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Chapter 1 

Introduction 

 

1.1 Background and Statement  

 Parasite is living creature that lives inside the host. Some of them just live and 

take the food from the host, but some are also toxic to the host. Most of the parasite’s 

life cycles are relied on a mosquito. Thus, these parasites are quit hard to control and 

eliminate. Moreover, the rising of the temperature of the earth benefits the parasites, 

because the growth rate mainly depends on the atmospheric temperature [1, 2]. 

Dirofilaria immitis (heartworm) lives in canine and feline, such as dog, cat, and human. 

When they are fully grown, heartworm dwells in the heart of host. These parasites breed 

out a larvae called microfilariae and use mosquito as a vector and incubator during their 

larvae and microfilariae life-cycles. This makes D.immitis a bloodborne disease. 

Therefore, dogs and cats are wildly infected. This infection does not just affect to the 

animals healthiness but it could also kill them too. Occasionally, human would get 

infected by Dirofilaria immitis. This worm may not end up in a heart or lung, but it 

penetrates where else such as brain, skin, eye, and other organs. Treatment of this 

certain infections is to surgically remove worm adult, where they located. However, 

microfilaria cannot grow inside human blood, Therefore, heartworm cannot be 

transmitted person-to-person [3, 4]. 

 These worm were usually growth well in warmer climate. Since the global 

temperature is rising, the higher temperature shorten the time developing from larva to 

adult. Therefore, the diseases are found more frequently and broadly than it used to be 

few decades ago [5]. 

 Nowadays, there are two main heartworm disease detection methods. The first 

one is by detecting the appearance of adult worm itself such as, physical test, x-ray, 

antigen test (female worm), and antibody test (male worm). The second method is by 

detecting microfilariae such as a blood smear test [6] . 

 However, there are some limitations in using the above techniques. Lately, the 

microfluidic chips were introduced in biomedical work. By using microfluidic chip to 

separate other blood components and microfilaria, this not only would promote an 

easier way to diagnose but also reduce a fault detection from conventional smear 

method. The technique of microfluidic separation depends on the shape of micro 

channel. Contraction-expansion array is one of the designs that can sort the particles, 

based on sizes of the particles in the channel without the requirement of external forces 

[7]. 

 Other than heartworm disease, there is a lot of parasites and cells, such as tumor 

cell, that people try to diagnose using microfluidic method. Moreover, there are 
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numbers of research that not only studied about identifying the parasite, but also tested 

the chemical or physical properties of them [7-18]. 

 

1.2 Motivation 

 The detection method used nowadays takes long time to examine and depends 

on many laboratory equipments and specialists. Hence, detecting the dirofilariasis in 

rural area has been done with difficulty. Providing a laboratory-tools-free method, this 

should contribute a convenient and mobile method. The less the time used in detecting 

and analyzing, the more cases detected in a certain time resulting in saving more lives 

and preventing a further infection.  

 Even though, the simplest design like filtration can diagnose this microfilaria, 

but there is a main problem to be solved. The density of red blood cell is primary a 

concern. If this problem is fixed, the amount of red blood cells entering filter would be 

decreased and the efficiency of the filter would be promoted. 
 

1.3 Objective and Scope of the research 

To design and develop the microfluidic chip using contraction-expansion 

technique to separate Dirofilaria immitis from the blood. The scopes of this research 

are the following. 

 

1.3.1 To determine the cut-off diameter of the particles those are separated by fabricated 

channels.  

1.3.2 To study the possibility to use contraction-expansion array technique to separate 

non-spherical and motile organism. 

 

1.4 Research protocols 

1.4.1 Review about the designs and mechanisms of microchannel that were used to 

separate by size-based technique. 

1.4.2 Develop the design that is possible to separate the worm from the other blood 

components. 

1.4.3 Experiment on polystyrene beads to determine the cut-off diameter of particles at 

different Reynolds numbers of the flow. 

1.4.4 Experiment on the whole blood sample at selected conditions. 

1.4.5 Conclude and discuss on the results. 
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1.5 Expected benefits 

 This technique, filtering with a microfluidic chip, does not only provide a 

detectable method but also the stage of disease, which would be easier than the 

conventional one for veterinary to decide what diagnostic technique would be used to 

cure.  
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Chapter 2 

Literature review 

2.1 Dirofilaria  

 Dirofilaria, parasite lives in canine and human, is roundworm genus in 

Nematoda  phylum. One of them is Dirofilaria immitis, the cause of heartworm disease. 

Since the worms have killed numbers of dogs and cats, the attention was extremely 

risen. Dirofilaria immitis usually lives at Pulmonary artery, the vessel delivers blood 

from heart to lungs, or at right ventricle, bottom right room of the heart in canine, but 

lives in lungs in human. By using a mosquito as a vertebral host, the parasite can spread 

wildly throughout the region [2, 5, 19]. 

 

 2.1.1 Symptom 

 

 Dirofilaria immitis is non-toxic parasite even though it is still lethal to the host. 

Normally, adult worms form a colony, and elongate entire life which can end up to 310 

millimeters. With that length, the worm reduces the vessel flow area, going to lungs. 

Then, heart works harder than usual to deliver the same amount of blood. Consequently, 

the host will be weak, faint, pant, and even dead, from lacking of oxygen in blood. Even 

if the heart can pump the blood the same amount as it should, host is risk to get a heart 

attack or heart failure [3, 20, 21]. 

 

 2.1.2 Life cycle 

 

 Typically, adult worms, live in heart, breed and release microorganism called 

microfilariae. The larvae flow in blood circulation system waiting a vector, mosquito, 

to pick up. After they got inside the mosquito, microfilariae relocate from mosquito’s 

midgut pass by hemocoel to Malpighian tubules. In the position for 2 weeks, 

microfilariae develop two stages from Larvae 1 (L1) to Larvae 3 (L3), infective stage 

larvae. While mosquito bites the host, any canine or human, L3 infiltrate through the 

wound and embed in subcutaneous tissue nearby the cut. Three to four days after the 

infection, L3 mold to L4 then travel to its position, heart. The traveling takes 2-3 months 

and stops when the worms reach to heart as adults. Three to four months onward, the 

worms produce another generation of microfilaria, which can live up to 3 years in blood 

of a living dog. Moreover, the growth rate of larvae in mosquito depends on 

atmospheric temperature such as, at 27˚C the rate is very fast but there is no 

development below 14˚C. Normally, female worm can reproduce microfilariae entire 

life and also be able to live up to 7 years in a dog, and 2-3 years in a cat. Occasionally, 
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adult worm ends up at eye, brain, and abdominal cavity instead of heart. The life cycle 

is shown in Figure 1 [2]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 2.1.3 Morphology of microfilariae  

 

 Magnis et al. measured the size of microfilaria of D. immitis in 2013 [22]. The 

result shows that D.immitis has 301.77 ± 6.29 μm in length and 6.30 ± 0.26 μm in width. 

Naturally blood contains red blood cell, white blood cell, platelet and liquid called 

plasma. Red blood cell has 6-8 μm of diameter. On the other hand, white blood can 

categorized into many types and the sizes vary from 10-15 μm. In conclusion 

microfilaria is obviously longer than every blood component. However, the diameter 

of microfilaria is close to the red blood cell as shown in Figure 2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 Microfilaria in blood 

Red blood cell 

Microfilaria 

200 μm 

Figure 1 Dirofilaria immitis’s life cycle 
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2.1.4 Detection method 

 

 Since this nematode can kill dogs and cats, Dirofilaria needs to be identified to 

help preventing a further spreading. Detecting the existence of Dirofilaria can be done 

in three main way; symptom of infection, adult detection, and Microfilariae detection. 

 Symptom of infection can be observed by physical test. As the indicated 

symptom in dog can be separated in to three classes, which are class I, asymptomatic; 

class II, coughing and unusually easily exhausting; class III, anemia, fainting, drained 

out, and heart failure. In human, the disease tends not to show any identifiable 

condition. On the other hand, cat shows several conditions that affect with respiratory 

system more than heart, such as coughing, difficulty to breath, weight loss, vomiting, 

fainting, and sudden death. 

 Adult worm lives in a heart. By this reason, detecting the worm can be done by 

x-ray, angiography or ultrasonography at right ventricle, and antibody. 

 Lastly, microfilaria can be found in blood of both cats and dogs. There are 

numbers of traces in blood to be tested, i.e. antigen test, flesh blood smear, modified 

Knott’s test, physically filtration, and so on [6]. 

 

2.2 Microfluidic Chip  

 Nowadays, microfluidic chip has been used for several applications, trapping, 

detecting, and sorting. These operations can be done by both active and passive way. 

Active one is the name for techniques, which use field of external force to control 

particles inside the chip, Dielectrophoresis (Electrical), Magnetophoresis (Magnetic), 

Acoustophoresis (Sound wave), as only three to be named. Passive one is another way 

round, this technique uses different designs to control the flow of fluid inside, namely 

hydrophoresis (Filter), inertial focusing and vortex [7]. 

 The project’s target is to create a chip that can be used in rural area, remotely 

locate far away from laboratory equipment. High throughput is also required. For all 

the reasons indicated above, passive control is more suitable than the active one.  

Passive control of microfluidic provides a various useful purposes. Elizabeth 

Hulme et al. (2007) successfully trapped C.elegans worm for morphological study [23]. 

By using an array of square cross-sectional area with wedge-shape channel, from 100 

μm to 10 μm wide over 5 mm long. In this experiment, they used constant pressure 

across inlet and outlet, to prevent any damage that may cause to either the chip or the 

worm. After the injection of worm into the bifurcation worm-trap chip, they found that 

more than 90% of the channel could trap a single worm with a 100% of the worm is 

still alive. Moreover, this filtration had no effect on the worm behavior. The passages 

are shown in Figure 3. 
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 Beside physical analysis, the worm trapping devices are also used in chemical 

response too. In 2011, Jinjing Wang et al. tested a neuronal activity upon dynamic 

chemical stimulation in microfluidic chip [24]. The trapping zone has a shape of comb 

that can control the flow of main stream to flow back and forth until the target worm is 

in the focusing zone, which is in between the legs of the comb as shown in Figure 4.  

