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This thesis aims to develop a lab-on-a-chip technology which could
reduce diagnostic time and eases of use for malarial-infected erythrocytes separation. The
principle relies on their magnetic properties which distinguish from common erythrocytes.
The mathematical model of infected erythrocytes is developed to predict the trajectory
influenced by the magnetic field. The methodology of the study is to use Finite Element
software, COMSOL Multiphysics, for clarifying the magnetic field distribution from a magnet
array. With the array, the high gradient of magnetic field as well as the magnitude of the
force exerting on the erythrocytes could be enhanced. After that, the trajectory of the
erythrocytes due to the exerting force is computed using Finite Difference with Matlab
programming. To validate the model, experiments with magnetic beads have been
performed. The device used in the study consists of 500 micrometer in width, 100
micrometer in height, three inlets and two outlets, and magnet array placing beside the
channel. In experiments for 5 and 10 micrometers of magnetic beads, the model to predict
the trajectory has an error about 18.61% and 17.61% respectively. The error stems from
the non-uniform distance between the magnet array and bead-focusing stream due to the
poor precision of the fabrication and a difficulty to identify a plane of motion of particles
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rate of 0.2 microliter per minute within the downstream of 3 cm when the cells are far
from the magnet of 600 micrometers at the beginning. In the experiment, due to cell
diffusion at low flow rate, it is hard to observe the motion within this short distance clearly

under the microscope.
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Chapter 1

Introduction

1.1 Background and Motivation

Malaria, a disease having an Anopheles mosquito as a carrier, becomes a
severe medical issue to many countries in the tropical climate zone which has a high
risk of a disease outbreak. According to the medical record all over the world, there
have been patients about 300 - 500 million people a year. In that number,
approximately 1 — 3 million patients have died of Malaria in each year due to a lack
of medication that treats merely symptomatically. Thailand is among the countries
that have a high rate of a seasonal disease outbreak particularly in the border of the

country.[1, 2]

Moreover, global warming also plays an important role in spreading Malaria
nowadays. Since warm climate is appropriate for the Anopheles mosquito to grow.
Recently, WHO advises the novel method to treat Malaria so called Artimesinin along
with other methods in order to help treatment work effectively. Artimesinin can
eliminate the entire parasite in human body. However, the patients who are not
treated incessantly enough cause the parasite to have drug resistance and also to
enlarge the risk of disease outbreak. From the study of E.A. Ashlet et al (2014), they
addressed that Malaria in the tropical climate zone such as Africa, South Asia and
South East Asia has a tendency to have more resistance to Artimesinin more
severely. Additionally, the area in the North Eastern and Western of Thailand
especially the remote area close to a border has more risk of drug-resisting Malaria
[3]. Due to its limitation of resources in those areas, they cause the difficulty and
delay in patient separation, which leads to quickly spread out the disease due to its

life cycles and increase the rate of demise.



1.2 Malaria life cycle

At the moment, Malaria has more than 100 species in mammals, poultry and
reptile. There have been 22 species found in primates. In human, Malaria originating
from five types of Plasmodium namely P.falciparum, P.vivax, P.ovale, P.malariae and

)

recently found P.knowlesi has begun in the Anopheles’ salivary glands called
sporozite. When the mosquito bites the human, sporozite will enter blood circulating
of a human body and go to hide inside a liver of the host within an hour. sporozite
will proliferate itself in order to have enough amount to develop into merozoite
stage. merozoite will come into blood circulation again and invade red blood cells to
consume hemoglobin which is an indispensable chemical substance for carrying
oxygen to all cells of the body. The life cycle of Malaria in erythrocytes can be
divided into four phases called ring form, trophozoite, schizont and merozoite, which
causes the red blood cells to be destroyed and merozoite will invade other blood
cells repeatedly. The cycle shown in Figure 1.1 takes about 36 hours and a number
of malaria parasites will increase exponentially.

Furthermore, some of the merozoite can develop into gametocyte which is
asexual. If the mosquito bites infected patients already having gametocyte in their

bodies, the mosquito will take the gametocyte from humans and spread the disease

from one to another.
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Figure 1.1 Malaria’s life cycle from the mosquito to the human [4]



The important symptoms of the disease are high fever and quiver. These
symptoms take short or long duration depending on the rest time of Malaria, type of
Malaria, the amount of sporozite and immunity system of each person. The

symptoms are categorized into three main stages of the symptoms as following

« Shivering period will take approximately 15-60 minutes. The infected patient
shivers and becomes pale. These symptoms are matched the stage when the

erythrocytes are destroyed.

