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ABSTRACT 

 
This report presents the fabrication of a microfluidic device using the UV lithography 

method in order to separate nonmagnetic fluoresbrite carboxy microspheres from the mixed 

ferrofluids in microchannels. The microfluidic device is fabricated using a SU8-50 negative 

photoresist that is exposed to the UV lights with a mask (Y shape) on the top of the photoresist. 

By applying the external magnet from a side of the microchannel, the fluoresbrite carboxy 

microspheres and ferrofluids are separated into different channels because of the magnetic force 

acted on the nonmagnetic spheres. 

During the fabrication, a number of different parameters, such as UV exposure times, UV 

power, photoresist thickness, etc. were conducted and optimized for our needs. In addition, in the 

magnetic field testing, different pumping speeds, and particle concentrations associated with the 

different distances between the magnet and the microfluidic system were studied for an efficient 

separation. 
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CHAPTER 1 

INTRODUCTION 

In recent years, the technology of miniaturization has been developing. This occurs in all 

research areas, such as electromechanical, mechanical, thermal, and fluidic device fabrication 

and characterization. The microelectro-mechanical system (MEMS) has become considerably 

diverse. Electromechanical systems that vary in size from 1 to 300 micrometers are regarded as 

MEMS. Microfluidics devices for biomechanical analysis also become more popular in the 

engineering and science research areas [1-5]. One major use is to test the blood samples and 

separate specific cells. Currently, the highest efficiency cell sorting techniques include flow 

cytometry [6], cellular therapy, and dielectrophoretic sorting [7] among others.  

Using an external magnetic field to guild the movement of cells is a novel method of 

sorting cells. There are several methods regarding the sorting of magnetic particles and cells. 

Some of them use the micromachined magnet [8], and others are using conventional 

electromagnets [9] [10]. When the ferrous particles or cells go through the channel, the external, 

permanent magnet provides the magnetic field which diverts the ferrous particles from their 

original path to the side of the channel closet to the magnet’s location.  Fluids with nonferrous 

particles are expected to go to the further side of the channel. Thus, the guiding of the magnetic 

particles or cells away from nonmagnetic particles within fluid could be achieved.  

Lab-on-a-chip is a device that integrates one or more laboratories functions on a single 

mm to cm size chip that is capable of handling micro scale fluidic volumes. Some of the cell-

sorting methods work well with conventional magnets, such as magnets placed on a lab-on-a-

chip and changing the distance of the magnet to the channel to characterize the sorting quality.  
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This is the main interest of my research, because micro fabrication technology on the lab-on-a 

chip is becoming more important.  

This paper has a discussion of how nonmagnetic particles are separated in a microfluidic 

device. A microfluidic device was made by the MEMS method, and then injected with ferrofluid 

and non-magnetic particles into the microchannel while had an external magnet applied to 

change the normal path of the particles.  
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CHAPTER 2 

BACKGROUD AND LITERATURE REVIEW 

2.1 Theory 

It’s important to know the scaling law and theory that to analyze the equilibrium 

prevailing in the miniaturized system before entering the nanoscale world.  

2.1.1 Physics of miniaturization 

The scale of miniaturization is the idea about how the physical properties being changed 

in nano scales compared with the material properties when it’s in bulk scale. Scaling law means 

the law of the variation of physics quantities with the size l of the system or the object in 

question. There are two ways to better know about scale l: 

a) Scale represents the order of magnitude of the size of the object when it has the same 

dimension in the three spatial dimensions.  

b) The quantity l must be understood to do a scale controlling of all dimensions of the system 

when an object is anisotropic, and if the length of the object is larger than its width and 

height, all dimensions increase while l increases [11]. 

      M ~ V ~ l
3
                                                                                                                         (2-1) 

where M is the mass and V is the volume of an object of size l. Mostly, the relation between 

the quantity under consideration and the scale of the system implicates other quantities. 

There are two possibilities [11]: 

a) The physical quantities that constants appearing in the scaling law. It works for van der 

Waals force per unit surface between two planar interfaces, and the expression is: 

36 l

A
FV

π
−= ,                                                                                                                  (2-2) 

where A is the Hamaker constant. 
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b) Physical quantities showing in the scaling law depend on its scale. This is the example for 

electrostatic forces where besides the size of the system, the electric field and the 

dielectric constant of the surroundings intervene. The expression for electrostatic force is: 

Fe ~ єE
2
l
2
                                                                                                                        (2-3) 

where є is the dielectric constant of the environment in question and E is the electric 

field in the system. 

When two forces are present, it is the force associated with the weaker exponent that 

becomes dominant in miniaturized systems. So, the equilibria used in bulk situation can be 

disrupted at a micrometric scale.   

2.1.2 The П theorem 

The П Theorem allows the reduction of the effective number of variables of a system, 

and the prediction of the consequences of miniaturization. A good expression includes the 

definition of matrices and the determination of their row by calculating the number of variables 

without independent dimensions. Here is the equivalent form:  

A = f (a1, a2,…an)                                                                                                                        (2-4) 

in a system of units consisting of k independent units, then the law can be written to be:  

П = g (π1,π2, …πn-k)                                                                                                                     (2-5) 

where π s are the dimensionless products formed from the initial quantities.  

2.1.3 Reynolds number in microsystems 

The usage of the П theorem shows that stationary, incompressible flows that are 

characterized by one single spatial scale l are controlled by a single dimensionless number: the 

Reynolds number.  

Its expression is:  
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v

Ul
R e =

                                                                                                                                       (2-6) 

where U is the characteristic velocity of the fluid and v is its kinematic viscosity. The fluid 

velocities do not exceed a centimeter per second and widths of canal are on the order of tens of 

micrometers; that means Reynolds number in microfluidic systems do not exceed 10
-1

. There is a 

law obtained by analyzing the flow of a low Reynolds number, incompressible Newtonian fluid 

along a microcanal characterized by the scale l, that the velocity U satisfies U ~ l in a large 

number of situations. In this case, the velocity of fluid is estimated by: 

µ

Pl
U

∆
~                                                                                                                                      (2-7) 

where P∆  means the pressure difference needed to move the fluid. Practically, flow in many 

microfluidic systems is produced by placing the inlet at higher pressure, but normally it is done 

by moving the piston of a syringe. In this situation, P∆  is on the order of one bar or a fraction of 

a bar regardless of how the pressure difference is obtained. If this value is compared with a non-

miniaturized system, the velocity is proportional to the scale Re ~ l
2
. Thus the miniaturization 

tends to favor low Reynolds numbers. Generally, regardless of the location of pump, the 

Reynolds number is typically low in the microsystems. There is an exception even though this 

rule applies well for most of the microfluidic systems of practical interest. For example, 

microheat exchangers with sub-millimetric channels destined to function at high speeds, or 

microjets strongly propelled across a micro-orifice at high speed are exceptions. 

