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SUMMARY 
 

Undesired bubble formation has been a major problem in microfluidics devices. 

Depending on the application, air bubbles can affect the performance of microfluidic 

devices and lead to failure. Recent microfabrication techniques have originated several 

methods, such as bubble traps and debubblers, to solve this problem. However, these 

methods require large vacuum pumps or air compressors to remove the air bubbles. In 

this project, a microfluidic vacuum source generator is used and characterized in order to 

remove air bubbles in a non-invasive way. This miniaturized vacuum source is based on 

a converging-diverging nozzle device which is able to generate a range of negative 

pressures, depending on the input flow of a pressurized gas tank. In order to quantify and 

characterize its bubble removal rate, its performance was tested using a double layer 

PDMS device. In addition, the bubble removal system was applied on devices that contain 

partially filled channels. Finally, future improvements to this bubble removal system are 

discussed as well as the benefits of this system compared to other approaches.  
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CHAPTER 1: INTRODUCTION AND BACKGROUND 

1.1 Microfluidics 

 Microfluidic technology has been around for the last 40 years, not only by 

miniaturizing existing systems but also innovating different biological fields. Microfluidics 

is defined as the science and technology that manipulates any type of fluid at the micro 

scale, from attoliters (10-18 L) to microliters (10-6 L) (Whitesides, 2006a). There are 

multiple reasons for its success, such as the handling of small fluid samples, portability, 

reliability, safety, high repeatability, lower power consumption, fast system response, less 

sources of error and user-friendly devices (Panigrahi, 2015a). In addition, the handling of 

microscale fluid samples leads to a reduction in size of devices which brings another set 

of benefits like less fabrication materials, fewer chemical reagents be consumed and 

reduction of waste products. However, the main reason for its success is that fluids at the 

microscale behave differently from conventional macroscale quantities which can be 

useful in many applications (Nguyen and Wereley, 2006a). These differences can be 

explained by the ratio of inertia to viscous forces, also known as the Reynolds number 

which is a dimensionless parameter that can be calculated by equation 1. At the 

macroscale, inertial forces are more important than viscosity which is the opposite effect 

at the microscale. This is important because The Reynolds numbers shows the fluid 

behavior.  

Re = %&'
(

                     Eq. 1 

Where ρ is the density of the fluid (kg/m3), L is the cross-sectional dimension (m), v is the 

velocity of the fluid (m/s) and µ is the viscosity of the fluid (kg/(m⋅s)). In a microfluidic 

channel, any fluid with a Reynolds number lower than 1500 indicates a laminar flow, and 



	 2	

a turbulent flow is indicated with a higher number than 1500 (Nguyen and Wereley, 

2006b). The difference between these two types of flow is that when fluids tend to flow in 

a laminar manner, its behavior is more predictable compared to fluids flowing in a 

turbulent manner which is chaotic and unpredictable. For that reason, the field of 

microfluidics has evolved and expanded its applications in a vast variety of fields. For 

example, in laminar flow, the mixing mechanism is done by diffusion at the liquid-liquid 

interphase between two streams perpendicular to the flowing direction. This has been 

advantageous because it is a membraneless system used with a controlled diffusion for 

designing fuel cells (Choban et al., 2004), whole blood diagnostics (Weigl et al., 1999), 

pH gradients for isoelectric focusing (Macounová et al., 2000) and DNA analysis (Burns 

et al., 1998). However, in occasions, turbulent flow is needed to enhance mixing of fluids. 

This can be done by implementing serpentine channels (Liu et al., 2000), or grooves at 

the bottom on the channel to facilitate the contact between the two fluids leading to a 

complete mixture (Stroock et al., 2002). 

In order to induce these two types of flows in microdevices, it is required specialized 

fabrication techniques that allow us to make microscale structures for the handling of 

small fluid quantities. Not only can these microdevices handle microscale fluids, but they 

also provide a high heat and mass transfer rates through a high surface-to-volume ratio 

(Panigrahi, 2015b). A common microfabrication procedure known as photolithography 

has been used to manufacture microelectromechanical systems (MEMS) devices which 

main advantage is to fabricate precise and accurate structures.  
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1.1.1 Photolithography 

Photolithography is one of the most relevant fabrication techniques in microfluidics 

(Nguyen and Wereley, 2006c). It is able to achieve features sized on the micro scale 

range. This fabrication technique utilizes photoresists which are photosensitive epoxy that 

can transfer a specific design from a photomask to a substrate. The photomask can be 

either a chromium plate or a transparency film which will contain the desired pattern. For 

our purposes, the goal of the photolithography process is to cast a mold that will be used 

for the soft lithography process. The photolithography process starts by spinning a layer 

of either a positive or negative photoresists on a dehydrated silicon wafer. Positive 

photoresist will harden the unexposed features and negative photoresist will harden the 

exposed features. For this project, we used a negative photoresist called SU-8 which has 

three main components: the epoxy resin, a solvent and a photoinitiator. The spin speed 

and the viscosity of the resists will determine the height of the mold. Therefore, it is really 

important to choose the SU-8 with the right viscosity and use the proper spin speed to 

achieve the desired height. After spin coating, the wafer with the SU-8 goes through the 

soft bake which removes all the solvents from the photoresist. This is a crucial step 

because oversoft-baking will degrade the photoinitiator compound and undersoft-baking 

will not remove all the solvent which will prevent light to reach the photoinitiator. After that, 

the SU-8 layer is exposed to UV light or near UV wavelengths through the photomask. 

Since SU-8 is a negative photoresist, the UV light polymerized all the exposed epoxy 

areas. Then, the wafer goes through the post-exposure bake which improves adhesion 

and dry etch resistance, followed by the development step where the wafer is soaked with 

SU-8 developer to remove any unpolymerized areas that were not exposed to UV light. 
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Finally, the mold is rinsed with isopropyl alcohol (IPA) and dried using an air gun. An 

additional step after the photolithography process is known as silanization where the mold 

is placed on a desiccator with 20 µL of tridecafluoro-1,1,2,3-tetrahydrooctyl-1-

trichlorosilane for a period of at least two hours to enhance the soft elastomer removal 

during the soft lithography process (Anderson et al., 2000). Using this microfabrication 

process, most microfluidic channels are between 30-300 µm (Panigrahi, 2015c). Other 

techniques or specialized machinery are required to achieve better resolutions such as 

different types of lithography, or specialized fabrication systems like the µPG 101 which 

is a maskless lithography system. This shows that to obtain smaller features can be 

challenging as well as expensive. The reason for that is because the wavelength limits 

the resolution of photolithography (Nguyen and Wereley, 2006d). Photolithography 

became an important tool for microfabrication and demonstrated its potential in different 

biological disciplines. For that reason, soft lithography was created to make 

photolithography suitable with the different biological fields. 