 

 

 

 

 

 

 

 

 

 

 

 

 In 2013, Navid Ghorashian, et al. fabricated a microfluidic chip that could 

transfer C.elegans from 16 reservoirs to the outlet [25]. These wells were controlled by 

12 valves. The flow was restricted by main channel flush inlet. From this design, they 

reported 90% of worm population was transferred from the well within 4.7 seconds. 

Moreover, they claimed that the chip reduced the bubble problem from the conventional 

sample switching method. The chip layout is shown in Figure 5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 C.elegans trap schematic (left) and photo (right) [23] 

Reservoir 

Figure 5 Multiplexer for fast delivery C.elegans from multi wells [24] 

Figure 4 Nematode trapping comb [25] 
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 In 2015, Do-Hyun Lee et al. introduced microfluidic chip integrating filter and 

micro well to separate Hela (25 μm cell), 15 μm, and 5 μm microparticle [26]. The chip 

schematic is shown in Figure 6. They flowed the sample twice, forwardly and 

backwardly, in order to discrete the particle by the size. Fluid and particles experienced 

the first filter, 18 μm width channel, which held 25 μm cell. Then, particles which 

remained were strained by 7 μm gap divided 15 μm and 5 μm. After that, they flowed 

the fluid backwardly to release the filtered microparticles, 25 and 15 μm. From the 

design of the channel 25 μm particle was drawn out by the inlet channel, but 15 μm 

particle were moved to micro-well-channel and trapped individually. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 In 2016, Y. Xiao et al. designed and experimented the chip that was used to 

detect Schistosomiasis in urine [8]. The chip layout is shown in the Figure 7. They used 

syringe to drawn out the sample from the chip. The inlet of the chip was connected to 

the urine reservoir. This chip contains fifteen 25 μm channels in the middle of reservoir 

and outlet containing the egg of the parasite. The chip gave out 100% efficiency at 300 

μl/min and 83% at 3000 μl/min.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7 Urogenital filtration chip [7] 

Figure 6 Do-Hyun Lee et al. chip integrating filter and micro well [26] 
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2.2.1 Filtration using microcapillary 

 

 In 2014, Jingdong Chen et al. separated plasma from red blood cell [27]. They 

tested 2 designs, straight line filter and square wave structure filter. They found that the 

chip gave out the better efficiency with grater dilution ratio and smaller filter gap. For 

straight line filter, they reported the lowest efficiency of filtration is 20% at lowest 

dilution ratio, 10 times, with biggest gap of the filter, 2 μm. However, they achieved 

100% of separation at 20 dilution ratio and 1 μm gap. The structure of the chips is 

shown in the Figure 8. 

 

 

 

 

 

 

 

 

 

 

 

 

 One of the nematode microfluidic filter, shown in Figure 9, has been introduced 

by Andras J. Laki’ et al. (2013). They uses D. repens, which is 369.44 ± 10.76 μm 

length and 8.87 ±0.58 μm width, as a tested subject [28]. They constructed the chips 

with a wall of twelve different sizes of micro capillary and also varied three flow rates, 

0.25, 0.5, and 1.0 ml/h. The efficiency and inhomogeneity are calculated in the function 

of micro capillary sizes. 

 

 

 

 

 

 

 

 

 

 

 

 

 The chip’s channel, 20 μm high, contained one inlet and one outlet, which is 

400 μm wide. The filtration zone was shaped as cylindrical with 1 mm of diameter. The 

sizes of micro capillaries are 6.1, 6.8, 7.6, 8.4, 9.2, 10, 10.8, 11.7, 12.6, 13.5, 14.4, and 

15.4 μm. 

Figure 8 Straight line filter (left) and square wave structure filter (right) [27] 

Figure 9 A.J. Laki et al.’s nematode filter [28] 

Filter gap 
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 Experimental procedures were divided into five steps. Firstly, they counted 

number of nematode larvae in the solution (σ pre). Secondly, serological solution was 

injected into the chip with constant flow rate. Thirdly, deionized water was pumped to 

hemorrhage the left over red blood cell and to flush it through micro capillaries, which 

helped to clarify the held microfilariae. Fourthly, they counted the nematode inside the 

chip (σ capture). Finally, the number of microfilariae were counted (σ post). 

 Efficiency of the chip was defined as the number of captured microfilariae 

divided by the post and captured microfilariae as in Equation 2.1 

 

η = 
σ capture

σ post + σ capture

 (2.1) 

 

 Inhomogeneity, as expressed in Equation 2.2, is occurred from sedimentation in 

blood during the experiment, which was described as the different between actual pre-

experiment microfilariae and number of overall microfilariae that passed through the 

chip over an actual pre-experiment microfilariae. 

 

IH= 
|σ pre - (σ capture+ σ post)|

σ pre

           (2.2) 

 

 The maximum average efficiency of 1 ml/h is 28% at 6.8 μm, and average 

inhomogeneity is 3.5%. At 0.5 ml/h, the most effective size is 6.1 μm 56% efficiency 

with 10.5% inhomogeneity. When the pump was fixed at 0.25 ml/h, the maximum is 

still at 6.1 μm but the efficiency dropped to 45% together with the variation of 

inhomogeneity in range of 65-80% depend on capillary width. 

 In conclusion, the experiments illustrate the relationship between capillary 

width and efficiency by varying flow rate. The higher flow rate used, the lower 

efficiency. On the other hand, the inhomogeneity is increased while decreasing the flow 

rate. The size of micro capillary that gives the relatively high output is smaller than the 

diameter of microfilaria [28, 29]. 

 Another filter technique was introduced by Sung-Woo Lee et al [30]. Their 

Filter bend around the inlet channel. They tested on tumor cell and blood cell in whole 

blood. This channel provided a longer filtration zone. The result showed that they can 

separate 95% efficiency with 99% purity with 10 μm gap. The chip flow channel is 

shown in Figure 10. 
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2.2.2 Contraction-Expansion Channel 

 

 Contraction and expansion channel, which uses the change of cross sectional 

area, is the new idea to either trap or sort the particles based on size of the particles. In 

the flow, there are three forces acting on the particles, which are wall interaction, 

velocity shear gradient lift, and Dean Drag force [7, 31, 32]. 

 

 From no-slip condition, fluid’s velocity has a shape of parabola, the vertex point 

at the middle of the channel. For a particle suspended in flowing fluid, velocity of 

particle is usually not equal to the fluid. Therefore, the relative velocity between the 

particle and fluid on both sides of particle is not the same. This phenomenon causes the 

pressure difference, at which the surface on near wall side, the particles experience a 

higher pressure than another side. From this difference, the particle is lifted away from 

the wall. This lift force is called wall interaction force (FW) as stated in Equation 2.3. 

 

FW = CW ρ Vm
2 a6

Dh
4 (2.3) 

 

 Velocity shear gradient is a result of curved profile of fluid. Relative velocity 

between fluid and particle at the position near to the center of the channel is in the 

direction of a flow, but the direction of the relative velocity near the wall is backward 

relatively to the flow. By that effect, the fluid generates force, pushing the particle 

toward the wall (FL) as shown in Equation 2.4. 

 

FL=CL ρ Vm
2 a3

Dh

 (2.4) 

 

 

 

Figure 10 Lateral flow filtration chip [30] 
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 From the higher magnitude of velocity shear lift gradient, the equilibrium 

position in straight channel is located at the middle of each of the side wall as shown in 

Figure 11. By balancing the lift force and stroke drag, horizontal distance of the particle 

that moves into the equilibrium position can be determined as the Equation 2.5. It needs 

to be noted those this two forces are hard to compare, because it is complexly coupled. 

In laminar flow, the lift coefficient (CL) is usually equal to 0.5. However, the equations 

are derived by Asmolov and simplified by Di Carlo [33], as shown in the Equation 2.6 

[34]. 

 

FL=
ρVm

2a4

Dh
2

 CL(ReC,xC)  (2.5) 

 

 

Lmin =
Dh

2VL
 Vm =

3πμDh
3

ρVma3
  (2.6) 

 

 In the contraction area, there is a secondary flow, the flow of fluid in another 

direction beside the direction of main flow, which generates drag force called Dean 

Drag force. This force relocates the particle from the original equilibrium position, the 

position that particles in flow will locate in a steady flow. Dean Drag force magnitude 

is shown in Equation 2.7. 

 

FD=3 π μ a (VFSF - VPSF)            (2.7) 

 

 

The parameters in Equation 2.3-2.7 are as follows. 

 FW = Wall interaction force 

 FL = Velocity shear gradient lift force  

 FD = Dean Drag force 

CW = Lift coefficient of wall interaction  

CL = Lift coefficient of velocity shear gradient lift 

 ρ = Density of fluid 

 μ = Fluid viscosity 

 a = Particle diameter 

 Dh = Hydraulic diameter 

 VPSF = Secondary flow velocity of particle 

 VFSF = Secondary flow velocity of fluid 

 Vm = Maximum velocity 
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 In filtration purpose, S. C. Hur et al. (2010) did the experiment of trapping 

particles with different sizes such as 1 μm, 4.8 μm, and 9.9 μm [33]. From the indicated 

forces, wall interaction and velocity shear gradient lift force act on the same particle. 

From Equation 2.8, the magnitude of velocity shear gradient lift is obviously bigger 

than the wall interaction. With this different, the particles will be pushed to the side of 

the wall, where the equilibrium positions are. When the flow reaches the expansion 

area, wall effect is vanished, only velocity shear gradient lift is still acting on the 

particle. The position of particle in the channel is changed creating a vortex trapping 

particles that has a diameter bigger than the critical diameter (DC). The critical diameter 

is the diameter that separate the particle that which one will flow with the fluid and 

which one will stuck in the vortex.  