2.2 Microfluidic device 

Micro means small size, small volume, low energy consumption, or effects on the micro 

domain. In 1975, the first miniaturized gas chromatography system was created by S.Terry at 

Stanford University, and IBM adopted the idea, and incorporated it into the manufacturing of 
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inkjet printers. In the following years, advanced research in microfluidic research was slow to 

develop, but in the twenty-first century, research in microfluidic devices has seen an increase in 

breakthroughs and useful applications. Now microfluidic device is the one of top areas of 

research. 

A microfluidic device is the device that deals with the behavior, precise control, and 

manipulation of fluids that has at least one dimension less than 1 micrometer. Specimens are 

commonly tested or used in microfluidic devices such as blood samples, cell samples, bacteria in 

blood suspensions, antibody solutions, and various buffers. 

There are many different measurements that are done with microfluidic devices, 

including quantitative analysis of molecular structures [12], optical chemical sensor [13], and 

enzyme reaction kinetics [14]. Other applications for microfluidic devices include capillary 

electrophoresis [15], DNA separation and detection [16], mammalian embryos handling [17], 

and cell separation [18]. Using a microfluidic device can reduce the use of expensive reagents by 

limiting the amount of reagents used. Furthermore, microfluidic devices can improve the lives of 

many people by using smaller portable devices instead of large bulky device. 

 

2.3 UV photolithography  

Photolithography plays a significant role in the micro-fabrication system. It is the process 

that transfers customized geometric shapes on a mask to the substrate [19]. The steps that are 

involved in the photolithographic process are surface cleaning, photoresist application, spin 

coating, soft baking, mask alignment, exposure, post soft-bake, and development.  

 

2.4 Wafer cleaning and photoresist application 
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First, wafers need to be cleaned in order to remove particulate matter on the surface as 

well as any traces of organic, ionic, and metallic impurities. After cleaning, photoresist is applied 

to the surface of the solid substrate of silicon wafer or glass. High-speed centrifugal whirling of 

silicon wafers are a normal way of applying photoresist coatings. This technique is called spin 

coating that produces a thin uniform layer of photoresist.  Thickness depends on what type of 

Photoresist applied on the wafer surface. 

 

2.4.1 Positive and negative photoresist  

Figure 2.1 shows two types of photoresist that are typically used in this research: positive 

and negative. For positive resists, the resist is exposed to UV light where the underlying material 

is to be removed. In these resists, exposure to the UV light changes the chemical structure of the 

resist so that it becomes more soluble in the developer. The exposed resist is then flushed away 

by the developer solution which leaves the bare, underlying material. Therefore, the mask 

contains the exact shape of the pattern on the wafer.  

Negative photoresist behaves in the opposite way of the positive photoresist. The 

negative resist becomes polymerized by exposure to UV light, thus making the shape of the resist 

that has been exposed becomes more difficult to dissolve. Therefore, the negative resist shape 

remains on the surface which has been exposed, and the developer solution removes only the 

unexposed portions. Negative resists were popular in the early history of integrated circuit 

processing, but positive resist gradually became more widely used since they offer better process 

controllability for small geometry features. According to the microfabrication, it’s not important 

to choose either positive or negative resists: negative resists have better adhere to the substrate 
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and tend to be more chemically resistant than positive resists. However, positive resists have 

better contrast of the photosolubility. 

 

 

Figure 2.1: The figure shows the pattern differences caused from the use of positive and negative resist. 

 

 

2.4.2 Soft-bake 

Soft-baking is very important in photo-imaging. The photoresist coatings become 

photosensitive after soft baking. This is the step in which almost all of the solvent is removed 

from the photoresist coating. Excessive soft-baking the wafer will degrade the photosensitivity of 

resists by either reducing the developer solubility or actually destroying a portion of the 

sensitizer. Insufficient soft-baking will prevent light from reaching the sensitizer. Positive resists 

will be incompletely exposed if considerable solvent remains in the coating. The insufficient 
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soft-baked positive resists is then readily attacked by the developer in both exposed and 

unexposed areas, causing less etching resistance.  

 

2.4.3 Mask alignment and exposure 

Mask alignment is the most important step in the photolithography process. A mask is a 

square glass plate with a patterned emulsion of metal film on one side. The mask is aligned with 

the wafer, so that the pattern can be transferred onto the wafer’s surface. Once the mask has been 

accurately aligned with the pattern on the wafer's surface, the photoresist is exposed through the 

pattern on the mask with a high intensity ultraviolet light. There are three exposure methods: 

contact, proximity, and projection [19]. They are shown in the Figure 2.2 

 

Figure 2.2: The figure shows the three exposure methods. 
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a) Contact printing  

In contact printing, the resist-coated silicon wafer is brought into physical contact with 

the glass photo mask. The wafer is held on a vacuum chuck, and the whole assembly rises until 

the wafer and mask contact each other. The photoresist is exposed with UV light while the wafer 

is in a contact position with the mask. Due to the contact between the resist and mask, very high 

resolution is possible in contact printing. The problem with contact printing is that debris rapped 

between the resist and the mask, can damage the mask and cause defects in the pattern.  

b) Proximity printing  

The proximity exposure method is similar to contact printing except that a small gap, 10 

to 25 microns wide, is maintained between the wafer and the mask during exposure. This gap 

minimizes mask damage, but does not eliminate the damage. Two to four micron resolution is 

possible with proximity printing.  

c) Projection printing 

To avoid mask damage, the projection printing method would be used. The pattern on the 

mask is projected onto the resist-coated wafer, which is a few millimeters away. In order to 

achieve high resolution, only a small portion of the mask is imaged. This small image field is 

scanned or stepped over the surface of the wafer. Projection printers that step the mask image 

over the wafer surface are called step-and-repeat systems. Step-and-repeat projection printers are 

capable of approximately 1-micron resolution.  

 

2.4.4 Post exposure bake   

The Post-Exposure Bake (PEB) is a critical pattern transfer step in deep ultra-violet 

photolithography [20]. This step’s purpose is to harden the photoresist and improve adhesion of 
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the photoresist to the wafer surface. The PEB is used to activate the photo-acid created during 

the exposure. It attacks the bonds of the organic compounds within the resist, making them 

soluble to the developer solution with its self-catalyzing sequence. 

2.4.5 Development 

The last step is development. The Figure 2.3 shows response curves for negative and 

positive resist after exposure and development. The negative resist remains completely soluble in 

the developer solution at low-exposure energies. As the exposure is increased above a threshold 

energy ET, more of the resist film remains. At exposures two or three times the threshold energy, 

very little of the resist film is dissolved. For positive resists, the resist solubility in its developer 

is finite even at zero-exposure energy. The solubility gradually increases until, at some threshold, 

it becomes completely soluble. These curves are affected by resist processing variables: initial 

resist thickness, prebake conditions, developer chemistry, developing time, and others.  
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Figure 2.3: Response curves for negative and positive resist after exposure and development. 