1.1.2 Soft lithography 

Although photolithography has been a commonly used process for the fabrication 

of glass and silicone microfluidic devices, it has several disadvantages such as requiring 

expensive equipment, complex process, not useful for protein and cells, extensive time 

length to go from a design to a prototype and the high toxicity of the  reagents (Whitesides 

et al., 2001a). To overcome those problems, polymers were developed and tested as a 

new material. Polymers have a variety of different mechanical and chemical properties 

that can be used for the fabrication of microdevices (Ng et al., 2002a). Not only are 

polymers cheaper than glass or silicone, but they are also simple to handle. Polymers 
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used for microfluidics devices are polyethyleneterephthalate glycol (Barker et al., 2000), 

polycarbonate (Johnson et al., 2002; Olsen et al., 2002), polymethyl methacrylate (Wang 

et al., 2002), polystyrene (Locascio et al., 1999), polyvinylchloride and polyethylene 

(Becker and Locascio, 2002). However, a special type of soft polymer known as 

elastomer is used because of its extra set of advantages such as flexibility, ease to use 

and low toxicity. In addition, a new fabrication technique called soft lithography was 

developed from photolithography and it consists of replicating the structure from a mold 

in an elastomer (Ng et al., 2002b). This allows compatibility between the microfluidic 

device and the different biological applications. Additionally, soft lithography is a simple 

inexpensive process and the reagents used are not toxic compared to photolithography. 

The process of soft lithography starts when a mixture of an elastomer with a 

unpolymerized form with curing agent is prepared using a mixing ratio. Then, the mixture 

is poured over a mold and degassed in a desiccator. After that, the wafer is baked at 85ºC 

for 1 hour and 30 minutes. During this time, the elastomer polymerizes and the whole 

mixture solidifies resulting in a cross-linked elastomer. Once it is cured, the layer is 

removed from the mold and it is ready for the device assembly. After the bake, the mold 

can be reused to make multiple devices.  

1.1.3 PDMS 

In microfluidics, the majority of devices used for biological applications are made 

from a soft elastomer called polydimethylsiloxane (PDMS), which is a synthesized silicon-

based organic polymer that consists of repeating [SiO(Ch3)2] monomer units (Colas, 

2005). PDMS is an outstanding material for the fabrication of microfluidics devices for 

several reasons, such as precise replica molding, optically transparency, low 
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autofluorescence and low cost (Xia and Whitesides 1998). In addition, it has low toxicity 

and high permeability to certain gases such as carbon dioxide and oxygen (Whitesides, 

2006b). It has desirable mechanical properties such as flexibility, with a shear elastic 

modulus of around 250 GPa. In addition, it has a high dielectric strength (Lötters et al., 

1997), and usage over a wide temperature range (Krevelen and Nijenhuis, 2009) which 

makes PDMS an ideal material for a variety of applications. PDMS and the curing agent 

are sold as a kit which is commercially available at a reasonable price. The commercially 

available PDMS kit includes the silicone base and the curing agent. Both components 

have vinyl-terminated siloxane oligomers, but the curing agent has the crosslinking 

siloxane oligomers such as dimethyl methylhydrogen siloxane. The base also has a 

platinum-based catalyst which cures the elastomer through an organometallic 

crosslinking reaction (Campbell et al., 1999). These two components are mixed usually 

in a 10:1 ratio, depending on the desired rigidity, and then baked at 85°C for 1 hour and 

30 minutes. During the bake, the chains are polymerized and the whole mixture solidifies 

which leads to a cross-linked elastomer. PDMS can be bound to another PDMS slide or 

substrate by spontaneous dehydration caused by plasma treatment (Whitesides et al., 

2001b). 

For this project, the main PDMS properties used are its transparency and gas 

permeability for the functionality of the converging-diverging nozzle as a bubble removal 

device. 

1.2 Bubble Formation 

Bubble formation has been studied extensively in microfluidics. Undesired air 

bubbles have been shown to cause problems as well as been useful for different 
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applications. In one hand, bubbles have been useful as a driving force for a micro-rotor 

(Kao et al., 2007), enhancing heat and mass transfer (Kreutzer et al., 2005; Betz and 

Attinger, 2010) , enhancing mixing of liquids (Garstecki et al., 2006; Günther et al., 2005), 

enhancing stimulus and cell lysis (El-Ali et al., 2005) providing a platform for cellular 

biosynthesis (Choi and Montemagno, 2006) and becoming an optical switch (Jackel et 

al., 1990). On the other hand, bubble formation in a microfluidic device can be contributed 

to the channel design as seen in figure 1(B & C), temperature change (Wang et al. 2012a; 

Lochovsky et al., 2012a), hydrophobic materials (Monahan et al., 2001a), the complexity 

of the microfluidic device with gas-liquid interphases (Zhu, 2009; Lochovsky et al., 2012b) 

and the connection between the devices and the tubing (Skelley and Voldman, 2008a; 

Zheng et al., 2010a; Wang et al., 2012b). Although these are the main reasons, bubble 

formation is a constant problem in general microfluidic applications. 

 
Figure 1. Schematic of microfluidic channels with trapped air bubbles. (A) Bubbles 
preventing the flow of blood cells. (B) Bubble trapped in a loop shape channel. (C) 
Bubble formation in triangular structures. 
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There are many applications such as single cell assays, vascular network models and 

cell culture in microfluidic devices that have reported experiencing problems with air 

bubbles. For example, a network model was unable to flow blood cells because of air 

bubbles were trapped in the channel (figure 1A), long-term islet culture tends to 

accumulate air bubbles over time (Wang et al., 2012c), a device used to study sickle cells 

is degassed at least 15 minutes before loading it with working sample to avoid air bubble 

trapping (Du et al., 2015), another device that studies vasocclusion also mentioned using 

the high pressure of water to remove the air bubbles (Higgins et al., 2007), a device used 

to study individual cells for long periods of time reported bubble formation, even though 

the channel design was improved to prevent them from forming (Denoual et al., 2003). 