« Fever period will take about 2-6 hours. The infected patient has a high fever

and also feels nausea.

« Sweating period. In this phase, the infected patient loses water by being
soaked with their perspiration, feels exhausted and has no fever following the stage
in the life cycle mentioned above. Shivering will occur differently relying on the
amount of infected pathogen, various stages of disease. After infected, the patient
will have dark urine due to hemolysis. Moreover, some of them show symptoms of

jaundice, splenomegaly or hepatomegaly [1].

1.3 Overview of Malaria Diagnosis

Regarding the infection between humans, it is necessity to filter and separate
an infected patient out from the community by using rapid and accurate diagnostic
methods. Nowadays there are three conventional diagnostic methods that are
laboratory method, known as a gold standard, Rapid Diagnostic Tests (RDTs), and LOC
(lab-on-a-chip) technology. The first two methods are general ways to diagnose in a
hospital or medical center. The third one interests some groups of researchers to
develop this technology and has a possibility to replace conventional methods,
which is shown in a number of research papers in the recent 20 years. It is an
alternative method that might be suitable in low-resource setting situation. Each

particular method will be described later.



1.4 Laboratory method

This method is required specific laboratory instruments and done in the
laboratory. The most common method is to use an optical microscope to indicate
the blood sample from the patient. However, it needs an expert or well-trained
laboratory technician to diagnose. The laboratory method can be separated into four

methods described as follows.
1.4.1. Giemsa Staining method

This method needs an optical microscope to inspect the stained blood
samples dropped on the glass slide. This method is divided into two types which are

thin film and thick film.
 Thick Film method

This method starts by bringing the blood sample to drop on a glass slide, and
then use a needle or spreader to the sample to have around 1 centimeter. There is a
little trick whether the thick film is thicker than it should be or not by placing the
newspaper to be under the glass slide and checking whether the reader can still read
the newspaper or not. If the reader can read, it is ready to read under the condition
of thick film method. After that, the reader stains the blood sample with Giemsa or
Wright-Giemsa (WG). In the case using Wright-giemsa, the examiner needs to bring the
sample to wash in clean water 2-3 times in order to lyse red blood cells and dilute
the intensity of hemoglobin. Then, the examiner stains the sample with Wright-
Giemsa. This method has several advantages that it does not take too long time and
easily specifies the type of Malaria, but requires a specialist to analyze a result
whether the patient is infected or not. The example of the thick film method is

shown in Figure 1.2.

. Thick film

Thin film

Figure 1.2 Example of thick film and thin film method [5]



» Thin Film method

The method begins by bringing the blood sample to drop on a glass slide,
and then use a needle or spreader to spread the sample to get thin film. After
getting the thin film, stain the sample with Wright-Giemsa then fix blood cells in the
sample by using absolute methanol or ethanol for 1 — 2 minutes. This method also
has many benefits that it is clearer to specify the type of the Malaria than the thick
film, but it takes time to prepare the sample particularly staining step. The example

of the thin film method is also shown in Figure 1.2.

1.4.2. Flow cytometry method

This method needs a specific instrument by using the sensor mostly used the
optical sensor such as a laser to define the physical and biological properties. In
some cases, it requires fluorescence substances to tag the sample in order to be
easily observed as a marker of diagnosis. The working principle is that it needs a
targeted sample to set up the instrument by providing the information of the
targeted cell physically and biologically. For malarial diagnosis, the blood sample is
driven into the system and allows the sensor to define its characteristic. This method
gives a quite high accuracy and specificity. The example of the flow cytometry is

shown in Figure 1.3.
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Figure 1.3 Schematic diagram of flow cytometry by combining with fluorescence [6]



1.4.3. Immunological diagnosis

This method takes advantages of antigen-antibody binding characteristic for a
diagnosis which gives high specificity. The parasite releases some chemical
substances such as antigen and protein in the blood circulation of an infected
patient. Typical methods are divided into two major ways by detecting antibody and

antigen of Malaria.
» Detecting antibody of Malaria
- IHA (Indirect hemagglutination test)