 

 

2.4.6 Methods of fabrication of plastic MEMS 

There are three ways to replicate the shape from the MEMS. They are molding, casting 

and microinjection [11]. 

a) Molding: a mix containing a catalyst and a polymer is poured on a mold and heated. 

After reticulation, the structure is peeled off the mold and contains the pattern of the 

mold, though in ‘negative’ form 

b) Casting: the mold is pressed into a heated deformable material. After cooling and 

separation, a structure is obtained that also represents the negative of the mold. 

c) Microinjection: the heated plastic is injected in a liquid state into a mold. After 

separation, the negative of the mold shape is obtained 
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Polydimethylsiloxane (PDMS) is the main material used for the molding in microfluidic 

devices. PDMS is transparent, and is considered to be inert, non-toxic and non-flammable. It is a 

family of polymer that contains silicon oils. Working in a clean room is essential requirement for 

fabricating the mold. A mix of PDMS and a reticulating agent is poured onto the mold, which 

has been made according to the previous steps. The mold is placed into the oven with a steadily 

increasing temperature for certain amounts of time untill all the air bubbles are vacuumed out of 

the PDMS. During this phase, the mix of PDMS and a reticulating agent becomes solid, but 

remains optically clear. After that, the negative shape of the mold is obtained after carefully 

peeling off the solid PDMS. 

 

2.4.7 Plasma cleaning 

Plasma cleaning is the next step. Plasma is an ionized gas consisting of electrons, ions 

and neutral atoms or molecules. Plasma electrons are at a much high energy and then the neutral 

gas species and the plasma electron density is around 10
11

 cm
-3

. Plasma Cleaning removes the 

impurities and contaminants from the PDMS and glass surfaces. Plasma cleaning is a commonly 

used process in the semiconductor industry, which has the advantage of being solvent free, thus 

producing less waste. First of all, plasma cleaning makes PDMS, glass, and other polymer 

surfaces hydrophilic through plasma oxidation. Secondly, PDMS and glass surface bonds are 

oxidized, making them sealed irreversibly to prevent any leakage from channels in microfluidic 

devices. Also, fluid flow is enhanced with the hydrophilic surface created by plasma cleaning 

[21]. Figure 2. 4 shows the water contact angle associates with the plasma treatment time. 
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Figure 2. 4:Water drop contact angle on a blank poly (dimethylsiloxane) (PDMS) surface as a function of air plasma 

treatment time using Harrick Plasma cleaner.  

 

 

2.4.8 Magnetic guiding 

A ferrofluid is a colloidal suspension of ferromagnetic nanoparticles forming a fluid that 

spikes in the presence of a magnetic field. Stephen Papell Solomon at NASA in the 1960s was 

the first to develop and effectively prepare this colloidal system . Although several ferromagnetic 

materials are suitable for this application, magnetite (Fe3O4) is commonly used one to form the 

particles due to its crystalline structure, strong ferromagnetic behavior, low sensitivity to 

oxidation and relatively low toxicity compared to materials made with iron, nickel, cobalt, and so 

forth. [22-25]. 

The magnetite nanoparticles have to be approximately 10 nm in diameter in order to have 

the colloidal suspension system. Therefore, the thermal energy of the particles at room 

temperature is approximately equivalent to the gravitational and magnetic attractions, which is 4 
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x 10
-21

 J. Also, the whole magnetic fluid system would be stabilized by coating the magnetite 

nano-particles with a surfactant. These coatings produce a net repulsive force between the 

individual particles, thereby increasing the energy required for agglomeration and stabilizing the 

colloidal fluid [23, 24]. When a ferrofluid is exposed to a magnetic force, the polarized particles 

form chains and create spikes. In Figure 2. 5, it shows a real ferrofluid is stable enough that even 

in the presence of an extremely strong magnetic field, nanoparticles will not separate or settle 

[26, 27].  

  
Figure 2. 5:The photographs showing the spiking ferrofluids under magnetic field. 

           

Since most ferrofluids are made at either a very high or a very low pH in order to prevent 

agglomeration, their applications are limited. Having control over the pH can be crucial for many 

applications, especially in the medical field. It can also be important to have a neutral pH in 

order to avoid the corrosive effects of more acidic or basic compounds. This approach yields a 

stable, long lasting product due to the double coating on the particles [28].  

 

 

2.5 Problem statement 

Biomaterials are of biological origin or mimic biological tissue to affect biological 

processes in a living cells or tissue. In the biomedical applications, efficient and accurate drug 

delivery into the living body is a new research topic. Controlled drug delivery systems that 
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deliver therapeutic agents into a living body are an important application of microfluidics. Due to 

the successes in the recent down-scaling of genome and proteome arrays for parallel screening of 

gene or protein expressions, genome and proteome arrays can be considered as microfluidic 

devices.  

Guiding the Fluoresbrie® carboxylate microsphere/ferrofluid solution by separate 

channels is beneficial to a real in-vitro experiment.  
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CHAPTER 3 

EXPERIMENTAL 

3.1 Materials: 

3.1.1 Microfluidic Device Fabrication 

The most important material in use for building microfluidic devices is a photoresist 

solution. NANO
TM

 SU-8 50 Negative Tone Photoresist was used in this paper (Figure 3. 1), with 

a package size of 500 mL. The size of the microscope slides used was 3 inches by 1 inch by 1 

mm (Figure 3. 2). The next material was a mask pattern printed on a transparency with high 

resolution printing of 5020dpi (Figure 3.3). With this high resolution it can prevent the UV light 

from penetrating the mask and reaching the photoresist beneath it. 

In order to wash away the unwanted photoresist solution, we used the developer PGMEA 

and diacetone alcohol (4- hydroxy-4-methyl-2-pentanone) (Figure 3. 4). Last but not least, 

Figure 3. 5 shows the Harrick Plasma Cleaner used to remove the impurities and contaminants 

from the PDMS and glass surfaces before sealing them together.   

 

Figure 3. 1:The SU-8 50 Negative Photoresist. 
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Figure 3. 2:The sample glass. 

 

 

 

Figure 3.3: The initial design of the mask. 
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Figure 3. 4: The SU-8 Developer. 