The reason to avoid bubbles in microfluidics channels is because bubbles tend to grow 

due to the pressure difference between the outside and inside of the fluidic channel (Kang 

et al., 2008a) and they are hard to remove. Unwanted air bubbles can have devastating 

effects such as disturbing stable laminar flow (Kang et al., 2008b), inaccurate sample 

volumes (van Lintel et al., 2012a), channel clogging (Jensen et al., 2004; van Lintel et al., 

2012b) and being cytotoxic to cells since bubbles within microfluidic channels can lead to 

high surface tension of the air-liquid interface and rupture the cellular membrane 

(Eddington, 2006a). A conventional method to remove bubbles is degassing the 

microfluidic device on a desiccator for a period of time. However, this method requires 

that you place the microfluidic device in a vacuum chamber and the process can take 

several minutes depending on the channel design. As a result, different strategies have 

been applied in order to solve this problem.  
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1.3 Current Bubble Removal Systems 
 

There have been different mechanisms for bubble removal which are mainly, 

divided into two approaches: bubble traps (passive trapping) and microfluidic debubblers 

(active trapping). Bubble traps are integrated structures in the microfluidic devices that 

collects and blocks the passage of air bubbles into the main system. For instance, bubble 

traps are fabricated by molding a well into the design or cutting it out after the curing 

process (Eddington, 2006b); adding barriers that act like as a sieve on a top layer above 

the fluidic path (Sung and Shuler, 2009a); using a ‘bubble sink’ which uses surface 

tension to capture air bubbles (Meng et al., 2006); using hemispherical wells or cylindrical 

chambers that trap bubbles by buoyancy (Kang et al., 2010; Zheng et al., 2010b); applying 

a temperature gradient in continuous flow (Selva et al., 2010) and using a wide channel 

right above of a narrow channel since bubbles tend to move to the wider channel due to 

surface tensions (Kohnle et al., 2002). However, one limitation of this approach is that 

bubbles are not completely removed from the system and traps can be filled completely 

and allow additional bubbles into the system which can have devastating effects. On the 

other hand, microfluidic debbublers are a more efficient method because it removes the 

bubbles out from the device (Kang et al., 2008c). There is a variety of mechanisms used 

to remove bubbles such as using ultrasonic induced cavitation (Yang et al., 2002), using 

the permeability of PDMS membranes (Skelley and Voldman, 2008b; Karlsson et al., 

2013), porous hydrophobic acrylic copolymer membranes (Xu et al., 2010a), porous 

hydrophobic poly (tetrafluoro ethylene) (PTFE) venting membranes (Liu et al., 2011; van 

Lintel et al., 2012c). Additionally, including structures in the mold to induce negative 

pressure such as vacuum channels for cell loading into culture chambers (Kolnik et al., 
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2012) and vacuum suction ports for polymerase chain reaction (PCR) (Trung et al., 2010). 

In addition, there are other methods that utilized a combination of bubble traps and 

debbublers. For example, connecting a bubble trap with a vacuum source through a 

PDMS member (Zheng et al., 2010c), capturing bubbles using ring-shaped corral as a 

trap and applying negative pressure through a permeable PDMS membrane (Skelley and 

Voldman, 2008c) and using a bigger trap like a reservoir with posts to support the PDMS 

membrane (Johnson et al., 2008), or a cylindrical trap chamber that traps bubbles and 

remove them through PDMS permeability of a vacuum chamber (Lochovsky et al., 

2012c). The common aspect of all of these systems is that they require external vacuum 

sources or air compressors, complicated fabrication procedure and setup expertise 

(Wang et al., 2012d). In addition, if the aspect ratio of the channel is not controlled, the 

vacuum pressure applied can cause the channel to collapse. Another method used for 

bubble removal is based on the PDMS solubility. PDMS devices are submerged in the 

solution of interest and then placed on a vacuum chamber so that air escapes through 

the inlet or outlets as soon as the atmospheric pressure decreases. Once the pressure is 

normalized, the device is completely filled. (Monahan et al., 2001b). Other devices have 

used the same principle of absorbing air through degassed PDMS for dispensing liquid in 

microarrays (Zhou et al., 2007) and cell loading (Luo et al., 2008). However, the problem 

with this method is that the whole PDMS device needs to be in a vacuum chamber and 

there are certain parameters to consider such as PDMS thickness, channel geometry, 

degassing time, PDMS exposure area and idle time at atmospheric pressure before 

loading (Liang et al., 2011). Another problem is that the majority of bubble removal 

systems are used for channels greater than 100 µm. None of these systems addresses 
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channels with a width in the range of 15 to 50 µm which are very sensitive to any contact 

and are mostly used for blood flow. In addition, the microfluidic device with gas-liquid 

interphase are the most susceptible to bubble formation. In general, these devices are 

made from bonding two PDMS layers, one layer for liquid flow and the other for gas flow. 

These devices are known to be challenging to handle due to the bubble formation caused 

by this interphase. However, this gas layer not only allows the gas to permeate, but it can 

also work as an extraction tool. This approach is sometimes overlooked and completely 

ignored by the people operating the device. For that reason, we proposed a different 

mechanism to remove air bubbles using a converging-diverging nozzle which induces the 

Venturi effect.  

1.4 Venturi Effect 

The Venturi effect was discovered by Giovanni Venturi. A converging-diverging nozzle 

or also referred to as ‘de Laval’ nozzle can induce the Venturi effect by increasing the 

pressure difference between the inlet and outlet pressures. This effect has been widely 

used in Venturi meters which measure the flow speed of fluids; in a flying airplane when 

the wind flows faster above the wing causing an upward lift and spray nozzles which 

release compressed air through a constriction and the pressure drop forces out the liquid. 

In order to use the Venturi effect, the device requires an inlet region, a converging section, 

a narrow channel or throat linked to a sidearm, a diverging section and an outlet region 

open to the atmosphere. When a fluid flows into a narrow constricted channel, its velocity 

increases which leads to a pressure drop in order to keep the mass flow rate constant. 

Therefore, pressure from the atmosphere is driven towards the throat which is the 

narrowest part of the device to compensate for the loss of pressure as seen in figure 2. 
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For example, when a liquid flows from a converging to diverging channel, it causes an 

increase in its kinetic energy. As a result, it leads to a pressure drop in order to maintain 

the total energy constant, according to the Bernoulli principle seen in equation 2 

(Perdigones et al., 2010a). 

𝑝 + .
/
𝜌𝑣/ = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡               Eq. 2 

where p is the pressure (kg/m⋅s2), ρ is the density of the fluid (kg/m3) and v is the velocity 

of the fluid (m/s). Although the Venturi effect also occurs when the fluid is a gas or a 

compressible fluid, an important aspect to remember is that the density of the gas is 

dependent on the pressure and temperature, so it can not be assumed to be constant. 

Another aspect to consider is when the flow is choked. In most cases, when the pressure 

difference is low, the flow accelerates the convergent section with a subsonic speed until 

it reaches its maximum speed at the throat and then, starts decelerating from the 

divergent section into the ambient as a subsonic jet. However, when the pressure 

difference is high, the flow at the throat can only reach a Mach number of 1 which means 

that the fluid velocity is the same as the sound velocity in that medium. Therefore, the 

fluid velocity is fixed at the throat because it is the section with the smallest cross-sectional 

area. The flow goes from subsonic to sonic at the throat, which causes a choked flow. 