 

By dividing Equation 2.4 with 2.3 (assuming CL and CW are equals), the result is 

FL

FW

=
W3

a3
 (2.8) 

 

Re C= 
ρ V m Dh

μ
  

 

ReP = ReC
a2

Dh
2
  

 

where Re C = Reynolds number of flow 

 Re P = Reynolds number of particle 

 

 From the experiments, vortex occurs when the Reynolds based on the channel 

size (Rec) is equal to 21 and fully developed at 215. At Reynolds number of 215, 

particles with 1 and 5 μm pass through the expansion area without diffusing out to the 

Figure 11 Equilibrium position in channel 
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vortex. On the other hand, particles with 10 μm are trapped in the chamber of expansion 

area. A further experiment was taken, they found that 10 μm particles are trapped when 

the flow is between the Reynolds numbers of 130 – 240.5, but if the Reynolds number 

exceeds that range the particle will remain in the flow. It is needed to be noted that for 

the same diameter of living cell and particle, the DC should be different causing by the 

deformability and interaction of cells. 

 In 2013, J. Zhang et al. used an asymmetrical CEA to sort particles [35]. The 

expansion chamber is designed into three types, right triangle 45˚ to the chamber, half 

circle, and dimension. The experiment was done by varying the flow rate between 50 – 

700 μm/min. By various flow rate, the flow can be divided into three types, single 

focusing streak, double focusing streak, and half of the particles focused (vortex), which 

is preferred in this project. Half of the particles focused creates pattern that contains 

some particles inside of an expansion area, and can be used as a type of filter.  

Each particle has its own equilibrium position. At first, flow in the channel 

experiences the expansion. In this stage, there is nothing particularly happening inside 

the flow. When the flow reaches the contraction area, a secondary flow is generated by 

the fluid particle that force to flow in a smaller channel. At the side wall, near 

contraction, direction of Dean Drag and velocity shear gradient lift force are opposite 

to one another. The magnitude of those two forces depend on both the cross sectional 

position and particle size. This differences result in separation of focusing stream. If 

Dean Drag beats the velocity shear gradient lift, there is no focusing; the particle 

circulate as same as the fluid in the cross sectional area. On the contrary, the focusing 

will take place, if the velocity shear gradient lift force is stronger than Dean Drag force. 

The higher Reynolds number the flow is, the more obvious the separation will be. Until 

the Reynolds number is high enough, the particle will be trapped by the vortex in the 

expansion. Nevertheless, if the Reynolds number of flow is too high, particle moves 

too fast, the fluid will take all the particle without expanding into an expansion channel. 

The patterns of focusing from the experiment are shown in Table 1. 

 

Table 1 Reynolds number that gives each type of expansion cavity the pattern [14] 

Pattern 

Expansion type 

Channel Reynolds number range 

Single focusing Double focusing Vortex focusing 

Square triangle 0 – 208 208– 249 Re > 249 

Half circle 0 – 166 166 – 208 Re > 208 

Diamond 0 – 83 83– 124 Re > 124 

  

 

 Xiao Wang, Jian Zhou, and Ian Papautsky  approached contraction-expansion 

arrays in a new way [36]. They presented about the effect of the dimension of the 

channels on separating condition. They distinguished the flow into 3 parts such as main 

flow, sheath flow, and vortex, as shown in Figure 12a. There are 3 parameters indicating 
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the separation of the particles. The first one is a distance from equilibrium position and 

wall (dp). This distance mainly depends on the size of the particle, the bigger it gets the 

further it will be from the wall. The second parameter is a distance from the point that 

start to separate from the main flow (sheath db). The final one is defined as a distance 

traveled by the particle from the equilibrium position to the expansion (dm = dp - db). If 

dm is too far, the particle will not be able to move to the sheath flow. The point that 

starts to separate to the sheath flow (db) depends on Reynolds number of the main 

channel. They experimented db by varying the Reynolds number of the flow as shown 

in Figure 12b. Nonetheless, dp is not only based on the size of the particle but also the 

Reynolds number of the flow too. Therefore, each dp must be obtained only by 

experiment. The Figure 12c shows the relationship of the Reynolds number of the flow 

on dp.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 In 2015, Xiao Wang fabricated an array of expansions unit as shown in Figure 

13 [37]. In the chip, the second inlet of the expansion unit contains a lower flow rate 

than the first expansion. They investigated the separation diameter (cut-off diameter) 

of each unit. The results are shown in Table 2.  

 

 

 

 

 

 

 

 

 

b. 

c. 

a. 

Figure 12 (a) Section of the flow in an expansion unit, (b) relationship between db and 

Reynolds number of the flow, and (c) relationship between dp and diameter of the particle [36] 

Figure 13 Multimodal micro particle sorter [37] 
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Table 2 Result of Multimodal microparticle sorter 

Qin 

[ml/min] 
R1/Rc 

Cut-off diameter 

[μm] 

Qc 

[ml/min] 
R3/R4 

Cut-off diameter 

[μm] 

0.525 4 > 20 0.35 4.9 15 - 18.5 

0.525 5.5 > 21 0.385 11 20 

0.500 5.5 > 24 0.37 11 21 

 

 In 2016, X.Wang and I.Papautsky reported that they were successfully 

separated particles with three different sizes, RBC, 18 μm bead, and 23 μm bead, from 

each other [38, 39]. They fabricated contraction and expansion channel chip which its 

contraction channel is 50 μm wide and 70 μm tall. There are two identical expansion 

channels which are 500 μm wide, 500 μm long, and 70 μm tall as shown in Figure 14. 

The secondary outlet resistances are 14 and 10 times higher than the main outlet in the 

first and second chamber, respectively. At the beginning, the whole solution, containing 

all three sizes particles, was flown at 190 μL/min (Re = 53.4). The first expansion 

chamber separates RBC away from 18 and 23 μm beads by letting RBC to flow through 

the main outlet, yet drawn the beads to the secondary outlet. After being flown to 

secondary outlet from the first loop, the flow was accelerated to 115 μL/min (Re = 32.3) 

by buffer inlet. In the second expansion chamber, 18 and 23 μm were isolated apart 

from each other. This results in filtering three different sizes of particles by using two 

expansion chambers.  

 

 

 

 

 

 

 

 

 

 

2.3 Conclusion 

 From the literatures, microfilaria is longer than the blood cell. This should 

provide the advantage of separation of the particle size. More than that, there are 

abundant techniques that had been used to separate the particles. However, the number 

of the research about microfilaria is still limited. The filtration is a common technique 

to capture the specific particle based on size. The main problem is the density of red 

blood cell, which is much higher than the density of the worm. Therefore, the primary 

target is to separate red blood cells out, to enhance the performance of the filtration 

technique. 

 

  

Figure 14 Wang and I. Papuatsky microfluidic chip design [38, 39] 
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Chapter 3 

Filter experiment 

3.1 Filter chip 

 For the filtration chip, the concept of designing was to filter microfilaria without 

hemorrhage the red blood cell. Therefore, the device should be able to separate a red 

blood cell while deliver microfilaria to the microcapillaries wall zone. In the first 

experiment, the simple configuration is chosen. 

 Hele-Shaw Equation (Equation 3.1) is used to design the chip. Shear stress and 

pressure drop in an incompressible, steady, Newtonian, and between two flat plates 

flow could be approximated. Shear stress, τW, is calculated at the bottom wall as [40].  

 

τW  = 
6μ

h
V̅  (3.1) 

 

where  h = height of the channel 

  μ = Viscosity of fluid 

  V̅ = Local velocity of fluid particle 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 The channel is shown in Figure 15. Shear stress is linearly distributed with 

decreasing from inlet to outlet. From the calculation, shear stress from the wall is almost 

the same as the center of the channel. 

 In our previous experiment design, the chip was shown in Figure 16. The inlet 

channels were designed in rectangular channel with two sizes, which are 200 μm and 

Figure 15 Channel dimension and shear stress across each cross sectional area [40] 
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500 μm. From the different dimension but the same flow rate, velocities of fluid are 

varied and could be observed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 Wedge-shaped zone is next to the inlet and functions as a red blood cell drainer 

zone, left out the microfilariae to flow to the next zone. This wedge shape provides 

constant shear stress across the cross sectional of the flow. At first, we expected that 

this constancy would prevent the dismissing of wall interaction force, push the 

microfilariae through the microcapillaries. By differentiating the length of this zone, 

the effect of slope to the efficiency could be observed. The length are 10 and 20 mm. 

 After the blood traveled through the slope, the remaining blood components will 

experience the cylindrical detectable zone. For the ease of identification, this zone is 

designed to contain the microfilariae inside 1 mm diameter of vertical cylindrical shape 

zone. 

 Microcapillaries form together as a wall separates the red blood cell, white 

blood cell, and plasma away from the microfilariae. Microcapillaries are 5 μm gap, 

which are smaller than RBC (6-8 μm), WBC (10-14 μm), and microfilaria (6-6.5 μm). 

Finally, the outlet, 500 μm rectangular channel, drains the solution out from the chip.  

 

3.2 Simulation  

 According to this study, COMSOL 5.0 was used to calculate and simulate the 

flow. Water is selected as a liquid substance. The velocity and pressure drop inside the 

chip were calculated in a condition of 2.0 ml/h. For 200 μm inlet, mean velocity is 0.028 

m/s, while 500 μm inlet has a mean velocity of 0.011 m/s. For the pressure drop, the 

main effect comes from the length of wedge-shaped zone. 10 mm and 20 mm generate 

0.6 kPa and 0.3 kPa, respectively. The simulation results are shown in Figure 17. 

 

 

 

 

Figure 16 Nematode filtering chip 
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3.3 Fabrication of Chip 

 Micro channel was manufactured by casting a Polydimethylsiloxane (PDMS) 

in a mold, which was patterned by using photolithography on a silicon wafer.   

 When pouring PDMS down the mold, there are bubbles trapped inside the 

solution. Therefore, the PDMS liquid was vacuumed inside the chamber. Later, the chip 

was heated, to vaporized the liquid substance, and harden, form as a flexible solid. By 

doing these step with different but compatible mold, two PDMS can bond together with 

oxygen plasma creating a micro channel. 

 After the PDMS channels were casted, there are three steps left to be done, 

cleaning the surfaces, treating the surfaces, and bonding PDMS with glass slide or other 

PDMS to form a channel.  

 In a normal environment, there are particles both organic and non-organic 

floating in the air. Therefore, before bonding the channels, there must be a cleaning 

process to make sure that there would be nothing blocking the channel. With this size 

of channel, even the small dust could block the channel and ruin the chip.  