 

Figure 3. 5 Harrick Plasma Cleaner system. 
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3.1.2 Magnetite Nanoparticles Fabrication 

First, 50 mL of 2 M hydrochloric acid and 55 mL of 5 M ammonium hydroxide must be 

poured into two 100 mL beakers using micropipettes and syringes. Then dissolve 2.00 g of ferric 

chloride in 40mL of the 2 M hydrochloric acid and 1.25 g of the ferrous chloride in the 

remaining 10 mL of 2 M hydrochloric acid using separate beakers. Next, combine these two 

solutions in a 125 mL Erlenmeyer flask while stirring vigorously with a magnetic stirrer at 1200 

rpm on a hotplate. While continuing to stir at 1200 rpm and at room temperature, add the 55 mL 

of 5 M ammonium hydroxide solution drop-wise. Tetramethylammonium hydroxide, sodium 

dodecyl sulfate, strong Nd2Fe12B magnets, and pH 6.00/7.00/8.00 buffers are also used.   

 

 

3.2 Procedures For Fabricating Microfluidic Devices 

3.2.1 The Coating 

 

Figure 3. 6: Place the photoresist onto the glass. 
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Deposit the SU8 50 negative photoresist onto the 3 inch by 1 inch by 1 mm microscope 

slides in a dark environment, and then use a vacuum pump connected to the spin-coater to 

provide sucking force through an exit hole at the top of the spin-coater (Figure 3. 8). Now place 

the 3 inch by 1 inch by 1 mm microscope slide securely on top of the spin coater (Figure 3.7). In 

accordance with Table 1, and with the recommended guidelines of SU8-50, the final spin should 

be 3000 rpm in order to have 40 µm on top of the glass slide after spin-coating ( 

Figure 3. 9). Initially, adjust the spin speed to 100 rpm, the time to 10 seconds, and cover 

about 75% of the wafer with SU8. Let the SU8 flow for a couple of minutes, because SU8 is 

very viscous. Next, increase the spin-coat rate of revolution from 100rpm to 500 rpm for 5 s, 

which equates to an acceleration rate of 100rpm/s. Then run it through the spin-coat again at 500 

rpm for 9 seconds. Finally, raise the spin-coat to its last speed of 3500rpm for 60s. 

 

Figure 3.7: An overhead view of the spin-coater machine. 
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Figure 3. 8: The connection between the vacuum pump and spin-coater. 

 

 

 

 
 

Figure 3. 9: This shows a thin, uniform film of about 40 µm on top of the glass slide after spin-coating. 
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Product 

 
Thickness in µµµµm Final spin 

Speed in rpm 
SU8-50 

 

 

40 3000 

50 2000 

100 1000 

 

Table 1: Thickness vs. final spin speed for various SU8 samples (data taken from Microchem). 

 

3.2.2 Soft-Baking The Sample 

The photoresist coatings become photosensitive after soft-baking. This soft-bake process 

evaporates the solvent from the photoresist, so the soft-bake time depends on the photoresist’s 

composition and its thickness, as seen on Table 2. The two steps shown below will produce a 

SU8-50 photoresist that is 40um thick. Now bake it at 65°C for 5 minutes in an oven, as shown 

in Figure 3.10. Then raise the temperature to 95°C for 15 minutes to finish the soft-bake process. 

 

Product 

 
Thickness in µµµµm 

 

Step 1: soft-bake 

  time (min) at 65C 

Step 2: soft-bake 

time (min) at 95C 

SU8-50 40 5 15 

 50 6 20 

 100 10 30 
 

Table 2: Recommended soft-bake times from Microchem. 
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Figure 3.10: The oven with the thermometer. 

 

 

3.2.3 Curing Process: Exposure to UV 

The glass needs to be aligned properly with the mask ( 

Figure 3. 12) on top of it, but it is also important to have a uniform contact between the 

mask and film. After that, put them three inches under the UV light (Figure 3. 11). From  

Figure 3. 13, observe that there is a UV lamp house working with the timer and power 

supply on its right side. Set the power to 300 mJ/cm
2
 and expose the sample for 30 seconds.  

Figure 3. 14 shows a higher resolution image of the specimen. Even though Table 3 

shows that a 30 second exposure time is required to cure 40 um thick coating, extra time is 

always added for a complete reaction. Thus, 45 seconds were used to remove a coating thickness 

of 40 um in these experiments.  It is better to over-expose than under-expose the sample, because 
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under-exposure can weaken the pattern’s structure, while over-exposure can only ensure an 

accurate pattern. 

 

 

 

 
Figure 3. 11: The diagram of the exposure pattern. 

 

 

 

 

 
 

Figure 3. 12: The mask with a high resolution printing of 5020dpi. 
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Figure 3. 13: The UV lamp house works with the power and timing control. 

 

 
 

Figure 3. 14: The mask is on the top of the photoresist under the UV exposure. 
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Product Thickness in  µµµµm Expose dose in mJ/cm2 Time of exposure in s 

SU8-50 

 

 

40 300 30 

50 500 50 

100 650 65 
 

Table 3: Recommended UV exposure time. 

 

3.2.4 Post Soft-Bake   

The post-UV Exposure Bake can be applied to the softening point of the resist without 

destroying the structures due to the still closed resist film. To minimize stress, wafer bowing, and 

resist cracking a second step of baking should be done at this time. Using Table 4 as a reference, 

bake the photoresist for two minutes at 65°C and then raise the temperature to 95°C for four 

minutes.  

Product 

 

Thickness in µµµµm 

 

Step 1: PEB 

time (min) at 65°C 

Step 2: PEB 

time (min) at 95°C 

SU8-50 40 2 4 

  50 2 5 

  100 30 10 
 

Table 4: Recommended PEB time from Microchem. 

 

3.2.5 Development of the Photoresist Sample 

There is a way of eliminating the unwanted photoresist solution in this experiment. The 

SU-8 solution development is a simple process since it only requires immersion of the patterned 

glass in the 100% pure developer and a final rinse with Isopropanol (IPA), as is shown in Figure 

3. 15. Once this step is done, the pattern clearly remains on the glass, and the unwanted 

photoresist disappears, as shown in Figure 3.16.                  
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Figure 3. 15: The glass digs into the developer. 

 

 

Figure 3.16: The mold appears on the glass. 

             

3.2.6 Treatment For the PDMS Coating 

First, the glass slide needs to be left in a plastic cup. (Figure 3. 21) Then put them into the 

vacuum chamber which has aluminum film at the bottom, and then put 1mL TMCS inside the 

vacuum chamber. Let the TMCS vaporize to produce a layer of mist on top of the pattern, which 

takes about 5 minutes.  The vapor coating will help in peeling off the PDMS from the glass slide. 