Another explanation for this effect is when you consider the flow at the throat as a 

turbulent jet. The gas leaves the throat as a turbulent jet that expands, based on the jet 

radius. This effect causes the gas to enter the vacuum tube which increases the pressure.  
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Figure 2. Representation of the Venturi effect. At the inlet, the initial pressure (PA) is 
high, but the velocity of the fluid (vA) is low. At the throat, the velocity increases (vB), but 
the pressure decreases (PB). At the outlet, the outlet pressure increases (PC), but the 
velocity decreases (vC).  

 
In microfluidics, the Venturi effect has been analyzed and used for different applications 

due to its benefits such as simple fabrication, inexpensive cost and precise control of a 

range of negative pressures (Perdigones et al., 2010b). For instance, the Venturi effect 

has been applied for several applications such as controlled liquid aspiration (Perdigones 

et al., 2010c), a gathering tool for gastrointestinal juice sample (Koo et al., 2011), 

interstitial fluid transdermal extraction and fluid manipulation(Yu et al. 2012a), droplets 

generation (Hettiarachchi and Lee, 2008), and microregulator of pressures (Chang et al., 

2007). In addition, its vacuum efficiency has been measured by changing different 

parameters such as divergent angles, convergent angles, width and length of the throat 

channel (Yu et al., 2012b). However, this effect has never been used for a microfluidic 

bubble removal system. For that reason, we propose a bubble debubbler that uses the 

converging-diverging nozzle as the vacuum source. Not only will this improve the 

portability of the system, but it can also work with previously mentioned bubble traps as 

well as debubblers. This bubble extraction system is ideal for the microfluidic devices with 

PA
vA

PB vB
PC
vC
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gas-liquid interphases because those are more susceptible to bubble formation than any 

other microfluidic device due to the permeability of PDMS. Most of these devices have 

multiple layers which can form air bubbles. Moreover, the ability to adjust a wide range of 

negative pressures can be used to control the bubbles size.  
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CHAPTER 2: MATERIALS AND METHODS 

2.1 Devices Fabrication 

For the system to be functional, it is necessary to fabricate a device which will 

generate negative pressure based on the Venturi effect and a microfluidic device that has 

a bubble formation problem. For the fabrication of the converging-diverging nozzle and 

the network model device, standard photolithography techniques followed by the soft 

lithography process were performed for each of the different components. For this 

experiment, two different microfluidics elements were fabricated and used which were the 

network model device and the external vacuum source. After the bubble removal 

quantification, we tested the system using different channel patterns.    

2.1.1 Network Model Device  

Although most microfluidics channels are between 30-300 µm (Panigrahi, 2015d), 

there are several studies that reported using devices with channel networks that 

resembled the vascular networks. These channels can range from 5 to 20 µm which can 

be very sensitive to bubble formation. For that reason, a network model device was 

chosen as a testing device. The network model device consisted of two PDMS layers that 

are bonded by plasma treatment. The two layers are the gas chamber and a membrane 

which contains the parallel channels. In order to make both PDMS layers, each layer 

requires a mold made by photolithography techniques. However, the fabrication for the 

parallel channel mold will require a special fabrication procedure due to its features 

dimensions. 
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2.1.1.1 Network Model Membrane 

Although the photolithography process was described in section 1.1.2, certain 

modifications can be done to improve the mold’s resolution. These protocol modifications 

can be spinning a base layer on the wafer or changing the exposure source. The mold 

for the parallel channels was done by dehydrating a 76.2 mm diameter silicon wafer 

(University Wafer) with acetone, IPA and deionized (DI)	water and drying it using an air 

gun followed by baking for 2 minutes. A negative photoresist, SU-8 2015 (MicroChem) 

was spun on the dehydrated silicon wafer at 3500 rpm for 30 seconds using a spinner 

(Laurell Technologies Corporation, North Wales, PA). Once the silicon wafer was coated 

with SU-8, it was baked at 95°C for 3 minutes and exposed to UV light at an intensity of 

100% (664 mW/cm2) for 20 seconds without using any photomask. Then, the SU-8 coated 

wafer was baked at 95°C for 5 minutes. This base layer enhances the deposition of 

pattern designs with small features. After it cooled down, another layer was spun using 

the same procedure until the exposure step. In this step, the wafer was exposed using a 

maskless lithography system called µPG 101 (Heidelberg instruments, Mikrotechnik 

GmbH) which has a laser that exposes standard photoresists with high precision and 

resolution. The design of the network model membrane was done using AutoCAD loaded 

to the computer connected to the µPG 101. The design consisted of a series of 55 parallel 

channels with a width of 15 µm and a length of 33 mm separated by a distance of 50 µm. 

The channels are connected at the beginning and at the end to two chambers which is 

for the inlet and outlet holes. These chambers are 5 mm long and 3.5 mm wide. The wafer 

was exposed at least two times with a power exposure of 18 mW at an intensity of 100% 

with a energy factor of 4x each time and then, baked at 95°C for 5 minutes. The coated 
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wafer was developed afterwards using a SU-8 developer for 2 minutes, rinsed with IPA 

and dried with an air gun before placing the mold in a silanized chamber for at least 2 

hours. The achieved height of the mold was 12 µm. After that, a mixture of PDMS (Sylgard 

184 Silicone Elastomer; Dow Corning Corp., Midland, MI) with curing agent using a 10:1 

mixing ratio was prepared using a planetary centrifugal mixer called AR-100 (Thinky 

Corporations, USA). Around 10 grams of the PDMS mixture were spun at 800 rpm to 

achieve a 100 µm thick membrane. Then, it was placed on a desiccator for 5 minutes and 

baked at 85°C for 15 minutes.  

2.1.1.2 Gas Chamber 

The design of the gas chamber was done using AutoCAD and a photomask (Fineline 

imaging) was printed with the desired design. The design consisted of a rectangular area 

of 33 mm length and 5 mm wide with two rows of 400 µm diameter posts separated with 

a distance of 1.8 mm between them. The inlet and outlet holes are connected to this area 

on the diagonally opposite corners. For the fabrication of the gas chamber, a layer of SU-

8 2050 was spun on a dehydrated 100 mm diameter silicon wafer at 1500 rpm for 30 

seconds followed by a bake at 65°C for 5 minutes and then, at 95°C for 30 minutes. The 

photomask was exposed on the silicon wafer at a 100% intensity (664 mW/cm2) for 60 

seconds and then, baked at 65°C for 5 minutes and 95°C for 12 minutes. After that, the 

mold was developed with SU-8 developer for 10 minutes followed by the silanization 

process. The mold achieved an average height of 150 µm measured using an 

interferometer. Once the gas chamber mold was fabricated and silanized, then a mixture 

of PDMS and curing agent was prepared using the same mixing ratio described 

previously. Around 35 grams of PDMS mixture were poured into a squared petri dish with 
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the mold on it and placed on a desiccator for 30 minutes before baking it at 85°C for 1 

hour and 30 minutes. One of the advantages of this process is that you can create multiple 

layers with one mold as seen in figure 3. Each PDMS gas chamber layer was removed 

using a standard razor and the inlet and outlet holes were punched using a 11-gauge size 

(2.30 mm).  