 Cleaning PDMS can be done by injecting deionized water first. Then, it needed 

to be cleaned with isopropanol, to wash out the organic substances. After that, deionized 

water was injected to clean the isopropanol that still remain in the channel. As soon as 

Figure 17 2-D simulation of (a) velocity contour and (b) pressure contour 

(a) 

(b) 
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the second deionized water washed the alcohol out, Nitrogen gas was blown to dry the 

chip before the water would vapor and leave the watermark. Noted that, it is necessary 

that this whole processes were done in the hood with proper air suction. 

 Glass slide has its own surface treatment procedures. First, Piranha cleaning was 

done by putting a glass slide in a mixture between five sixth of Sulfuric acid and one 

sixth of Hydrogen peroxide for 30 minutes. Then, the glass slide was cleaned with 

deionized water to wash out the Piranha solution. After that, Acetone were used to clean 

the remaining non-organic matters that may still remain on the slide. Next, Isopropanol 

responsible for an organic particles, and deionized water to clean out the alcohol. 

Finally, blowing nitrogen gas was done to dry the glass slide before the liquid dry by 

itself and leave the mark on the slide. The cleaning procedures are shown in Figure 18. 

 After cleaning all the surfaces, the surfaces of both PDMS and glass slide were 

treated by oxygen plasma for two minutes. Oxygen plasma not only removes organics 

but also chemically treats the surface to ready for bonding too. 

 Until this step, all the channel wall were ready to be bonded. Both PDMS and 

glass slide were clamped together. In this step, it was needed to be sure that there is no 

bubble that left in an area that is not a channel. Finally for a stronger bonding, the 

bonded chips were left on the heating plate for 90 minutes at 75˚C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.4 Experiments 

 Firstly, the microfilariae in 10 μl sample were counted by fresh blood smear test 

(N total). Secondly, the 0.1 ml blood samples were diluted into three ratios, blood to 

normal saline solution, 1:1, 1:5, and 1:10. After that, solutions were injected with 

constant flow rate at 2.0 ml/h. Later, the microfilariae inside the chip were counted (N 

Capture). Finally, the efficiencies were determined by Equation 3.2 

Figure 18 Glass slide cleaning process (left) and Oxygen plasma bonding (right) 

Organics   non-organic particles 

Piranha solution 

Acetone then isopropyl  

N2 gas 

O2 Plasma 
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η=
N Capture

N Total

. (3.2) 

 

 The experiment was conducted starting by draining out to count for microfilaria. 

After that, blood sample was diluted into the ratio stated above. Then the diluted sample 

was loaded into the syringe of 1 ml. Next, the silicon tubes with connectors were 

connected to the chip, the inlet size was connected to the syringe, and the outlet was 

placed in the tube. While the sample was injected, the experiment was observed real-

time by microscope that connected to the computer. After 1 ml of blood was injected, 

the pump was stopped. The microfilaria inside the filter was counted after everything 

stop. The schematic of the experiment is shown in the Figure 19. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In 1:1 case, the solution is too thick to observe both while the experiment and 

counting. Then, pure water was injected to rinse remaining red blood cell. Red blood 

cells were hemorrhaged and form together as the flow continues. Even though, the 

microfilariae were still uncountable as shown in Figure 20. 

For 1:5, after the injection, Chip, Inlet of 200 μm wide with 10 mm long, Inlet 

of 500 μm wide with 10 long and 20 mm, contained 11, 8, and 56 microfilariae, 

respectively. The experiments are shown in the Figure 20. 

In the ratio of 1:10, the chips, 10 mm long with the inlet with 200 and 500 μm 

wide, trapped 4 and 2 microfilariae, respectively. However, in some of the experiments, 

the chip was broken as shown in Figure 21. 

From preliminary experiment, it demonstrated that pumping water after the 

blood seemed to be a poor decision. Blood ratio should be greater than 1:10. Most of 

microfilariae were found in wedge-shape zone at which we do not intend to detect. This 

incident may occurred from the side wall effect from inner side of outer wall. However, 

Figure 19 Schematic of the experiment 
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the chip with 500 μm wide inlet and 20 mm long is the most promising. Since it granted 

the most efficiency at 12%, so the further experiment was made.  

 The second experiment was done by using the chip with 500 μm wide inlet and 

20 mm long with two flow rates, 2.0 ml/h and 0.5 ml/h, fixing blood ratio at 1:25 as 

shown in Figure 22. Since finding blood sample was quite hard at that time, so the 

experiment was done with low repetition. Before doing an experiment, microfilariae 

were counted as 15 microfilariae in 1 ml sample. 

 The average number of nematode decreased from 5 to 2 when the flow rate was 

decreased from 2 to 0.5 ml/h. This occurred from the sedimentation in the syringe while 

doing an experiment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Group of rinsed 

blood cells 

Leak  

Figure 20 Cylindrical zone of 1:1 experiment (top left), wedge shaped zone after injecting 

pure water of 1:1 experiment (top right), Cylindrical zone of 1:5 experiment (bottom left) 

Cylindrical zone of 1:10 experiment (bottom right) 

Figure 21 Damage at micro capillaries wall 
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3.5 Conclusion 

 The chips were designed to filter out the microfilaria from the whole blood. 

Since the micro capillaries were chosen, the filter area could be increased by expanding 

the length of the wall area, still the microfilaria should mainly be focused at the end of 

the chip, and blood cell should pass through the wall in the first section. Considering, 

the major force, acts on particles, in the channel is velocity shear lift gradient, which is 

caused by velocity gradient in the lateral direction. Therefore the shape of Hele-Shaw 

equation was chosen at the entrance to flatten the shape of flow profile. But due to the 

fabrication limitations, the shape was changed to the linear wedge shape.  

 There are two separated experiments. One is to find the suitable ratio between 

blood and normal saline solution. The ratio at 1:1, 1:5, and 1:10 were selected. In 1:1 

ratio, the sample contained too much blood cells and blocked the light from microscope. 

Therefore, pure water was injected to rinse all the remaining blood cells, but it did not 

work well. Water could not reach to the end of the filter (cylindrical zone) and left out 

the group of rinsed blood cells blocking the micro capillaries. For 1:5 and 1:10, the 

blood samples were still too dense and hard to observe the microfilaria. Even though, 

the chip with 500 μm wide inlet with 2 mm cylindrical diameter represent the relatively 

high efficiency. A further development is needed. 

 The second experiment was to observe the effect of flow rate to the efficiency 

of the separation. In this experiment, 0.5 and 2 ml/h flow rates were used. The inlet 

sample is the same. The result shows that the higher flow rate provided the higher 

efficiency and also the deviation. This due to the sedimentation of the sample and the 

pressure across the micro capillaries, respectively. The lower flow rate took longer 

examination time for the same quantity of the sample. Thus, there was a time for the 

sedimentation for blood component in the case slow flow rate is chosen. On the other 

hand, the high pressure across microcapillaries occurs if the high flow rate is chosen. 

The pressure across the micro capillaries pushes the particle through the wall. This 

Figure 22 Overview of 1:25 experiment 
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resulting in the slipping of the microfilaria through the wall in to the outlet. Therefore, 

the optimal flow rate should be found before the real implementation. 

 From results, it can be concluded for the following points. The first one is too 

much blood cells in the sample could clog inside the filter and decrease the flow area, 

resulting in a higher pressure and finally chip’s damages. The second point is the shape 

of linear wedge shape promotes the jet profile in the channel as shown in Figure 17a. 

This jet stream pushes particles to both side of the wall, only little amount of sample 

reached to the end. The result shows, the smaller slope, 500 wide inlet and 2 mm 

cylindrical diameter, obtains the better efficiency. The slower the flow rate is, the higher 

the sedimentation is. The higher the flow rate is, the lower the wall effectiveness is.  
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Chapter 4 

Contraction and Expansion Array 

 As the result of the preliminary experiment, there are two main problems that 

need to be solved. The filter configuration does not bring the particles to the end of the 

chip. This problem could be solved by changing the design of the filter. The second 

problem is the dense of blood cells that clogged the channels and caused the damage to 

the chip. It should be noted that, this problem cannot be solved by diluting the whole 

blood, because time would take longer to inject the same amount of blood. The longer 

it takes, the more missing particle would be. 

 

 

4.1 Approached solution 

 From the problem stated above, the main problem seems to be the dense of 

blood cells. Therefore, there must be one part of the device draws out the blood 

components from microfilaria before entering the detection zone. This particular zone 

will be called blood cells draining zone. This zone must capable of separating or sorting 

the particles based on the size of the particles. For simplicity for using the chip, passive 

technique (no external force) is selected. From all the criteria, the inertia size based 

sorting using contraction and expansion channel is chosen. 

 In the channel, velocity shear lift gradient not only seems to be a dominated 

force, but also depends on the size of the particles too. These brings advantages in the 

term of separation. With the suitable dimension, contraction and expansion arrays 

(CEA) can roughly separate microfilariae and red blood cell. Therefore, the chip must 

contain CEA as the first part of the filtration. After coarse filtration, one portion of 

blood sample should remain only blood component. While the microfilariae will be 

separated into another way. Consequently, the portion that contains microfilariae will 

pass through the filtration zone. 

 Our chip has 60 μm high and 50 μm wide for the main channel similar to the 

study of Wang and Papautsky whose dimension is 70 x 50 μm2. It was designed to be 

integrated with micro capillaries with 5 μm wide. With this small capillary, it is also 

one limitation that makes us use 60 μm high microchannel. 

 In an expansion chamber, this structure affects to the sheath flow directly so this 

means that the length of the chamber influences to the separation efficiency. Therefore, 

two lengths of the expansion chamber were chosen to compare for the separating 

efficiency. The chambers are 500 μm and 1000 μm long with 550 μm wide for both 

length as shown in Figure 23. 

 The resistance of both main channel and secondary channel also affect to the 

pattern of the sheath flow. From the reviews the ratio between the resistances of 
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secondary channel to the resistance of main channel were assigned as 14 times. In this 

project, the length of main channel is selected to be 2,000 μm from the channel so the 

total length of secondary channel from each chamber is 48,000 μm long. Since the 

channel is limited in a certain space, we decided to bend the secondary channels as 

shown in the Figure 24. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.2 Flow simulations  

 Simulation is a numerical method for solving equations. The principle of this 

technique is to calculate the value from point to point, these points are called meshes. 