(Note: The TMCS is hazardous, so refer to the safety guidelines from the company [29].)  
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Figure 3.18 shows one base and one curing agent taken from the Sylgard® 184 silicone 

elastomer kit. Mix them up with a 9:1 ratio, which means with 9 mL base and 1 mL curing agent 

(as shown in Figure 3.18 to Figure 3.20). Then, the mixed agents need to be poured into the 

plastic cup which has the glass slide at the bottom. The materials need to be left inside the 

vacuum chamber with the vacuum pump (Figure 3. 22) connected for at least 30 minutes to make 

sure all of the air bubbles are vacuumed out from the mixed agent system. During this period a 

constant pressure of 28 inHg needs to be maintained in the vacuum chamber. This entire process 

is shown from Figure 3. 23 to Figure 3. 28. The air bubbles are most numerous in the first five 

minutes, and then reduce in number as the bubbles are sucked out of the system. 

 

 

Figure 3.17: The TMCS and Sylgard® 184 silicone elastomer kit. 
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Figure 3.18: The Sylgard® 184 silicone elastomer base. 

  

 

 

Figure 3.19: The Sylgard® 184 silicone elastomer curing agent. 
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Figure 3.20: Thoroughly mix the base and curing agent. 

 

 

Figure 3. 21: Place the mold inside the cup. 
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Figure 3. 22: The connection with the vacuum chamber. 

 

 

Figure 3. 23:  The bubbles at five minutes’ time. 

  



 

33 

 

 

Figure 3. 24: The bubbles at ten minutes’ time. 

  

 

 

Figure 3. 25: The bubbles at fifteen minutes’ time. 
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Figure 3. 26: The bubbles at twenty minutes’ time. 

  

 

 
 

Figure 3. 27: The bubbles at twenty five minutes’ time. 
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Figure 3. 28: The bubbles at thirty minutes’ time. 

  

After all of the air bubbles have disappeared, put the sample into the oven. (Figure 3.10) Set 

the oven’s temperature to 80°C, and bake for 3 hours in order to harden the PDMS. Cut the 

PDMS down to the same size as the glass slide (Figure 3. 29) after baking, and then peel off 

the PDMS from the glass carefully. Put a new 3 in by 2 in glass slide and the PDMS with the 

pattern facing up into the plasma cleaner together, as shown in Figure 3. 30, and use oxygen 

(O2) or room air as the process gas. Set the pressure to 100 mTorr, set the radio frequency 

(RF) power to Medium, adjust the air valve to make sure the plasma (purple color) is at the 

brightest level, and process the plasma treatment for 60 seconds. 
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Figure 3. 29: Cut the PDMS off of the glass. 

  

 

Figure 3. 30: The Harrick plasma-cleaner. 

 

Avoid extended plasma treatment times -- the prolonged plasma exposure will cause cracking 

in the PDMS and migration of low molecular mass molecules from the center of the PDMS 

to its surface, decreasing the number of hydrophilic SiOH groups and resulting in weak or 
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incomplete bonding [30]. Oxidized PDMS and glass surfaces should be brought into contact 

immediately after plasma treatment to achieve the strongest possible bond, as shown in 

Figure 3. 31. The PDMS surface recovers hydrophobic properties about an hour after the 

plasma treatment is finished [31, 32]. 

 

Figure 3. 31: Attach the PDMS to a new glass slide. 

 

 

3.3 Procedure For Fabricating Magnetite Particles  

3.3.1 Synthesis Of Magnetite Nanoparticles 

First, put 50 mL of 2 M hydrochloric acid and 55 mL of 5 M ammonium hydroxide 

solutions in 100 mL beakers using micropipettes and syringes. Then dissolve 2.00 g of ferric 

chloride in 40mL of the 2 M hydrochloric acid and 1.25 g of ferrous chloride in the remaining 10 

mL of 2 M hydrochloric acid in separate beakers. Once the solids are completely dissolved, 

combine these two solutions into a 125 mL Erlenmeyer flask while stirring vigorously with a 

magnetic stirrer at 1200 rpm on a hotplate. Figure 3. 32 and Figure 3. 33 show the ferric chloride 

and ferrous chloride salts and their dissolved solutions in 2 M of HCL solutions [35]. 
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Figure 3. 32: Ferric chloride and ferrous chloride. 

 

 

 
 

Figure 3. 33: 2.00g ferric chloride in 40mL of 2M 

HCl and 1.25g ferrous chloride in 10mL of 2M HCl. 

 

 

 

While continuing to stir at 1200 rpm and at room temperature, add the 55 mL of 5 M 

ammonium hydroxide solution drop-wise. This step should take at least 5 minutes or so. The 

black magnetite nanoparticles which form will have a diameter of approximately 5 -15 nm. No 

inert gas (nitrogen, argon, etc.) is used in these steps.  Figure 3. 34 through Figure 3. 36 show the 

photographs taken during the experiments to form the magnetic nanoparticles. 
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Figure 3. 34: Solution with approximately 2.5 mL of 5M NH4OH added 

 

 

 
 

Figure 3. 35: Solution with approximately 2.6 mL of 5M NH4OH added. 
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Figure 3. 36: Solution with approximately 2.7 mL of 5M NH4OH added. 

 

As shown above, there is a point when the color begins to change quickly. Once all of the 

magnetite nanoparticles have formed, the dispersion appears dark in color. Allow the dispersion 

to stir for 5 minutes, and then use a strong magnet to settle all the magnetic particles to the 

bottom of the flask. Keep the stirring bar in the beaker to increase the settlement of magnetic 

nanoparticles. Finally, decant the excess ammonium hydroxide solution into a waste bottle, and 

then wash the dispersion 5 times using 50 mL of DI water each time.  Figure 3. 37 show the 

photographs of the magnetite nanoparticles and transmission electron microscopy (TEM) images 

of those particles (~10 nm) at low and high magnifications.   
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Figure 3. 37 Photographs shows the TEM images of the magnetite nanoparticles (~10 nm) at low (left) and high 

(high) magnifications. 

 

 

3.3.2 Functionalization of Magnetite Nanoparticles 

 

Surface functionalization is a process of introducing chemical functional groups on the 

surface of the materials. After the functionalization, the materials surface will act as completely 

different materials based on the used functional groups (e.g., hydrophobic, hydrophilic, 

biodegradable, biocompatible, etc.) [12-14].   

In the functionalization part, previously prepared magnetite nanoparticles are used. First, 

remove all water from the dispersion, and then add 20 mL of fresh de-ionized water into the flask. 

Heat the dispersion to 85ºC ( ± 5ºC) on the hotplate while stirring at 500 rpm. Use a thermometer 

placed in the dispersion to monitor the temperature. Once the desired temperature is reached, add 

0.5 g of citric acid in 2 mL of de-ionized water. Wait 10 minutes to let the surfactant molecule 

(citric acid) adsorb on the surface of the magnetic nanoparticles, which is a critical step for 

making ferrofluids. Next, use a cold water bath to cool the dispersion to room temperature.  