 
Figure 3. Fabrication process of the gas chamber mold. (A) A 100-mm diameter silicon 
wafer is dehydrated and cleaned. (B) A negative photoresist (SU-8 2050) is spin coated 
over the 100 mm diameter silicon wafer and bake. (C) A photomask with the specific 
design is used for the UV exposure. (D) the mold is finalized after the SU-8 developer is 
used to remove all the unexposed regions. 
 

2.1.1.3 Assembly 

During the assembly of the network model device, a PDMS gas chamber layer was 

plasma treated as well as one of the PDMS membrane using a corona discharge (Electro 

Technic Products, Chicago, IL). The gas chamber layer was bonded directly above the 

PDMS membrane. Once the membrane was bonded to the gas chamber, the mold with 
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the PDMS gas chamber was baked at 85°C for 15 minutes to enhance the bonding. After 

that, the PDMS gas chamber bonded to the network channel membrane was removed 

and the inlet and outlet holes for the network channels were punched throughout the top 

PDMS layer using a 13-gauge size (1.83 mm). Finally, it was bonded to a 25.4 x 76.2 mm 

glass slide (Fisher Scientific) using the corona discharge and baked at 85°C for 5 minutes 

to enhance the bonding. Schematics of the final assembly can be observed in figure 4. 

Each network model device fabricated is stored on a petri dish for the experiments.  

                                                       
Figure 4. Assembly of the network model device. (A) Both PDMS layers are bounded to 
the glass slide through plasma treatment. (B) An exploded view of the device which 
shows the gas chamber, network model membrane and the glass slide (top to bottom). 
 
2.1.2 Converging-Diverging Nozzle Device 

2.1.2.1 Fabrication & Assembly 

The vacuum source mold was fabricated by spinning SU-8 2150 at 630 rpm for 30 

seconds on a dehydrated 100-mm diameter silicon wafer. The SU-8 coated silicon wafer 

was baked at 65°C and 95°C for 6 and 98 minutes, respectively. The design of the 

converging-diverging nozzle was made using AutoCAD and a photomask with the design 

was printed. The converging-diverging nozzle used for this project covered an area of 

200 mm2 with an average height of 300 µm across all sections. The dimensions of the 

design were 30° for the convergent angle, and 3.6° initially and then, 40° for the divergent 
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angle, the width of the throat is 30 µm and expands until it reaches 100 µm, the vacuum 

output channel is 2 mm wide and 4 mm long. The photomask containing the design was 

exposed into the SU-8 coated wafer at 100% intensity for 30 seconds and later on, baked 

at 65°C and 95°C for 5 and 26 minutes, respectively. Finally, the coated wafer was soaked 

using a SU-8 developer for 10 minutes. Once the master mold is finalized, a mixture of 

PDMS with curing agent was prepared, poured into the mold and cured with the same 

procedure described previously. Once the vacuum source was cured, the PDMS layer 

was removed using a razor. An 11-gauge size (2.30 mm) was used to make the inlet and 

outlet holes. In addition, a small cut on the outlet section of the device is done so that it 

is open to the atmosphere. Finally, the PDMS layer is bounded to a glass slide using a 

corona discharge and baked to enhance the bonding.  

 
Figure 5. Schematics of the converging-diverging nozzle. (A) The microfluidic device 
which consists of the PDMS layer bounded to a glass slide. (B) Top view of the PMDS 
layer showing the inlet, outlet and vacuum holes and (C) Zoom-in of the nozzle area 
 

2.1.3 Alternative Channel Design Devices 

In order to test the performance of the bubble removal system on different channel 

designs, two channel designs that contained a series of triangular and circular structures 
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were used instead of the parallel channel membrane. Therefore, most of the fabrication 

protocol used for the network layer was followed with changes on the channel design. 

The designs were previously done using AutoCAD and uploaded to the µPG 101. They 

consisted of two separate 50 µm wide channels, each channel had either the loop or the 

triangular structures. The loop channel has a series of 11 loops with an inner diameter 

(ID) of 400 µm and outer diameter (OD) of 450 µm, connected to a main channel of 50 

µm wide and 43 mm long. The triangular channel consisted of a series of triangular 

structures with an angle of 30 degrees attached to a main channel through the base. 

Therefore, the final height achieved by the mold was 12 µm for both channels. Because 

of the ease of fabrication, one mold which had both channel designs was fabricated and 

silanized. Then, a PDMS membrane was spun on the mold and assembled with a gas 

chamber using the same procedure as the network membrane.  

2.2 FITC Solution Preparation 

Once the devices are assembled, a solution of fluorescein isothiocyanate (FITC) 

is used as the fluid flow in the parallel channel device. The reason for using a FITC 

solution was because the fluorescence provides a better visualization of the air bubbles 

in the microchannel. The length of the bubble can be defined as the distance from one 

fluorescent side to the other which can be measured by a specialized software. The 

solution was prepared by dissolving FITC (Sigma Aldrich) in dimethyl sulfoxide (DMSO) 

and achieving a concentration of 11.6 mM for the stock solution. Then, the mixture was 

diluted four times, leading to a final concentration of 2.9 mM. In early experiments, there 

were problems with the FITC solution because it was not dissolving completely into the 
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DMSO. Additional dilutions ratio was tested to see whether this change affected the 

results, but not a significant difference was observed, so this dilution was kept.  