By constraining all of the boundary conditions, the equation can be solved. In this 

project, COMSOL 5.2 was used to calculate and predict the flow. The total chip is 

27,000 μm long and 16,000 μm wide. The outlet of the main and secondary channels 

that connected to each expansion are 2,000 and 28,000 μm long as shown in Figure 25a. 

 

550 μm 

500 μm 

550 μm 

1000 μm 

100 μm 

Figure 23 Dimension of Expansion with 500 μm long (left) and 1,000 μm long (right) 

Figure 24 An overview of Contraction and Expansion arrays chip 

Flow 

Secondary channel 

500 μm long 

1,000 μm long 

Secondary channels 

Main inlet 

Outlets 
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4.2.1 Mesh validation 

 

 To be able to confirm the solution from the simulations, the mesh validation 

must be analyzed. The mesh analysis in this project is done by reducing the mesh sizes. 

If the calculation results are converged into one value, the simulations are reliable. 
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From the above procedure, meshing conditions for this simulation are in Table 

3. After meshing was done, the next step is to fix the properties of the flow. In this 

simulation, pure water properties were used, density is 998.2 kg/m3 and viscosity is 

0.001 kg/m s. The simulations were set as the following conditions, the inlet main flow 

velocity was set as stated in the Table 4 and the outlet is zero pressure (atmospheric 

pressure). 

 

Table 3 Meshing condition 

Maximum element size (μm) 106 

Minimum element size (μm) 0.315 

Maximum element growth rate 1.05 

Curvature factor 0.2 

Resolution of narrow regions 1 

Number of degrees of freedom solved  1,543,572 

 

 

     Table 4 Experimental conditions 

Reynolds 

number 

Main 

flow rate 

[ml/h] 

Main flow 

velocity 

[m/s] 

Sheath 

flow rate 

[ml/h] 

Sheath flow 

velocity 

[m/s] 

40 6.63 0.79 2.30 0.28 

60 9.94 1.19 3.48 0.41 

80 13.26 1.58 4.62 0.55 

100 16.57 1.98 5.76 0.69 

120 19.89 2.37 6.90 0.83 

Figure 25 (a) Channel’s overview in COMSOL, (b) Meshing of the channel and (c) Mesh of 

the expansion channel of N-type 

(c) 
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Figure 26 Velocity profile (m/s) in an expansion chamber of 500 μm long models at (a) 40, (b) 60, 

(c) 80, (d) 100, and (e) 120. 

 Since this simulation is in 2 dimension, this flow rate can be determined as an 

area flow rate [m2/s]. This parameter can be developed into volume flow rate by 

multiplying with the height of the channel. After the calculations were finished, the 

velocity flow fields were plotted for every channel of all Reynolds numbers for both 

types of the chip and are shown in the Figure 26 and 27. The vortex zone looks similar 

between both types of the expansions. The chip with 1,000 μm long has a longer 

distance from inlet to the recirculation of the fluid than that with 500 μm long. In each 

type, the pattern of the flow of every Reynolds numbers are the same. The only 

difference is the magnitude of the velocity. The area flow rates per unit height from the 

simulation are shown in Table 5 and 6. 
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Table 5 Area flow rate of the chip with 500 μm long expansion chamber 

 

500 μm long expansion 

Area flow rate [m2/s] 

Re = 40 Re = 60 Re = 80 Re = 100 Re = 120 

Inlet 3.80 x 10-5 5.65 x 10-5 7.51 x 10-5 9.41 x 10-5 1.05 x 10-4 

Upper secondary 1 7.76 x 10-6 1.17 x 10-5 1.59 x 10-5 2.02 x 10-5 2.26 x 10-5 

Lower secondary 1 7.76 x 10-6 1.17 x 10-5 1.59 x 10-5 2.02 x 10-5 2.26 x 10-5 

Upper secondary 2 5.35 x 10-6 8.04 x 10-6 1.09 x 10-5 1.38 x 10-5 1.54 x 10-5 

Lower secondary 2 5.35 x 10-6 8.05 x 10-6 1.09 x 10-5 1.38 x 10-5 1.54 x 10-5 

Upper secondary 3 2.53 x 10-6 3.76 x 10-6 5.02 x 10-6 6.31 x 10-6 7.02 x 10-6 

Lower secondary 3 2.53 x 10-6 3.76 x 10-6 5.03 x 10-6 6.31 x 10-6 7.03 x 10-6 

Total Secondary 3.13 x 10-5 4.71 x 10-5 6.35 x 10-5 8.05 x 10-5 9.01 x 10-5 

Inlet to secondary 2.34 x 10-5 3.53 x 10-5 4.76 x 10-5 6.04 x 10-5 6.77 x 10-5 

Main outlet 3.38 x 10-5 4.96 x 10-5 6.55 x 10-5 8.15 x 10-5 9.04 x 10-5 

Inlet to main outlet 1.46 x 10-5 2.13 x 10-5 2.75 x 10-5 3.36 x 10-5 3.68 x 10-5 

Sheath flow 1.60 x 10-5 2.32 x 10-5 3.08 x 10-5 3.75  x 10-5 4.15 x 10-5 

Figure 27 Velocity profile (m/s) in an expansion chamber of 1,000 μm long models at (a) 40, (b) 

60, (c) 80, (d) 100, and (e) 120. 

(d) 

(e) 
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Inlet in 2nd Expansion 3.85 x 10-5 5.62 x 10-5 7.42 x 10-5 9.13 x 10-5 1.01 x 10-4 

% Inlet 2nd 

Expansion/Inlet 
101 % 99 % 99 % 97 % 96 % 

Inlet in 3rd Expansion 4.38 x 10-5 6.33 x 10-5 8.33 x 10-5 1.01 x 10-4 1.11 x 10-4 

% Inlet 3rd 

Expansion/Inlet 
115 % 112 % 111 % 108 % 107 % 

%Vinlet to secondary 62 % 62 % 63 % 64 % 65 % 

%Vinlet to main outlet 38 % 38 % 37 % 36 % 35 % 

 

 
Table 6 Area flow rate of the chip with 1,000 μm long expansion chamber 

1,000 μm long 

expansion 

Area flow rate [m2/s] 

Re = 40 Re = 60 Re = 80 Re = 100 Re = 120 

Inlet 3.80 x 10-5 5.65 x 10-5 7.51 x 10-5 9.41 x 10-5 1.05 x 10-4 

Upper secondary 1 7.80 x 10-6 1.18 x 10-5 1.59 x 10-5 2.02 x 10-5 2.27 x 10-5 

Lower secondary 1 7.80 x 10-6 1.18 x 10-5 1.59 x 10-5 2.03 x 10-5 2.27 x 10-5 

Upper secondary 2 5.37 x 10-6 8.09 x 10-6 1.09 x 10-5 1.39 x 10-5 1.56 x 10-5 

Lower secondary 2 5.37 x 10-6 8.10 x 10-6 1.09 x 10-5 1.39 x 10-5 1.56 x 10-5 

Upper secondary 3 2.54 x 10-6 3.79 x 10-6 5.08 x 10-6 6.40 x 10-6 7.14 x 10-6 

Lower secondary 3 2.54 x 10-6 3.79 x 10-6 5.08 x 10-6 6.40 x 10-6 7.14 x 10-6 

Total Secondary 3.14 x 10-5 4.73 x 10-5 6.39 x 10-5 8.11 x 10-5 9.08 x 10-5 

Inlet to secondary 2.35 x 10-5 3.55 x 10-5 4.79 x 10-5 6.08 x 10-5 6.81 x 10-5 

Main outlet 3.36 x 10-5 4.92 x 10-5 6.48 x 10-5 8.04 x 10-5 8.90 x 10-5 

Inlet to main outlet 1.45 x 10-5 2.11 x 10-5 2.72 x 10-5 3.32 x 10-5 3.64 x 10-5 

Sheath flow 1.60E-05 2.32E-05 3.08E-05 3.75E-05 4.15 x 10-5 

Inlet in 2nd Expansion 3.56 x 10-5 5.26 x 10-5 6.93 x 10-5 8.63 x 10-5 1.01 x 10-4 

% Inlet 2nd 

Expansion/Inlet 
101 % 99 % 99 % 97 % 96 % 

Inlet in 3rd Expansion 3.81 x 10-5 5.61 x 10-5 7.36 x 10-5 9.12 x 10-5 1.11 x 10-4 

% Inlet 3rd 

Expansion/Inlet 
115 % 112 % 111 % 107 % 106 % 

%Vinlet to secondary 62 % 63 % 64 % 65 % 65 % 

%Vinlet to main outlet 38 % 37 % 36 % 35 % 35 % 
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4.3 Conclusion 

 To solve the problem stated in chapter 3, the contraction expansion array is 

selected to separate the smaller particle or red blood cells, to main outlet and delivered 

bigger particle or microfilaria to the secondary outlets. The channel was fabricated as 

50 μm high throughout the chip. The contraction channel and secondary channel were 

designed as 50 μm wide. The expansion zone was designed as 550 μm wide with 500 

μm and 1,000 μm long. 

 To be able to predict the result, computational simulation was selected. This 

technique provides a velocity profile and flow rate of every channels in the chip. The 

velocity profile for each type is similar. For 500 μm long expansion, the vortices took 

nearly 75% of the channel area, but the magnitude was different. The longer expansion 

channel, the vortices took about 42% of the total expansion area. Furthermore, the area 

flow rates per unit height of the chip were shown in Table 5 and 6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

 

46 

Chapter 5 

Experimental Procedure and Sample Preparation 

5.1 Goals 

 This experiment would be done to determine the relationship between the 

Reynolds numbers of the flow on the separation efficiency (η) as shown in Equation 

5.1, the missing percentage (λ) as shown in Equation 5.2, and the separation factor of 

the expansion (X) as shown in Equation 5.3 and 5.4. In these experiments, polystyrene 

beads of 5, 10, 15, and 20 μm were chosen. The Reynolds number that were selected 

are 40, 60, 80, 100, and 120. 