This method observes the reaction between the blood and antigen of Malaria
which coming from the patient, animals or cultured in vitro. Tannic acid and
glutaraldehyde is used as catalyst for the reaction. The given antigen will catch the
antibody in the blood sample and show the sedimentation product after reaction
obviously. The schematic diagram of the method is shown in Figure 1.4. If the blood
sample has Malaria parasites, supposed to have antibody of Malaria, it will react to
given antigen and can be perceived easily with the intense sedimentation of the
blood resulting from bondage between antigen and antibody. On the contrary, if the
blood sample does not have Malaria parasites, the sedimentation of blood still

happens according to its nature.
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Figure 1.4 Schematic diagram of HA test




- IFAT (Indirect immunofluorescent antibody test)

The principle of this method is to observe the fluorescence signal from the
reaction. The blood sample is serially diluted and added the prepared Malaria
antigen to react with the sample by centrifuging with PBS and fixing the sample with
acetone for removing serum. After that, anti-human immunoglobin already tagged
fluorescence into the prepared sample and let the binding reaction work. When the
bondage happens, the fluorescence will transmit its signal out. The working principle

of the method is shown in Figure 1.5.

- ELISA (Enzyme-linked immunosorbent assay)

The working principle of the method is to take advantage of color-reacting
enzyme such as horseradish peroxidase (HRP). This method will prepare the assay by
coating the Malaria antigen which may be processed by genetic modification or
ultrasonic on the microliter plate for the test. When the blood sample which may be
done with serial dilution is added to the plate, the Malaria antibody in the sample
will be bound by the fixed antigen. After binding reaction between the antigen and
the antibody is completed, the color-reacting protein, such as enzyme in this case,
captures the binding reaction and provides color difference depending on the
concentration of the antibody in the blood sample. The examiner can analyze the
result by using a plate reader to read the intensity of color inducing from the
reaction. The working principle of the method is shown in Figure 1.6. If the Malaria
antigen exists in the sample, the anti-antibody will detect the antibody of the
Malaria. Then after adding the color substrate, the color will change and can be

quantified by the plate reader.
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Figure 1.6 Schematic diagram of ELISA

» Detecting antigen of Malaria with ICT (Immunochromatography)

The principle of the method is to make use of lateral flow assay, usually used
nitrocellulose as an assay. The assay at the certain distance is coated the antibody
which can react with Malaria antigen from the dropped sample point, which is called
test area. This method is required to prepare sample by lysing the red blood cells
before doing the test. The assay is submersed into the prepared sample and then

the sample driven by capillary force flows pass over the test area. The antigen in the



blood sample takes the antibodies-conjugated microspheres such as gold colloidal or
latex particle passing over the test area. If the sample has the Malaria antigen, it will
react to the antibody sensitive to Ag-Ab-conjugated microspheres and changing in
color which is easily observed by naked eyes. The rest of the Ag-Ab-conjugated
microspheres continue flowing to the control line which is supposed to change its
color in every test for indicating the device to give the correct result. One of the
benefits is taking 5-10 minutes to finish each test and can be used outside the

laboratory. The working principle of the ICT test is shown in Figure 1.7.

Plastic Frame .
Control
Line
Test
Nitrocellulose Line
Channel
B oml Lysis
Sample | Solution Well-prepared

|—> Sample

Figure 1.7 Schematic diagram of ICT

« Genetic code analysis

Genetic analysis can indicate species of Malaria thanks to its own genetic
code. This technique gives us a specific and precise result, but the cost is expensive
per a test. The most common genetic diagnosis method is polymerase chain reaction
(PCR). PCR needs DNA probe, which many studies could define DNA sequence of
Malaria in each species, to hybridize with the DNA of Malaria and can amplify the
number of targeted DNA by using a thermal cycler [7]. Some of the methods use
real-time PCR which can observe the intensity of fluorescence tagged in DNA probe
immediately when the chain reaction occurs. By this mean, the advantage of this
technique is to use small volume of the sample, but needs to prepare the sample
carefully and requires sterile equipment to avoid contamination. The principle of this

technique is shown in Figure 1.8.
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1.5 Rapid Diagnostic Tests (RDTs)

The method which is similar to ICT technique mentioned on the previous
topic detects Malaria antigen by letting the sample flow through the porous
membrane. Then, the antigen binds with coated antibodies in the given distance.
Moreover, the test is different from each other depending on types of coated
antibody. The antibody will be used as follows [8].

« Histidtine-rich protein 2 (HRP-2) is used to detect merely P. falciparum.

+ Plasmodium lactate dehydrogenase (pLDH) is used to detect all species by
using antibody bondage.

» Aldorase (Pan-specific) is used to detect all species by using enzyme.