2.3 Experimental Setup 

A syringe was loaded with the diluted solution and used to fill 1/4 long of the total 

length of the channels through gravity driven flow and using a tygon tubing with 0.51 mm 

ID and 1.52 mm OD (Cole-Parmer, Vernon Hills, IL). Using the same procedure, a 1/4 

length of the channels was filled, but from the opposite side of the device. The reason for 

doing this is to obtain several bubbles located in the middle of the device that were 

surrounded by the FITC solution which will be used to quantify the bubble removal rate 

of the converging-diverging nozzle. The nozzle requires an initial pressure which is 

provided by flowing gas from a pressurized gas tank. For our purposes, a nitrogen gas 

(PraxAir), but any type of pressurized gas tank can be used for our purposes. The 

pressurized nitrogen gas tank was connected to a rotameter (Omega Engineering, Inc., 

Stamford, CT) which was also connected to a FMA-A2306 electronic mass flowmeter 

(Omega Engineering, Inc., Stamford, CT). The electronic flowmeter measured the gas 

flow going into the converging-diverging nozzle and it ranges from 0 to 1641 standard 

cubic centimeters per minute (sccm). As the flow increases, the initial pressure going to 

the converging-diverging nozzle increases. Depending on the flow, a variety of negative 

pressures was generated which had an effect on the rate of bubble extraction. The 

vacuum outlet was connected to the gas chamber of the device using a tygon tubing with 

a 1.58 mm ID and 3.17 mm OD (Cole-Parmer, Vernon Hills, IL). At the other outlet of the 

gas chamber, a plug (McMaster) was connected to maintain the negative pressure on the 

gas chamber. As soon as the nozzle was connected, the bubble located in the middle of 
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the device started to shrink at different rates, depending on the negative pressure being 

applied to the gas chamber.  

As soon as whole bubbles were observed on the fluid channels, a digital CCD 

camera connected to a fluorescence microscope acquired a series of frames using an 

image analysis software called Metamorph. The frames captured the bubbles being 

removed from the moment the vacuum outlet was connected to the gas chamber. Each 

frame at known time intervals was analyzed using ImageJ to enhance the contrast 

followed by volume quantification of the air bubbles using a MATLAB code (See Appendix 

for the complete code). The MATLAB code measured the length of a single air bubble 

surrounded by the FITC solution. By knowing the width and height of the channels, then 

the volume was calculated at each known time interval which subsequently, was used to 

plot the bubble volume decay over time. In order to make a comparison between the 

different applied negative pressures, the removal rates needed to be calculated since the 

bubble volumes were not uniform. By using a linear approximation, the removal rates of 

at least three different bubbles were calculated at each of the specific negative pressures.   

2.4 Test Using Different Channel Designs 

Another aspect from the bubble removal system to be tested was its performance 

on different channel designs. Certain channels have structures with acute angles, sharp 

corners or loops which are known to have dead volumes. These air bubbles are difficult 

to remove so the device has to be placed on a desiccator for several minutes or used any 

of the removal techniques previously described. Therefore, we predict that if the channel 

design is exposed to the gas chamber layer, any air bubble located on the fluidic channel 

will be removed independent of the channel design. Once the devices were assembled, 
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water was flowed in one of the inlets and an air bubble was formed as seen on figures 1 

(B&C) at 0 seconds. After applying negative pressure to the gas chamber, a series of 

pictures were acquired and analyzed using the same procedure previously mentioned. 

This experiment demonstrated the application of the Venturi effect as a bubble removal 

system using different channel designs. 
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CHAPTER 3: RESULTS 

3.1 Performance of the Converging-Diverging Nozzle 

The first experiment performed was to measure the range of negative pressures 

generated by the converging-diverging nozzle. A schematic diagram of the setup for this 

experiment is seen in figure 6. The initial pressure applied on the inlet port of the 

converging-diverging nozzle was regulated by a rotameter connected to a nitrogen gas 

tank. This initial pressure and the output vacuum pressure were measured using a 

pressure sensor (40PC100G2A, Honeywell Sensing and Control) and a vacuum pressure 

sensor (40PC015V2A), respectively. The collected data was sent to an analog input 

module (NI 9205) connected to a data acquisition interface (NI cDAQ-9174).  

 

Figure 6. Experimental setup for the vacuum pressure measurements of the 
converging-diverging nozzle. 
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Using this experimental setup, different external pressures were generated which 

corresponded to a wide range of negative pressure. The resulting plot is seen in figure 7 

which shows that for the converging-diverging nozzle, the minimum negative pressure 

achieved was -7.37 psi and it was achieved with an initial pressure of 32.3 Psi which 

represents a flow of 1100 standard cubic centimeters per minute (sccm).  

 

Figure 7. Performance of the converging-diverging nozzle at different inlet fluid flows. 
 
 
For the Venturi effect to occur, it requires a minimum initial pressure of around 5.5 psi 

which is close to the 300 mbar (4.3 psi) that Perdigones et al. reported in his device. If 

the flow increases after that, then the negative pressure starts to increase because of the 

choked flow and the turbulent jet flow described in section 1.4. A choked nozzle is when 

the fluid reaches a Mach number of 1 which is the ratio between the fluid velocity and the 

sound speed. The velocity of the fluid increases because of the pressure difference, 
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however it reaches a limit at the smallest cross sectional area. Therefore, the fluid velocity 

at the throat will not go any faster even if the pressure difference increases. Based on the 

increasing vacuum pressure with an input pressure of 5.5 to 32.3 psi, a fair prediction that 

can be made is that the bubble removal rates should increase in a linear way.  

3.2 Bubble extraction rate characterization 

In order to quantify the bubble extraction rate, a single air bubble was generated 

by flowing the diluted FITC solution in both the inlet and outlet holes of the device 

consecutively. Once a single bubble is formed at the middle part of each channel, then, it 

can be removed by applying constant negative pressure generated by the converging-

diverging nozzle. A complete setup can be observed in figure 8, where a tubing from the 

nitrogen gas is connected the converging-diverging nozzle is connected to the gas 

chamber of the device and a plug is connected to the other end. Figure 9 shows the air 

bubbles formed in each of the channels and how they vanished 48 seconds after applying 

-5.5 psi to the gas chamber. 
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Figure 8. Experimental setup of the converging-diverging (CD) nozzle and the 

network model device. The inlet pressure was provided by a nitrogen gas tank and the 
pressure was controlled by a rotameter.   

Inlet	
Pressure Plug

Negative	Pressure

CD	
Nozzle



	 29	

 
Figure 9. Schematic of air bubbles in FITC solution. The channels are 15 µm wide filled 
with FITC before and after the negative pressure was applied. Pictures acquired using 
the 10X objective. 
 
The nitrogen flow input an initial pressure to the converging-diverging nozzles which 

generated a constant vacuum pressure. After analyzing a time series at a specific 

negative pressure, the bubble volume decayed over time is observed. Figure 10 shows 

the volume of several air bubbles being removed at different positive pressures which 

demonstrated that as the negative pressure decreases, the bubble shrinks faster. 
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Figure 10. The volume of air bubbles surrounded by FITC solution decreased over time 
at different positive pressures.  