Prepare a 25% (by weight) sodium dodecyl sulfate solution, and add 1 mL of this to the 

dispersion at room temperature while stirring at 500 rpm. Wait 15 minutes to functionalize the 
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magnetic nanoparticles. This will make a stronger ferrofluid. Next, prepare a solution which is 

one part 25% tetramethyl ammonium hydroxide dissolved in one part water.  Figure 3. 38 shows 

the magnetic nanoparticles and ferrofluids without a strong magnetic field applied. 

 

 

    
 

Figure 3. 38: Photographs showing the magnetic nanoparticles (left), and ferrofluid without a strong magnetic field 

applied. 

 

For a pH 7.00 ferrofluid, add 2.30 mL of the tetramethyl ammonium hydroxide (TMAH) 

solution, while for pH 8.00 ferrofluid, add 2.70 mL of TMAH solution. Stir for 10 minutes at 500 

rpm at room temperature. After transferring all of the dispersion to a weigh boat, remove the 

stirring bar and place a magnet under the weigh boat to collect the particles. Wait 5 minutes, and 

then completely remove the top black liquor. Control the pH values using a pH meter. The pH 

should read within 2.0±  of the desired value.  

To increase yield, it is important to collect the remaining functionalized particles from the 

magnetic stir bar. This can be done by placing the stir bar in a weigh boat, and then placing an 

Nd2Fe12B magnet under the weigh boat. Combine these particles with those collected from the 

liquor, and wash the dispersion twice with 1-2 mL of DI water each time. It is important to do 

this without losing particles.  



 

43 

 

Add 0.15 mL of a buffer solution (pH 7.00 or 8.00), transfer the fluid to a long cylindrical 

tube, close the lid and sonicate for 10 minutes to disperse. After setting for two days, any larger 

particles or agglomerates will settle down. At this point, either use a micropipette to remove the 

top portion (90%) of the ferrofluid from the bottom portion (10%) or filter the ferrofluid using a 

100 nm pore size filter (Millex-VV Filter Unit). Check the ferrofluid under a microscope using 

microscope slides and a magnet.  

The remaining ferrofluid will be negatively charged and have approximately a 1.4 g/cm3 

dispersion density, 35.2% solid content and 8.8% volume concentration. The ferrofluid will spike 

when exposed to a high magnetic field. It can safely be stored in a plastic bottle at 4ºC for more 

than 6 months.  

 

      
 

 

Figure 3. 39: Photographs showing the ferrofluids at pH 7. 
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Figure 3. 40: Photographs showing the ferrofluids at pH 8. 

 

  

3.4Separating 

Fluoresbrie® carboxylate microspheres are fluorescent monodispersed polystyrene 

microspheres that have carboxylate groups on their surfaces, which can be activated for the 

covalent coupling of proteins. Polysciences Fluoresbrite® particles are used worldwide in 

phagocytosis and neural retrograde transport studies. From the photo below, it clearly shows the 

diameter of the Fluoresbrie® carboxylate microspheres are around 4.4596 µm, which is very 

close to the 4.5µm. Remember that the measured particles from the manufacturer were 4.5 

micrometers in diameter. Thus the difference between them is only .8978%, which is well within 

acceptable bounds for the purposes of these experiments. This near equivalence in size can be 

seen in Figure 3. 41.  

Notice that by taking advantage of UV microscopy the particles shine with a distinctly 

bright yellow color, which helps greatly with identification. The procedure of preparing the test 

sample begins with the mixing of 0.2 mL of Fluoresbrie® carboxylate microspheres into 1.8 mL 

of DI water. This combination results in 10% dispersion. Then 0.1mL, 0.2 mL, and 0.3mL 
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respectively are taken from the 10% dispersion and added into 2mL of ferrofluid. Finally, this 

solution is used in the aforementioned tests. 

 

 

Figure 3. 41: Fluoresbrie® carboxylate microspheres. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Fabrication of microfluidic devices 

It is important to find the effect of changing critical parameters that are relevant to the 

width of the microfluidic channel. The widths are varied, with different powers and different 

exposure times for each one. The results of the experiments that have been done with these 

parameters are summarized in  

Table 5: 

Exposure Power vs. Width of Channel 

Power (W) 200 300 400 500 mask 

Exposure Time 

(s) 
30 45 30 45 30 45 30 45  

Width of 

Channel (µm) 
253.17 288.48 305.32 446.58 376.49 448.21 450.92 465.59 242.85 

 

Table 5: Each exposure power results in a different channel width. 

 

 

Table 5 shows the two exposure times of 30 seconds and 45 seconds used in the 

experiments associated with the different power levels of 200W, 300W, 400W, and 500W.  The 

original width of the mask is 242.85 µm, so the ideal width of the channel should be close to this 

value. Figure 4. 1 shows that as the power is increased, the width of the channel is increased for 

both 30s and 45s times. As a general rule, longer exposure times produce wider channels.    
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Power vs Width
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Figure 4. 1: The graph of exposure power vs. channel width. 

 

 

200 W-30 seconds 

 

200 W-45 seconds 

 

Figure 4. 2: A comparison of the 200 W power level at both exposure times. 
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300 W-30 seconds 

 

300 W-45 seconds 

 

Figure 4. 3: A comparison of the 300 W power level at both exposure times. 

 

 

 

 

400 W-30 seconds 

 

400 W-45 seconds 

 

Figure 4. 4: The comparison of the 400 W power level at each time interval. 
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500 W-30 seconds 

 

500 W-45 seconds 

 

Figure 4. 5: The comparison of the 500 W power level at each time interval. 

  

The UV system provides an output of 76mW/cm-2 from a 500 W Hg lamp, and for 30 

seconds and 45 seconds the exposure energy would be 2280mJ/cm-2 and 3420mJ/cm-2 

respectively. It is evident that the 500 W power level constituted over-exposure because there are 

cracks easily seen in the images. The 400 W figure photos show that 45 seconds produces more 

cracks than 30 seconds. Similarly, the 300 W photos of 30 seconds have a better image than the 

photo of 45 seconds. Two hundred watts is the most desirable power level that has been 

determined in these studies, since it results in the best images.  However, the image of 200 W 

with 45 seconds still has more crack lines than the image of 200 W with 30 seconds, though the 

former does have clearer edges than the latter.  

4.2 Guiding Fluoresbrie® Microspheres by Magnetic Fields 

In order to guide these microspheres using magnetic fields, Fluoresbrie® carboxylate 

microspheres and previously prepared ferrofluid were mixed together in different ratios.   

As seen in Figure 4. 6 (a), the Fluoresbrie® carboxylate microspheres pass uniformly 

through the two branches of the channel, the upper side and lower side, in the absence of a 
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magnetic field. When the rate of flow is high, the particles appear as a continuous line due to 

laminar flow in the channels.  