 

    η=
Nmor Ns

Ncontrol
x 100   (5.1) 

 

           λ =
Ncontrol-(Nm+ Ns)

NControl
 x 100   (5.2) 

 

where NControl  = Number of beads at inlet (or control) 

 Nm  = Number of beads in main outlet 

 Ns  = Number of beads in secondary outlet 

 

 Efficiency of the separation (η) represents the overall ratio of each particle size 

at each outlet compare with the control sample. The missing percentage (λ) 

demonstrates the missing portion of the particle inside the chip. 

 Furthermore, the efficiency only represented the overall performance of all 

expansions. For a better understanding, the sorted out portion between main and 

secondary outlet of a single expansion must be determined. By assuming that the ratio 

of the number of beads that left at the secondary exit is equal to X as shown in the 

Figure 28, the numbers of bead, exited from the main and secondary outlet, are shown 

in Equation 5.3 and 5.4, respectively. 

 

   Nm  = (1-X)2(1-2X)NControl     

 

    = (- 2X3 + 5X2 -4X + 1) NControl (5.3) 

 

   Ns = (2X3 – 5X2 + 4X) NControl  (5.4) 
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5.2 Solution preparation and Experiment setup 

 From the pioneer experiment, the concentration that presented a low standard 

deviation, should be 106 bead/ml. This resulted in the clogging in the main entrance by 

the beads as shown in Figure 29. It is needed to be noted that the main channel is only 

50 μm, thus the 20 μm bead took about 40% of the channel cross sectional area by only 

a single bead. 

 Meanwhile the sample was injected into the chip, there are an appearance of the 

unknown particles inside the channel as shown in Figure 30. The particle not only 

blocked the channel, but also gathering the upcoming bead in the flow and totally 

barricade the channel. Then, the experiments must be stopped. 

Other than the pointy long particles, there are small groups that was suspected 

to be a PDMS fraction from puncturing process as shown in the Figure 31. This particle 

also blocked the channel and started the bead blocking. 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 29 Bead clogging in main inlet (top) and in an expansion unit (below) 

Figure 28 The separation model of the expansion units 
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 With beads clogging problems were found, the ideas of fabricating the chip was 

changed. The clamping mechanism was selected the clamp is shown in Figure 32. The 

idea is to be able to clean the blocking bead inside the channel and to be able to reuse 

the chip again. However the clamp did not work out so well. There was a leakage of 

the fluid from the channel no matter how tight the chip was clamped. Therefore the 

clamp mechanism was revoked. Then, the bead problem was fixed by filtration of the 

bead solution before entering the chip, and by reducing the bead concentration of the 

big particles. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 30 Unknown particle found in an expansion unit 

Figure 31 PDMS fraction from puncturing process 

Figure 32 Mechanical clamping mechanism component 



 

 

49 

 First of all, deionized water was filtered by cellophane paper with 20-25 μm 

pore size to eliminate the contaminate particles in water. Later, cellophane paper was 

replaced by cell strainer. Polystyrene beads were shaken by bio-shaker for 2 minutes. 

From previous experiment and the instruction of hemocytometer, the number of particle 

should be minimum at 50 and not exceed 200 beads per 0.001 x 0.001 m2 grid. If the 

beads are too low, the standard deviation would be too high. If the beads are too dense, 

the beads usually stuck inside the channel and block the flow. Thus, the beads solution 

volumes that suspended to 40 ml of water are; 30 μl of 5 μm, 150 μl of 10 μm beads, 

400 μl of 15 μm, and 450 μl of 20 μm beads. After all the beads were added to the 

solution, a drop of tween, surface tension reductant, was added and mixed by bio-

shaker. 

 After the solution is ready, it would be loaded into 2 syringes. These two 

syringes were placed on a micro pump, one was connected to the inlet of the chip, 

another to the control experiment tube. There must be a controlled sample because 

polystyrene beads usually sediment inside the syringe rather than flowing into the 

experiment kits. This leads to the missing of the beads. Thus, the controlled sample 

represent the beads that actually flow into the chip. Other than main inlet, there are 

sheath flow inlet, which were filled with filtered colour mixed deionized water. On the 

outlet sides, both main outlet and secondary outlet were connected with separated 

experiment tube. Figure 33 shows the experimental setup. 

 The experiment starts by the following procedure. First, the deionized water was 

filtered by cell strainer with 40 μm pore size, and this water would be used throughout 

the experiment. Second, the water was split into two portion, add colour into one then 

filtered it again. Third, silicon tubes were cleaned by 70% alcohol rinsing the dust on 

the outside, injected by filtered deionized water to clean the inside of the tube, and was 

gently plugged in to the chip one by one. Fourth, the filtered deionized water and 

coloured filtered deionized water, loaded in syringes, were injected with the Reynolds 

of the flow that would be used for both main inlet and sheath inlet. Meanwhile the 

filtered deionized water was injecting, the beads was shook and mixed, in the ratio 

stated above, together with filtered deionized water and few drops of 20% tween. Fifth, 

shook and filtered the mixture 3 to 4 times. Sixth, the sample were loaded into two 

syringes, control and sample. Seventh, the syringes were swiftly switched from filtered 

deionized water to the sample in pump 1, and control syringe were placed next to the 

sample. Finally, the silicon tubes were put from the outlet into the control, main, and 

secondary tubes. Noted that during the experiment the chip was real-time observed by 

microscope connected to computer. 
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 In these experiments, 10 ml syringes, 15.2 mm of diameter, were selected to 

inject the fluid into the chip. The flow rate of micro-pumps were set as shown in Table 

7 according to the simulation results in the previous chapter. The sample was injected 

only 3 ml for each experiment. 

 

Table 7 Flow condition of the experiment 

Reynolds 

number 

Pump 1 flow rate 

[ml/h] 

Pump 2 flow rate 

[ml/h] 

40 6.63 2.28 

60 9.94 3.48 

80 13.26 4.62 

100 16.57 5.76 

120 19.89 6.9 

 

Figure 33 Schematic of the experiment 
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 After the solution was injected to the chip. Controlled sample, main outlet, and 

secondary outlet were drawn at the amount of 10 μl to count the concentration in 

hemocytometer for three times each. The beads inside hemocytometer were captured 

as a photo, and to be counted later. 

 To clean the remained beads inside the chip, the chip would be flushed with 

filtered deionized water for 5 ml. Before the experimental conditions could be obtained 

as stated above, there are several efforts. The first time that the contaminated particle 

was seen, it was believed that the deionized water was not clean enough. Therefore, the 

deionized water was filtered by cellophane paper with 20 -25 μm pored size before 

suspended the beads. Despite, there are still contaminated particle left. After that, the 

process was changed. The beads were suspended in deionized water and tween. Then, 

the mixed solution was filtered by cell strainer with 40 μm pored size. There were still 

some contaminated particle left, but it was smaller than the previous procedure. 

Furthermore, the bead were no longer clogged in the channel. 

 

5.3 Determining the number of particles 

 The chip contains two sheath flow inlets to make up the lost flow rate from 

secondary channel. So, the flowed volume must be used to interpret the number of the 

beads. It should be noted that the solution from main and secondary outlets would be 

mixed with colour from sheath inlets. The volume of main outlet and the volume of the 

secondary outlet are shown in Figure 34. These volumes are essential, because they 

would be used for calculation for the number of the beads. Counting by 

hemoceytometer, the efficiency of the separations must be determined by the number 

of beads. Therefore, the number of beads was calculated by Equation 5.5-5.7. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 34 Volumes of inlet and outlets 

Main      Control   Secondary 

Liquid 

level 



 

 

52 

 Ncontrol [bead] = Ccontrol [
bead

mm2
] x 104 [

mm2

ml
] x Vcontrol[ml]  (5.5) 

 

 Nm[bead]  = Cm [
bead

mm2] x 104 [
mm2

ml
]  x (Vm) [ml]  (5.6) 

 

 Ns[bead]  = Cs [
bead

mm2] x 104 [
mm2

ml
]  x  (Vs) [ml]   (5.7) 

 

where  Ccontrol = Concentration of bead in control sample 

  Cm = Concentration of bead in main outlet sample 

  Cs = Concentration of bead in secondary outlet sample 

  Vc = Volume of control sample from the experiment 

  Vm = Volume of main outlet sample from the experiment 

  Vs = Volume of secondary outlet sample from the experiment 

 

5.7 Conclusion 

 The main target of the experiment is to obtain the efficiency of the separation 

for each outlet, main and secondary, for each case of the Reynolds number. By varying 

the Reynolds number of the flow, the outcome was expected to be distinctive. The 

different would provide the most suitable condition to separate particles based on the 

size of the particles. 

 At first, the procedures of the experiment must be obtained. The main problem 

is the long pointy unable to identified particle blocked the channel and ruined the whole 

chips. Then, the clamping mechanism was took place but did not worked out. The 

cellophane filter was introduced to filter the dust that may found in the sample. Still, 

the cellophane did not distinguish all of the particle, but reduce the chance to find them. 

After that, cell strainer was selected to filter the sample, containing beads with all sizes. 

The unidentified object that found in the channel was reduced, only a very small size 

was found. Finally, the experimental method was acquired as stated previously. 

 After the experiment, hemocytometer was selected to identify the concentration 

of the particle in all the outlet, control, main, and secondary. After that the number of 

particles at each location is calculated using the liquid volume at each outlet and inlet, 

and the efficiency as well as other index is calculated.  
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Chapter 6 

Beads Experiment Results 

6.1 Expansion channel with 500 μm long 

6.1.1 Flow pattern in expansion channel 

 While the beads were injected into the chip, the pictures of the flow were taken. 

These beads travel continuously and captured as a streamline of the beads as 

represented in Figure 35. The vortex area is bigger as the Reynolds number of the flow 

is increased, and starts to take over all of the expansion chamber at Reynolds number 

of 80. Since the flow in the channel is laminar, main inlet would not mix with sheath 

inlets. Thus, most of the beads, remain in the lower half of the main flow, would only 

flow to the lower secondary channels of the second and third expansion chamber. 