 

As soon as we analyzed the volume decay of multiple bubbles, then the removal rates 

are quantified by a linear approximation of the slope. The average is taken from at least 

three bubbles at each of the negative pressure applied. In figure 11, the average rates 

are plotted with their corresponding negative pressures, and the highest rate achieved 

was 9.84 pL/s with a vacuum pressure of -7.37 psi which corresponds to the minimum 

negative pressure achieved by the converging-diverging nozzle. As mentioned before, 

this negative pressure was generated by applying 32.3 psi at the inlet pressure of the 

converging-diverging nozzle.  
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Figure 11. Bubble removal rates at different vacuum pressures. As the negative 
pressure increases, so does the bubble removal rate.  

 

Any initial pressure lower than 32.3 psi will increase the minimum negative pressure 

achieved. The reason for this increase is due to the shock wave, causing a pressure 

increase. At this point, the flow reaches its maximum speed because it is the minimum 

cross sectional area. This effect is expected to happen due to the converging-diverging 

nozzle design. 

3.3 Performance using alternative channel designs 
 

Although the bubbles were removed on the parallel straight channels within 

seconds, microfluidics channels tend to have more complicated designs. For that reason, 

the bubble removal system was tested on two different channels, as seen in figure (1B 

and 1C). Bubbles are formed on channels with designs that have small angles and loop 
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shape structures. By applying the negative pressure from the converging-diverging 

nozzle, it was observed that the bubbles are removed in a matter of a few minutes for 

both of these designs. This is understandable, since the channel width is bigger and also 

the design of the channel is different as well. Figures 12 and 13 shows the performance 

of the converging-diverging nozzle by applying a vacuum pressure of -0.75 psi using 

different channel geometries.  

 
Figure 12. Progression of a bubble removal on a triangular channel. Each figure is taken 
at 0, 15, 30, 60 seconds, respectively.  
 

In addition, another problematic channel design is with the use of loops that creates 

bubbles. 
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Figure 13. Progression of a bubble removal on a loop channel. Each figure is taken at 0, 
50, 100, 200 seconds, respectively.  
 

These results serve as a proof of concept that the geometry of channel does not affect 

the performance of the converging-diverging nozzle.  
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CHAPTER 4: DISCUSSION 

4.1 Advantages of the Bubble Extraction Tool 

Until now, the Venturi effect was never used as a vacuum source for a microfluidic 

bubble removal system. Not only has microfluidics been able to replicate this effect at the 

microscale, but also provide researcher with other benefits such as ease of fabrication, 

portability and user-friendliness. Most of the commercially available bubble removal 

systems like Systec Debubbler series (BioTech AB, Sweden) and the Omnifit bubble trap 

work with dead volumes greater than 1 mL which is a huge volume compared to the 

volumes used in microfluidics (van Lintel et al., 2012d). Not only are these systems more 

expensive than the previously mentioned approaches, but they also need the constant of 

replacements parts like PTFE membranes. Other bubble removal systems used different 

approaches such as bubble traps or a combination of traps with debubblers. These 

systems used a variety of materials such as hydrophobic membranes and vacuum 

channels. For example, some removal systems have rates of 0.14 µL/min (Lochovsky et 

al., 2012d), 0.01 µL/s (Sung and Shuler, 2009b), 0.0023 µL/s (Skelley and Voldman, 

2008d) 0.0005 µL/s/mm2 (Xu et al., 2010b), but they all used vacuum pumps which 

provide pressures of -97 kPa relative to atmospheric. In addition, they used channels with 

large cross-sectional areas compared to the channels used in this project, but none of 

them applied their bubble removal system in smaller channels or thinner membranes 

which are more sensitive to collapse when that amount of negative pressure is applied. 

Another reason for the use of vacuum pumps is the thickness of the actuation membrane. 

Several systems have reported using 300-200 µm thick PDMS membranes which are 

more stable than thinner membranes, but at the same time can lead to slower removal 
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rates. Although thinner membranes are hard to cure, we have shown a way to handle 100 

µm thick PDMS membranes. For those reasons, a converging-diverging nozzle can be 

more effective compared to other methods. Although the removal rate is slower compared 

to other methods (9.84 pL/s), it avoids the collapse of any membrane in the microfluidic 

device. Another aspect to mention is the portability and functionality of the converging-

diverging nozzle. Even though a gas tank was used, as the source of initial pressure, 

other sources can be used such as a bicycle pump. These advantages add on the ease 

of fabrication and user friendliness.  

In order to determine the steady-state flux across a thin membrane, a predicted 

bubble removal rate through a PDMS membrane can be calculated by (Kang et al., 

2008d): 

−
𝑑𝑉
𝑑𝑡

=
𝑃𝐴(𝑝/ − 𝑝.)

𝑏
×

𝑇
273

×
76
𝑃FGH

 

where P is the PDMS permeability (1.92 x 10-15 m2 s-1 Pa-1), p2-p1 is the difference 

between the feed pressure and the permeate pressure (50.8 KPa), b is the membrane 

thickness (1x10-4 m), A is the area covered by the PDMS membrane where the bubble is 

eliminated (1.65 x 10-4 m2), T is the temperature (273 K), and Patm is the atmospheric 

pressure (76 cm Hg). Assuming room temperature and normal atmospheric pressure, the 

removal rate is 0.1609 µL/s. This predicted removal rate is higher than what we measured 

and a possible reason to explain that is because the value used for the PDMS 

permeability does not reflect the permeability of the PDMS membrane used in the network 

model device. Another reason might be that the membrane thickness is less when it is 
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actuated. A higher steady state flux was also reported by Skelley and Voldman for their 

active bubble trap and debubbler.  

Another positive effect of this system is that it has a faster effect than conventional 

removal systems such as a desiccator. Several microfluidic devices have been loaded 

with a solution and placed on a desiccator in order to remove air bubbles. However, this 

process is time consuming, since the vacuum chamber takes several minutes to degass 

all the air. For that reason, this system will be beneficial for any microfluidic device, but 

more importantly for PDMS devices that contain a gas-liquid interphase. Because of this 

gas-liquid interphase, these devices are the most susceptible for bubbles formation. 

Therefore, bubbles can be removed in those devices by applying the Venturi effect on 

their gas chamber. Several of the bubble removal systems requires complex bubble traps 

designs and a degassing site to remove those bubbles.  

Although the converging-diverging nozzle may not be compared with a vacuum 

pump, it can still be useful. The negative pressures generated by the Venturi effect are 

more than acceptable for devices with dimensions similar to the network model device. 

There are different parameters that can be improve in our system, in order to obtain higher 

bubble removal rates which can be beneficial for devices with larger dimensions. 

