 
find this, the number of colonies (on a plate having 30-300 colonies) is multiplied by the 
number of times the original ml of bacteria was diluted (the dilution factor  of the plate 
counted). For example, if a plate containing a 1/1,000,000 dilution of the original ml of 
sample shows 150 colonies, then 150 represents 1/1,000,000 the number of CFUs present 
in the original ml. Therefore the number of CFUs per ml in the original sample is found 
by multiplying 150 x 1,000,000. 

 
Plate Counting: 
 
    1. Take 6 dilution tubes, each containing 9.0 ml of sterile saline. Aseptically dilute 1.0 
ml of sample. 
        
       a. Remove a sterile 1.0 ml pipette from the bag. Do not touch the portion of the 
pipette that will go into the tubes and do not lay the pipette down. From the tip of the 
pipette to the "0" line is 1 ml; each numbered division (0.1, 0.2, etc.) represents 0.1 ml  
 
        b. Insert the cotton-tipped end of the pipette into a blue 2 ml pipette filler. 
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        c. Flame the sample flask, insert the pipette to the bottom of the flask, and withdraw 
1.0 ml of the sample by turning the filler knob towards you. Draw the sample up slowly 
so that it isn't accidentally drawn into the filler itself. Reflame and cap the sample  
 
        d. Flame the first dilution tube and dispense the 1.0 ml of sample into the tube by 
turning the filler knob away from you. Draw the liquid up and down in the pipette several 
times to rinse the pipette and help mix. Reflame and cap the tube. 
 
        e. Mix the tube thoroughly by either holding the tube in one hand and vigorously 
tapping the bottom with the other hand or by using a vortex mixer. This is to assure an 
even distribution of the bacteria throughout the liquid. 
 
        f. Using the same procedure, aseptically withdraw 1.0 ml from the first dilution tube 
and dispense into the second dilution tube. Continue doing this from tube to tube as 
shown in Fig. 7 until the dilution is completed. Discard the pipette in the biowaste 
disposal containers at the front of the room and under the hood. 
 
    2. Using a new 1.0 ml pipette, aseptically transfer 0.1 ml from each of the last three 
dilution tubes onto the surface of the corresponding plates of agar. Note that since only 
0.1 ml of the bacterial dilution rather than the desired 1.0 ml is placed on the plate, the 
actual dilution on the plate is 1/10 the dilution of the tube from which it came. 
 
    3. Using a turntable and sterile bent glass rod immediately spread the solution over the 
surface of the plates as follows: 
 
        a. Place the plate containing the 0.1 ml of dilution on a turntable. 
 
        b. Sterilize the glass rod by dipping the bent portion in a dish of alcohol and igniting 
the alcohol with the flame from your burner. Let the flame burn out. 
 
        c. Place the bent portion of the glass rod on the agar surface and spin the turntable 
for about 30 seconds to distribute the 0.1 ml of dilution evenly over the entire agar 
surface. 
 
        d. Replace the lid and resterilize the glass rod with alcohol and flaming. 
 
        e. Repeat for each plate. 
 
        f. Discard the pipette in the biowaste disposal containers at the front of the room and 
under the hood. 
 
    4. Incubate the 3 agar plates upside down at 37°C until the next lab period. Place the 
used dilution tubes in the disposal baskets in the hood. 
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    5.  Choose a plate that appears to have between 30 and 300 colonies.  

• Sample 1/100,000 dilution plate. 
• Sample 1/1,000,000 dilution plate. 
• Sample 1/10,000,000 dilution plate.  

    6. Count the exact number of colonies on that plate using the colony counter (as 
demonstrated by your instructor).  

    7. Calculate the number of CFUs per ml of original sample as follows:  

The number of CFUs per ml of sample =  

The number of colonies (30-300 plate) X  

The dilution factor of the plate counted  
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Appendix D: Technik Data Sheet 

 

 

 
 