Comparing streamline of the beads with the velocity field in Figure 26 in Chapter 4, the 

bead moved across the fluid streamline, and this would be happened due to the effect 

of velocity-gradient lift forces. 
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 The control sample were counted as 5 μm bead was suspended in the range 

between 8.7 x 105 to 2.01 x 106 bead/ml, 10 μm was counted from 1.04 x 106 to 2.62 x 

106 bead/ml, 15 μm was counted from 1.25 x 105 to 8.25 x 105 bead/ml, and 20 μm was 

counted from 0 to 1.97 x 105 bead/ml. The raw data of the experiments are shown in 

Figure 36. The experiments were done for all beads at Reynolds numbers between 40 - 

120. Three tests were repeated for all cases 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

Figure 35 Flow pattern of 1st, 2nd, and 3rd channel at Reynolds number of (a) 40, (b) 60, (c) 80, (d) 

100, and (e) 120. 

(d) 

(e) 
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(b) 

Figure 36 Raw data of the experiment of (a) 5, (b) 10, (c) 15, and (d) 20 μm bead 

(c) 

(d) 
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6.1.2 Separation efficiency (η) 

 

 The efficiencies were obtained by calculating the efficiency of each experiment 

using equation 5.1, then averaged them as the efficiency of separation of the 

experiment. The result is shown in Figure 37. Error bar was calculated from the 

standard deviation between three experiments. 
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 From Figure 37, the appearance of all beads at main outlet increases when the 

Reynolds number increases except the beads of 20 μm. On the other hand, the efficiency 

at the secondary outlet does not change much for every size of beads in the range of 

Reynolds number. The beads with 5 μm exist the most in main outlet at Reynolds 

Figure 37 The separation efficiency of (a) 5, (b) 10, (c) 15, and (d) 20 μm bead of different Reynolds 

numbers 

(c) 

(d) 
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number of 120 with 45% efficiency, and appeared in the secondary outlet at nearly the 

same efficiency, around 45-55%, at every Reynolds number.  

 In case of 10 μm bead, the highest efficiency of the main outlet and secondary 

outlet are at Reynolds number of 120 at 43% and at Reynolds number of 80 at 55%, 

respectively. For 15 μm, Reynolds number of 120 provided 10%, the highest efficiency 

of separation at main outlet. 

 Nevertheless, there were no 20 μm bead turn up in the main outlet, and show up 

the most at Reynolds number of 120 with 69% at secondary outlet. However, the 

standard deviation is very high at due to experimentation of low concentration. 

 

6.1.3 Missing percentage (λ) 

 Figure 38 represented the percentage of missing bead. In every Reynolds 

number, the bead with 20 μm disappeared the most comparing to other sizes. The lower 

Reynolds number it is, the higher missing percentage it gets for all beads. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6.1.4 Separation factor (X) 

 From Figure 39, it can be seen that the separation factor of every particle sizes 

decreases when the Reynolds number of the channel increases. For 20 μm bead, the 

separation factor is about 0.49 for all cases, which would imply that beads were entirely 

drawn out to the secondary channel at the first unit of expansion. The increasing of the 

Reynolds number of the channel results in the increment of drag force; therefore, the 

beads tend to be pushed out into main outlet as the separation factors were decreased. 

In all cases of Reynolds number of the flow, the velocity shear lift gradient force that 

acted on the bigger bead such as 15 and 20 μm, was higher than the drag force as the 

separation factors were relatively high. 

 

Figure 38 The missing percentage of the beads at different Reynolds numbers 
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6.2 Expansion channel with 1,000 μm long 

6.2.1 Flow pattern in expansion channel 

 As same as 500 μm long expansion channel, beads flow cross the streamline of 

fluid comparing to the simulation in Figure 27 in Chapter 4. Secondary flow area were 

increasing while the Reynolds number increased. The vortex starts to form at the 

Reynolds number of 80. The faster the flow is, the larger the vortex is. The flow patterns 

are shown in Figure 40. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

(b) 

Figure 39 The separation factor of the beads at different Reynolds number 
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The control sample were counted as 5 μm bead was suspended in the range 

between 3.94 x 106 to 8.37 x 106 bead/ml, 10 μm was counted from 2.1 x 106 to 5.28 x 

106 bead/ml, 15 μm was counted from 5.48 x 105 to 1.89 x 106 bead/ml, and 20 μm was 

counted from 0 to 4.64 x 105 bead/ml. The raw data of the experiments are shown in 

Figure 36. The experiments were done for all beads at Reynolds numbers between 40 - 

120. Three tests were repeated for all cases. 
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(d) 

(e) 

Figure 40 Flow pattern of 1st, 2nd, and 3rd channel of Reynolds number of (a) 40, (b) 60, (c) 80, (d) 

100, and (e) 120. 

(a) 
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(c) 

(d) 
Figure 41Raw data of the experiment of (a) 5, (b) 10, (c) 15, and (d) 20 μm bead 
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6.2.2 Separation efficiency (η) 

 From Figure 42, the beads at secondary outlet does not change much for every 

Reynolds number of the channel except for the beads with 20 μm. The beads with 5 μm 

appeared the most in the main outlet at Reynolds number of 40 with 37% efficiency, 

and exist in the secondary outlet at nearly the same efficiency, about 50% efficiency at 

every cases of the flow 

 For the beads with 10 μm, the separation efficiency of main outlet increases 

when the Reynolds number increases. The highest separation efficiency of main outlet 

is 34% at the Reynolds number of 120, but the separation efficiency of the secondary 

outlets are almost the same at 50% of every Reynolds numbers. In case of 15 μm, 

Reynolds number of 100 provided 19% separation efficiency at the main outlet, which 

is the highest efficiency. 

 Moreover, the beads with 20 μm were found at the main outlet at the Reynolds 

number of 60 for 12% of separation efficiency, and has the highest separation efficiency 

at 70% at secondary outlet. Nevertheless, this low concentration experiment affects the 

standard deviation to be high. 

 Comparing between the expansion with 500 μm long and 1,000 μm long, the 

length does not have an obvious influence on the separation efficiency on a small beads 

with 5 and 10 μm. Other than that, the beads with 20 μm appeared at the secondary 

outlet since the Reynolds number of 40 of the expansion channel with 1,000 μm long. 

This is implies that the drag force of the expansion with 1,000 μm long has stronger 

effects than the expansion channel with 500 μm long. 
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Figure 42 The separation efficiency of (a) 5, (b) 10, (c) 15, and (d) 20 μm bead of a different 

Reynolds numbers 

(b) 

(c) 
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6.2.3 Missing percentage (λ) 

 

 From Figure 43, the missing percentage is lower with the higher Reynolds 

number of the flow. Most of the flow rate, the beads with 20 μm seems to be missing 

more than other sizes. This is similar to the experiments with the expansion of 500 μm 

long. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6.2.4 Separation factor (X) 

 The separation factor of every sizes of the particle tends to increase as the 

Reynolds number of the flow increase as shown in Figure 44. The tendency is opposite 

to that with 500 μm long expansion chamber. At higher Reynolds number, the vortex 

grew bigger and prevented the back-flow to the main channel. The effects of the 

increment of Reynolds number on the magnitude of drag force were small comparing 

to the expansion with 500 μm long. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 43 The missing percentage of the beads at different Reynolds numbers 

Figure 44 The separation factor of the beads at different Reynolds number 
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6.3 Sedimentation 

While the pump injecting the sample, there were some beads those do not move 

inspected. This implied that there was sedimentation inside the chip at the big secondary 

outlet as shown in Figure 45. This sedimentation affected to the efficiency of the 

separation, mostly by reducing the efficiency of the secondary outlet. Moreover, the 

sedimentation did not only took place in the chip, but also exist in the silicon tube and 

other kit of the experiment too. 

 

 

 

 

 

 

 

 

 

 

 

 

6.4 Conclusion 

The velocity of the flow of the channel increased as the Reynolds number 

increased, and the vortex had the size comparable to the expansion at Reynolds number 

of 80 for the expansion chamber with 500 μm long. On the other hand, the vortex area 

in expansion chamber with 1,000 μm long can still be increased in the experimented 

range of Reynolds number. As the flow exceed that certain Reynolds number, the size 

of vortex still increases, and occupied the area of the flow of the secondary channel.  

 Most of the efficiency of the separation for both main and secondary outlet of 

the small beads, 5 and 10 μm, are around 30% – 50% at every Reynolds number for 

both expansion channel length. On the contrary, the big beads, 15 and 20 μm were 

mostly separated to the secondary channel.  

 For the expansion channel with 500 μm long, the higher Reynolds number it 

gets the lower separation factor. On the contrary, the higher Reynolds number of the 

expansion channel with 1,000 μm long it has the higher separation factor. Therefore, 

the separation factor could be improved by lowering the Reynolds number in expansion 

channel with 500 μm long, and raising the Reynolds number in expansion channel with 

1,000 μm long. 

 The missing of the beads mostly occurred in the secondary channel since at the 

big channel, connecting each secondary channel, the flow is very slow. This results in 

the sedimentation of the beads. Other than that, after the particle flow through out from 

Sediment of bead 

Figure 45 The sedimentation of the bead 
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the chip, there was a silicone tube leading the sample to the tube connected. So this 

means that the sample, passed through the chip, has more possibility to be lost. 

 The selected condition for the next experiment with whole blood is the flow 

with Reynolds number of 80 in the expansion channel with 500 μm long. The 

microfilariae were predicted as a big particles, which would be separated to the 

secondary channel. 
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Chapter 7 

Whole Blood Experiment 

7.1 Sample preparation 

 The experiment was done with the same procedures for polystyrene bead, but 

deionized water was replaced by normal saline solution to prevent the lysing of blood 

cell. At first, whole blood sample was diluted with normal saline solution with the ratio 

of 1 to 20. Then the experiment was done with the Reynolds number of 80 with the 

expansion chamber with 500 μm long. After that, control sample and those collected at 

both outlets were counted by hemocytometer. It is clear that the number of microfilaria 

in the sample was very low in the blood sample (less than 1 microfilaria per 10 μl of 

blood) in which it is very hard to find microfilaria in the hemocytometer. The picture 

of cell in hemocytometer are shown in Figure 46. Therefore, the procedure was 

changed. The whole blood had been spun by centrifuge at 3000 rpm, to increase the 

concentration microfilaria and blood cell. Later, the bottom portion of the sample in the 

tube was drawn by micropipette and diluted with normal saline solution. Therefore, the 

sample contained more microfilaria and probably fewer blood cell. After the 

experiment, 10 μl sample was injected in hemocytometer and counted in all area of it, 

since the number of microfilaria is too less to be counted by the grid. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 46 (a) Control sample, (b) Main outlet, and (c) Secondary outlet. 