Figure 4. 6 (b) was captured with a pumping speed of 0.15 mL/hr, and it indicates a clear 

separation boundary at the center of the channel. The darker color is the Ferrofluid, which is 

clearly being attracted by the magnet’s magnetic field. The golden dots are the Fluoresbrie® 

carboxylate microspheres that were externally displaced by 10 nm of magnetite particles 

concentrating near the magnet. 

Figure 4. 6 (c) was captured with a pumping speed at 0.2 mL/hr. The separation is still at 

center of the channel, but the Fluoresbrie® carboxylate microspheres particles are not as clear as 

they are in Figure 4. 6 (b). The cause of the separation is the higher rate of movement of the 

particles. 

From Figure 4. 6 (d), this image was captured with a pumping speed of 0.25 mL/hr. The 

darker shadow dominates 2/3 of the width of the channel, and the Fluoresbrie particles are 

pushed further toward the outer channel of wall where magnetic field is lower. 

Figure 4. 6 (e) was captured with pumping speed of 0.3 mL/hr. It is hard to see the 

Fluoresbrie particles clearly due to the high rate of flow compared with previous pumping speeds. 

Between a speed of 0.25 mL/hr and 0.3 mL/hr, the boundary line of Ferrofluid/Fluoresbrie 

particles could not be viewed clearly.  

 Figure 4. 6 (f) was captured at a pumping speed of 0.35 mL/hr. It is the fastest pumping 

speed in this experiment, and the boundary between the dark fluid and clear fluid is getting 

closer to the side of the lower channel. The Fluoresbrie particles are faster, which look like a 

chain with indistinguishable links in the image.  
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e)  

 

(f) 

Figure 4. 6: Images of the successful separation. 
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4.3 Image distortions 

  

 shows that there are three different speeds -- 1 mL/hr, 2 mL/hr and 3mL/hr -- to be tested 

for each of the concentrations. The distance of the magnet from the ferrofluidic device comes in 

three levels of 0 cm, 1cm, and 2cm, and has been tested for each speed category.  

 

Table 6: The comparison parameters for the experiments. 

 

The group of photos from Figure 4. 7 through Figure 4. 33 is taken with the different 

parameters, and some unexpected magnetism distortion situations occurred during the 

experiments. As the photos show, the magnetic field affects the images taken from the 

microscope machine, and the images should only be taken in the intersection area of the 

microchannel according to the interest of this research. Regarding the limitations of the 

experiment instruments, it is hard to tell the pattern for the guiding path of the Fluoresbrie 

carboxylate microspheres.   

The ferrofluids and the Fluoresbrie carboxylate microspheres can easily settle down on 

the bottom of the syringe before being pumped out if the syringe is held horizontally.  This will 

Concentration 

0.1 mL of 10% dispersion and add it into 2mL of ferrofluid 

Speed (mL/hr) 0.25 0.5 0.75 

Distance(cm) 0cm 1cm 2cm 0cm 1cm 2cm 0cm 1cm 2cm 

Concentration 0.2 mL of 10% dispersion and add it into 2mL of ferrofluid 

Speed (mL/hr)  0.25   0.5    0.75   

Distance(cm) 0cm 1cm 2cm 0cm 1cm 2cm 0cm 1cm 2cm 

Concentration 0.3 mL of 10% dispersion and add it into 2mL of ferrofluid 

Speed (mL/hr)   0.25       0.5    0.75    

Distance(cm) 0cm 1cm 2cm 0cm 1cm 2cm 0cm 1cm 2cm 
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prevent the mixed solvents from uniformly being pumped into the microchannel, and this 

suggests the cause of poorly mixed particles in the experiment is that the particles are not being 

pumped into the microchannel for a few seconds before the experiment is at a stable state. 

However, guiding microspheres was still successful with the experimented variables, because 

trends of the flow patterns could be seen. The slower pumping speed gives a greater distance for 

the Fluoresbrie carboxylate microspheres to disperse to one side of the microchannel; conversely, 

the faster pumping speed gives a narrower path for the Fluoresbrie carboxylate microspheres 

when they are pumped into the channel.  Therefore, one more comparison experiment is 

completed in order to have better images of how the Fluoresbrie carboxylate microspheres 

dispersed in the micro-channel. 
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Figure 4. 7: 0.1mL of 10% dispersion 

0.25 mL/hr with magnet distance from 

device of 0cm. 

 

 

  

 

Figure 4. 8: 0.1mL of 10% 

dispersion 0.25 mL/hr with 

magnet distance from device of 

1cm. 

 

 

 

 

Figure 4. 9: 0.1mL of 10% 

dispersion 0.25 mL/hr with 

magnet distance from device of 

2cm. 

 

 

 

 

 

Figure 4. 10: 0.1mL of 10% dispersion 

0.5 mL/hr with magnet distance from 

device of 0cm. 

  

 

 

 

Figure 4. 11: 0.1mL of 10% dispersion 

0.5 mL/hr with magnet distance from 

device of 1cm. 

  

 

 

 

Figure 4. 12: 0.1mL of 10% dispersion 

0.5 mL/hr with magnet distance from 

device of 2cm. 

  

 



 

55 

 

 

Figure 4. 13: 0.1mL of 10% dispersion 

0.75 mL/hr with magnet distance from 

device of 0cm.  
 

 

 

 
Figure 4. 14: 0.1mL of 10% dispersion 

0.75 mL/hr with magnet distance from 

device of 1cm. 

 

 

 
Figure 4. 15: 0.1mL of 10% dispersion 

0.75 mL/hr with magnet distance from 

device of 2cm. 

 

 

 

 

 

 

Figure 4. 16: 0.2mL of 10% dispersion 

0.25 mL/hr with magnet distance from 

device of 0cm. 

 

 

 

 

 

 

Figure 4. 17: 0.2mL of 10% dispersion 

0.25 mL/hr with magnet distance from 

device of 1cm. 

 

 

 

 

 

 

Figure 4. 18: 0.2mL of 10% dispersion 

0.25 mL/hr with magnet distance from 

device of 2cm. 
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Figure 4. 19: 0.2mL of 10% dispersion 

0.5 mL/hr with magnet distance from 

device of 0cm. 

 

 

 

 

Figure 4. 20: 0.2mL of 10% dispersion 

0.5 mL/hr with magnet distance from 

device of 1cm. 

   

 

 

 

 
 

Figure 4. 21: 0.2mL of 10% dispersion 

0.5 mL/hr with magnet distance from 

device of 2cm. 

 

 

 

 

 

 

Figure 4.22: 0.2mL of 10% dispersion 

0.75 mL/hr with magnet distance from 

device of 0cm. 

  

 

 

 

 

 

 

Figure 4. 23: 0.2mL of 10% dispersion 

0.75 mL/hr with magnet distance from 

device of 1cm. 