4.2 Future experiments 

Certain modifications can be done to optimize this system. One of them will be to 

improve the vacuum efficiency of the converging-diverging nozzle by changing 

parameters such as decreasing the width of the throat, the diverging angle, converging 

angle and increasing the height of the nozzle. This vacuum efficiency improvement can 

lead to a higher bubble removal rates, but at the same time, it might cause the the gas 
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layer to collapse. Because of the portability of the nozzle, this can work with other bubble 

removal system by replacing the vacuum source. Another aspect to consider is the 

performance of this bubble system with constant flow of bubbles such as a bubble 

removal system for long-term cell culture.  The converging-diverging nozzle is a simple, 

inexpensive, adjustable option to generate negative pressures. Although adding a gas 

chamber to a microfluidic device can be an extra step in the fabrication process, it 

substantially helps in the removal of air bubbles. 
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CHAPTER 5: CONCLUSION 

 An alternative application of the Venturi effect generated by a converging-diverging 

nozzle is shown as the extraction force of a microfluidic air bubble removal system. 

Although there are currently several approaches to remove air bubbles, some of them 

require either additional chambers that act as bubble traps or large scale components 

such as vacuum pumps or air compressors as the extraction force. For that reason, a 

microfluidic converging-diverging nozzle was fabricated using PDMS which is coupled 

with a gas chamber to remove air bubbles. Gas chambers have demonstrated to 

permeate specific gases, but at the same time can be useful as bubble removal medium. 

By creating the converging-diverging nozzle, it improves the portability of other removal 

systems and it was shown to work specifically with devices that contain gas-liquid 

interphases. In order to quantify the rate of extraction, a solution of FITC was used to 

generate single bubbles in a network model device. Then, the volume of each bubble 

decay over time and the rates were calculated. Not only was the bubble extraction rate 

quantified, but it also demonstrated to be functional using complex channel designs as 

well as using different channel dimensions. However, there are different aspects of this 

system that can be improved such as bubble traps. In addition, the converging-diverging 

nozzle may even replace the vacuum pumps in other bubble removal systems. The 

expectations are that as the number of people working with microfluidic devices 

increases, the chances of encountering problems like unwanted bubble formation will also 

increase. Therefore, more improvements and innovations are still required for the current 

bubble removal systems. 
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APPENDIX	

%% Bubble Volume Removal Code 
%This is code is used to measure the volume of a single bubble surrounded by   
two high fluorescent intensities 
%Created by Theodore Christoforidis 
%Modified by Carlos Ng 
 
Clc	
clear all	
close all 
     
tic 
cd '/Users/carlosfng/Desktop/90_microns' %%Find the folder with images. 
files=dir; 
str = {files.name}; 
[selected,cancel] = listdlg('PromptString','Select a file:', 'ListSize', [600 
450],...'SelectionMode','multiple', 'ListString',str); 
             
LENGTH=[]; 
   for IndexSelected=1:length(selected) %% Select all figures 
   ExpNo=selected(IndexSelected);      %% Number of all Figures plus 2 Spaces 
   name=files(ExpNo).name ;  
   Incidence1=0; 
        
     if IndexSelected==1 
        figure(1) 
        title('first picture original') 
        I = imread(name); 
        imagesc(I); 
        impixelinfo 
prompt = {'Enter Yleft','Enter Yright'}; %Ask user the channel that wants to 
be measured 
        dlg_title = 'Input'; 
        num_lines = 1; 
        def = {'1','2'}; 
        answer = inputdlg(prompt,dlg_title,num_lines,def); 
        XL=str2double(answer(1));%%% Number of different experiments %%% 
        XR=str2double(answer(2)); 
      end 
                 
 double(I) 
 I = imread(name);     %% Image in numbers 
 [X,Y]=size(I);        %% size of the matrix 
  
%%%%% THIS part leaves all the dark parts and THE REST all get SUPER BRIGHT 
for ii=1:Y 
    for jj=1:X 
     if I(jj,ii)>20000 
     I(jj,ii)=500000; 
     end 
    end 
end 
for ii=XL:XR 
    Incidence1=0; 
for jj=8:Y-8 %%(columns - 8) 
     if I(ii,jj-7)>20000 
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      if  I(ii,jj-1)>20000 
       if I(ii,jj)<20000 
        if Incidence1==0 
           Incidence1=Incidence1+1; 
           Start=jj; 
        end 
       end 
      end 
     end 
     %end 
    if Incidence1==1 
     if I(ii,jj+7)>20000 
      if  I(ii,jj+1)>20000 
       if I(ii,jj)<20000  
          End=jj;        
       end 
      end 
     end 
    end 
  end 
   LENGTH=[LENGTH ; IndexSelected End-Start]; 
 end 
end 
    
figure(2) 
imagesc(I); 
impixelinfo 
           
figure(3) 
plot(LENGTH(:,1),LENGTH(:,2)) 
xlabel('Time(seconds)'); 
ylabel('Fluorescence(Pixels)'); 
      
%%%CLEAN 
figure(4) 
T=sprintf('From position %d to %d',XL,XR) 
title(T) 
plot(LENGTH(:,1),LENGTH(:,2),'x') 
xlabel('Time(seconds)'); 
ylabel('Fluorescence(Pixels)'); 
Calibration=(1/0.650); %Calibration (0.650 pixels/microns) 
Volumeincubicmicrons = Calibration*LENGTH(:,2)*12*15; % Volume Calculation 
(Height*Width*length) Height= 12 microns, Width= 15 microns  
Volumeinpicoliter = Volumeincubicmicrons*(1/1000) %%(1 pL = 1000 um3) 
time = (1:1:numel(Volumeinpicoliter))'; %Time it took the bubble to disappear 
  
figure (5) 
plot(time,Volumeinpicoliter) 
xlabel('Time(seconds)'); 
ylabel('Volume(picoliters)'); 
hold on 
% toc 
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• Competent	of	microscopic	image	analysis	

	 	 	 	
	 	 INDICASAT-AIP,	Panama	City,	Panama																																													Summer	Internship	2011	
	 	 Neuroscientist	Assistant			

• Established	a	protocol	for	analyzing	neurophysiological	data	
• Dominate	a	specialized	data	acquisition	system	and	software		
• Contribute	in	the	development	of	a	neural	recording	procedure	

	
Skills																				Extensive	technical	writing	and	scientific	presentation	experience.	

Experience	in	training	new	staff	
Technical	expertise	in	photolithography	and	soft	lithography	
Knowledge	on	Microsoft	Office,	MetaMorph,	ImageJ,	AutoCAD,	SolidWorks	and	Matlab	
Foreign	Language:	Fluent	in	Spanish	

	
Awards		 Abraham	Lincoln	Fellowship	2014-2015	
	 	 Supporting	Excellence	Endowment	2011-2012	
	 	 Thomas	A.	Bullen	Scholarship	2009		 	