(a) (b) 

(c) 
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7.2 Results 

7.2.1 Flow patterns in expansion channel 

 Flow pattern inside the channel are similar to the flow of the bead experiment 

in Chapter 5. 

 

 

 

 

 

 

 

 

 

 

7.2.2 Separation percentage of the worm 

 

 The experiment was repeated twice. The worms were surprisingly drawn out to 

the main outlet. Furthermore, there is no microfilaria found at secondary outlet. The 

average number of microfilaria in controlled sample and secondary outlet are 9.33 and 

11.67 ± 1.41 worms per 10 μl, respectively. 

 Microfilaria acts unlikely to beads in the fluid flow. To be more precise, the 

microfilaria would flow out at the secondary channel if it behave like a big particle. On 

the other hand, the microfilaria would be separated to both outlets. If the microfilaria 

act as a small particle. 

From the result, this may be the result of the alignment of the worm in the 

channel. In addition, the worm is more than four times longer than the width of the 

channel. Together with, the velocity of the main channel is 1.58 m/s. With all factors, 

the worm acted unlike the particle, and passed to the main outlet.  

 

7.3 Conclusion 

 The whole blood sample was tested in the Reynolds number of 80. The blood 

cell concentration was too thick to be able to observe the microfilaria. Furthermore, 

there were not a lot of microfilaria. Therefore, the blood was centrifuged to condense 

the concentration of the microfilaria and to dilute the blood cell. 

 After the experiment, the result represents that all of the microfilariae were 

pushed through the main outlet. The concentration of the microfilaria was also 

increased. Thus, the contration-expansion channel not only 100% separated the 

microfilaria to the main outlet, but also decreased the concentration of blood cell in the 

sample too.  

Figure 47 Flow pattern of the 1st, 2nd, and 3rd, channel of blood experiment 
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Chapter 8 

Conclusion 

 This project studied and developed the separation of microfilaria from the blood 

by using a microfluidic. The separation method based on the difference of the sizes of 

the particles, blood cells and microfilaria. The filtration is the simple technique to 

capture the specific object based on its size. However, the previous study reported 

problem of the high density of red blood cells that is much higher than the microfilaria. 

To develop the high efficiency of the separation, the main target should be a separating 

blood cells out before the employment of filters to detect microfilaria. 

 The filtering chips using microcapillaries as a wall were fabricated based on the 

shape of Hele-Shaw equation. The red blood cell should pass through the capillaries, 

while microfilaria should be kept inside and flow directly to the end of the chip. There 

were four types of the channel, inlet width of 200 and 500 μm and channel length of 10 

and 20 mm. The first experiment was done by varying the ratio of dilution between 

blood and normal saline solution into 1 to 1, 1 to 10 and 1 to 15. In every cases of the 

experiment blood samples were flowed at 2.0 ml/h. The main problem is the 

concentration of red blood cells, which block all the microcapillaries. By this blocking, 

the pressure across the wall was risen by the decreasing of the flow area. This increment 

of the pressure broke the bonding between the PDMS layers. Other than that, in the case 

of 1:1 ratio case, the water was injected in to the channel to lyse and flush blood cells. 

The result was not as expected, the red blood cell lysed, stick with other hemorrhage 

blood cells and completely blocked the channel. Accordingly, the next experiment was 

done by varying the flow rate into two flow rates, which are 2 ml/h and 0.5 ml/h. In this 

case the sample was diluted with 1 to 25. The efficiency of the separation is decreased 

by lowering the flow rate from 33% to 13%, because of the sedimentation of particles 

in the syringe while the sample was injected. However, the problem with blood cells is 

still remained. The main problem that should be focused on is the density of the blood 

cell in whole blood sample. 

 From the results, it can be concluded into two points. The first one is that there 

is too much blood cells in the sample. These cell clogged inside the filter and decreased 

the flow area of the fluid, resulting in a higher pressure and finally caused the damage 

to the chip. The second point is the shape of microcapillaries wall, this shape promotes 

the jet profile in the channel. The jet profile pushes particles to both side of the wall, 

only little amount of sample reached to the end of the chip. The highest efficiency 

occurred in the chip with 500 wide inlet and 20 mm long channel. The results showed 

that the higher the flow rate and dilution ratio is, the higher efficiency of separation 

would be.  

 Therefore, there must be a mechanism that draws out the blood cell before 

entering the filtration zone. This part of the device should bringt only microfilaria and 
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some remained red blood cell to the detection zone. With the criteria, Contraction-

Expansion arrays chip was selected to coarsely separate the blood cell and microfilaria. 

The contraction connected each three expansions in series together. There are two 

secondary channels connected on both sides, top and below, of the expansion. Each 

secondary channel is connected to the secondary outlet of the chip. The channel works 

by separating the particles by their size. The big particle would leave the expansion by 

secondary channels. On the other hand, small particle would exit the expansion channel 

by the main outlet. 

 Contraction and Expansion arrays were fabricated. The channel is 60 μm deep. 

The contraction channel is 50 μm wide. The expansion channel was designed into two 

types, 500 μm long and 550 μm wide and 1000 μm long and 550 μm wide. The ratio of 

the resistance of the channel between secondary channel and main channel is fixed at 

14 times. 

 After that, the simulation was done using COMSOL 5.2. The flow simulations 

were achieved in five Reynolds numbers such as 40, 60, 80, 100, and 120. Flow area 

and velocity profile were determined. The volume flow rate separates to each outlet is 

almost the same for all conditions. Velocity profile changes as the flow rate changes. 

However, both of the information did not represent the separation efficiency. Thus, the 

experiment must be done with the polystyrene beads as the particle. Red blood cells, 

white blood cells, and microfilaria were replaced by 5 μm, 10-15 μm, and 20 μm beads, 

respectively. 

 In preliminary experiments, there were problems such as the clogging of the 

beads, the contaminated particles that blocked the channel. At first, the clamping 

mechanism was selected to replace the bonding. By not bonding with plasma, the 

PDMS can be separated and cleaned. With the configuration of the channel, clamping 

was not suitable, the fluid and particles leaked out of the chip. After that, the filtering 

was chosen to filter the contaminated particles out of the sample before injected to the 

channel. After using the cell strainer with pore size of 40 μm to filter the groups of 

beads or the contaminated particle, there was only very small particle found in the 

channel, which would not blocked the channel while doing the experimnets. 

 All Reynolds number were done three times each of the experiment. After the 

flow, 10 μl was examined from each sample; control, main outlet, and secondary outlet. 

The results showed that small beads such as 5 and 10 μm, had an efficiency of 

separation around 30% at main outlet and 50% at the secondary outlet for both 

expansion channel lengths. On the other hand, beads with 15 and 20 μm were mostly 

separated to the secondary outlet. The expansion channel with 1,000 μm long showed 

higher percentage of big particle, moved to the main outlet, than the expansion channel 

with 500 μm long. The missing percentage is higher for the bigger beads than the 

smaller ones in every cases of the Reynolds number. Not only for the size of the particle, 

the missing percentage is higher when the Reynolds number of the flow is lower. The 

separation factor of 5, 10, and 15 μm in the expansion with 500 μm long was decreased 
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when the Reynolds number of the flow increased. On the contrary, the separation factor 

of beads in the expansion with 1,000 μm long was increased with the higher Reynolds 

number. For the beads with 20 μm, the separation factors are almost the same. The 

beads with 20 μm were almost entirely sorted into the secondary channels for all 

experiments. It could be concluded that the separation factors for beads could be 

improved by decreasing the Reynolds number of the flow in the expansion channel with 

500 μm long, and by increasing the Reynolds number in the expansion channel with 

1,000 μm long. From the hypothesis, the microfilaria was predicted to behave similar 

to a large spherical bead. Therefore, the conditions of the flow should separate the small 

bead to the main outlet and the big particle to secondary channel were selected for the 

separating of microfilariae. In conclusion, the expansion channel with 500 μm long at 

Reynolds number of 80 was selected to be used with the whole blood experiment. 

 For the blood experiment, the blood sample was diluted with normal saline 

solution, with the ratio 1 to 20. In preliminary experiments, both outlets showed that 

there are too many red blood cells that made the detection of the microfilaria difficult. 

Thus, the blood sample was centrifuged at 3,000 rpm for 10 minute. Then, 500 μl at the 

bottom of the sample was drawn out and diluted with the normal saline solution with 

the ratio of 1:20. From the whole blood experiment, the number of microfilaria is too 

little to be seen in a gridline in hemocytometer. Therefore, the counting procedure was 

changed from the number of microfilaria per square millimeter to number of 

microfilaria per 10 μml of the sample. The result came out surprisingly as the chip can 

separate 100% of microfilaria successfully at the main outlet. It could be concluded that 

microfilaria did not flow and act like particles. Moreover, the concentration of the 

microfilaria is slightly increased. This design shows that contraction-expansion arrays 

can be used to coarsely separate the microfilaria from the blood before entering 

detection zone, and the filter must be placed at the main outlet. 
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APPENDIX 

The expansion channel with 500 μm long at Re = 40 
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The expansion channel with 500 μm long at Re = 60 
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The expansion channel with 500 μm long at Re = 80 
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The expansion channel with 500 μm long at Re = 100 
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The expansion channel with 500 μm long at Re = 120 
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The expansion channel with 1000 μm long at Re = 40 
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The expansion channel with 1000 μm long at Re = 60 
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The expansion channel with 1000 μm long at Re = 80 
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The expansion channel with 1000 μm long at Re = 120 
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