 

 

 

 

 

 
 

Figure 4. 24: 0.2mL of 10% dispersion 

0.75 mL/hr with magnet distance from 

device of 2cm. 
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Figure 4. 25: 0.3mL of 10% 

dispersion 0.25 mL/hr with magnet 

distance from device of 0cm. 

 

 

 

Figure 4. 26: 0.3mL of 10% dispersion 

0.25 mL/hr with magnet distance from 

device of 1cm. 

 

 

 

Figure 4. 27: 0.3mL of 10% 

dispersion 0.25 mL/hr with magnet 

distance from device of 2cm. 

 

 

Figure 4. 28: 0.3mL of 10% dispersion 

0.5 mL/hr with magnet distance from 

device of 0cm. 

 

 
 

Figure 4. 29: 0.3mL of 10% dispersion 

0.5 mL/hr with magnet distance from 

device of 1cm. 

 

 
 

Figure 4. 30: 0.3mL of 10% dispersion 

0.5 mL/hr with magnet distance from 

device of 2cm. 
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4.4 Mixing Beads Carrying Fluoresbrie® Microspheres With DI Water 

There is no magnet involved in this experiment. Due to the problematic previous 

experiment, it is hard to analyze the flow pattern of the Fluoresbrie® Microspheres since the 

images were distorted for some unknown reasons. Therefore, the idea of injecting the pure 

Fluoresbrie® Microspheres with DI water into each branch and reversing the flow of the original 

experiment was raised. The Fluoresbrie® Microspheres are injected from the upper branch, and 

at the same time, the DI water was pumping into the lower microchannel with the same speed of 

upper microchannel. 

From Figure 4. 34 to Figure 4. 36, these pumping speeds were too fast to have 

Fluoresbrie particles in the images clearly viewed, with 5mL/hr, 2mL/hr and 1mL/hr, 

respectively. There are only a few streamlines appearing on the upper side of the microchannel, 

and the width of the streamlines is narrow. With the slower pumping speed (Figure 4. 37 to 

Figure 4. 39), the Fluoresbrie particles could be viewed more clearly, and the widths of the 

 

Figure 4. 31: 0.3mL of 10% dispersion 

0.75 mL/hr with magnet distance from 

device of 0cm. 

 
 

Figure 4. 32: 0.3mL of 10% dispersion 

0.75 mL/hr with magnet distance from 

device of 1cm. 

 

 
 

Figure 4. 33: 0.3mL of 10% dispersion 

0.75 mL/hr with magnet distance from 

device of 2cm. 
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streamlines were also wider with the pumping speed at 0.5mL/hr, 0.45mL/hr and 0.4mL/hr, 

respectively. The Fluoresbrie particles’ flow patterns could be viewed further and more clearly 

from Figure 4. 40 to Figure 4. 42, with the pumping speed at 0.35mL/hr, 0.3mL/hr and 

0.25mL/hr. The individual Fluoresbrie particles were appearing in Figure 4. 42, and the widths of 

the streamlines remain the same width as the previously catalogued speeds. From Figure 4. 43 to 

Figure 4. 50, the images show the pumping speed at 0.2mL/hr, 0.15mL/hr, 0.1mL/hr, 0.02mL/hr, 

0.01mL/hr, 0.005mL/hr, 0.001mL/hr and 0.0005mL/hr, respectively. The trend of the images is 

that the Fluoresbrie particles were moving slower, and they can be viewed more clearly. 

The Fluoresbrie particles spread over the center line of the channel due to the slower 

pumping speed.  This is because the fluoresbrie particles have more time to spread in the channel 

filled with DI water, and the DI water didn’t have enough pressure, caused by the slow pumping 

speed, to push the particles away. 

 

Concentration 0.1 mL of 10% dispersion ONLY  

Speed 5mL/hr 2mL/hr 1mL/hr 0.5mL/hr 0.45mL/hr 0.4mL/hr 0.35mL/hr 0.3mL/hr  

          

Concentration 0.1 mL of 10% dispersion ONLY 

Speed 0.25mL/hr 0.2mL/hr 0.15mL/hr 0.1mL/hr 0.02mL/hr 0.01mL/hr 5ul/hr 1ul/hr 0.5ul/hr 

 

Table 7: The parameters table for comparison. 
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Figure 4. 34: The pumping speed is 

5mL/hr. 

Figure 4. 35: The pumping speed is 

2mL/hr. 

Figure 4. 36: The pumping speed is 

1mL/hr. 

 

 

 

Figure 4. 37: The pumping speed is 

0.5mL/hr.  

Figure 4. 38: The pumping speed is 

0.45mL/hr.  

Figure 4. 39: The pumping speed is 

0.4mL/hr.  
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Figure 4. 40: The pumping speed is 

0.35mL/hr. 

 

Figure 4. 41: The pumping speed is 

0.3mL/hr. 

 

Figure 4. 42: The pumping speed is 

0.25mL/hr. 

 

 

 

Figure 4. 43: The pumping speed is 

0.2mL/hr. 

 

Figure 4. 44: The pumping speed is 

0.15mL/hr. 

 

Figure 4. 45: The pumping speed is 

0.1mL/hr. 
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Figure 4. 46: The pumping speed is 

0.02mL/hr. 

 

Figure 4. 47: The pumping speed is 

0.01mL/hr. 

 

Figure 4. 48: The pumping speed is 

0.005mL/hr. 

 

 
 

Figure 4. 49: The pumping speed is 0.001mL/hr. 

 
 

Figure 4. 50: The pumping speed is 0.0005mL/hr. 
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusion 

Guiding the nonmagnetic particles’ flow in the microfluidic device by using the external 

magnetic field was successfully demonstrated in these studies. There are some conclusions to be 

observed. First, with the constant concentration in the mixed solvent injected into a microfluidic 

device, higher pumping speeds show the narrower width of the streamlines of the nonmagnetic 

particles in the microchannel. Second, the ferrofluids and the Fluoresbrie® carboxylate 

microspheres settle down in the solution when the syringe is held horizontal for long periods of 

time due to gravity. Therefore, this difficulty needs to be addressed to encourage confidence that 

the ratio of particles to ferrofluid is constant. Third, this experiment needs uniform nano-size 

particles; large particles can get stuck inside and block the channel, thus preventing the 

separation of the nonmagnetic particles. Any further research after this paper needs to avoid 

these problems. 

   

5.2Recommendations 

Moreover, in order to have better results regarding the particles’ flow in the microchannel, 

simulating the realistic experiment would be the best way to better understand this method. 

Magnetic particles’ size is the key determinant in smoothly making the injection. Changing the 

magnetic force to observe the separating results is another experiment that should be completed. 

Also, potential biomedical applications need to be evaluated.   
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