The benefit of the method is the test can be used and analyzed without

specialists by only perceiving the color line will appear on the test set.
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1.6 Lab-on-a-chip technology

In the past two decades, lab-on-a-chip technology (LOC) has begun to be
interesting among researchers because the technology can minimize the whole
process in laboratory such as sample preparation or reaction to operate within the
boundary of a glass slide. The type of LOC substrate has been not only on a glass
slide depending on applications. The example of LOC shown in Figure 1.9 is applied
to diagnose various tests. This topic will focus primarily on Malaria detection

application, which is discussed as follows.
1.6.1 Technology used LOC for detecting Malaria

According to P. Gascoyne et al. (2004), they took advantage of fluid flowing in
microchannel or called Microfluidics. The working principle of their work used
dielectrophoresis (DEP) by using high gradient electric field for separating Malaria-
infected red blood cells (iRBCs). Thanks to distinctive electrical properties of iRBCs
and making use of field-flow fractionation (FFF), the equilibrium position between
electric force and gravitational force of iRBCs is higher than that of healthy red blood
cells (hRBCs) comparing to the floor of the channel as shown in Figure 1.10.
Furthermore, they integrated these two principles into one device shown in Figure

1.11.[9]

Sample addition

Sample reaction ., zone

Figure 1.9 Example of commercially available LOC representing the various parts of

tasks on the limited space device[10]
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Figure 1.10 Schematic diagram showed the force diagram acting on both types of

blood cells, which hRBCs will be equilibrated at the different height from iRBCs. [9]

A A
DEP-FFF cell Cell isolator and flow-through PCR
separator stage lysis stage and detector stage

Figure 1.11 Integration diagram of wide range of tasks in their devices [9]

There have been diverse studies by many research groups about investigating
physical, chemical and biological properties in order to take these characteristics to
design their work for Malaria diagnosis. Moreover, they took advantage of lock-and-
key mechanism of protein binding. For example, Stemple et al. (2012) combined
Malaria antigen coated into a microfluidic device. Juul et al (2012) used restricted
enzyme to detect Malaria. Handayani et al. (2009) found that iRBCs are smaller than
hRBCs and they used this advantage to filter the iRBCs out by letting iRBCs flow
through the designed area. Hsiang Hsu et al. (2011) designed the detection area for
iRBCs by its changed surface of erythrocytes. Han et al (2010) designed their device
to get iRBCs in ring stage and trophozites as well as schizonts achieving 75% and 90%

respectively by using the rigidity properties of iRBCs as shown in Figure 1.12 [11-15].
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In addition, another example of taking an advantage of mechanical properties
is that P.falciparum decreases the elasticity of erythrocytes as the parasite becomes
mature, but it still has the same surface area. Nevertheless, in the case of P.vivax, it
differentiates the mechanical properties of the erythrocytes by getting larger and
more elastic. Under these conditions, many research groups have taken advantage of
physical features and created various kinds of devices. Besides, many studies
reported that when the Malaria parasite invades into erythrocytes. When it becomes
larger and turns hemosglobin, which is a necessary component for human to carry
oxygen through the whole body, into the magnetic crystal called hemozoin shown in
Figure 1.13 [16]. It has an influence under non-uniform magnetic field. Some
researchers have made use of magnetic properties, discussed in more detail in the

next topic.

® ol ROC
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Figure 1.12 Schematic of device by illustrating iRBCs are going to move laterally to

the wall of the channel [12]

P
Figure 1.13 Schematic diagram of the overall picture of crystal structure Hemozoin

[16]
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1.6.2 LOC used magnetophoresis for Malaria detection

Firstly, Malaria detection research, F. Paul et al (1981) used permanent

magnets with two chambers containing stainless wires 25 UUm in diameter. They
reported that iRBCs, tropozoite and schizont stage, were stuck in the chamber
approximately 75% under operating flow velocity of 0.19 mm/s. The illustration of

their device is shown in Figure 1.14a. [17]

Malaria detection in Zimmerman et al. (2006) used the ferrite permanent
magnets. Two magnets were placed with the opposite pole and there is an inter-
polar gap between them 1.27 millimeters. They measured magnetic field at the line
between two magnets and gradient of magnetic field 1.426 T and 804 T/m
respectively. Both types of erythrocytes were attracted by magnetic force in
perpendicular direction to the surface of the channel between the gap of two
magnets. However, the magnetic properties of iRBCs are more concentrated than
that of hRBCs. Therefore, the magnitude of magnetic force acting on iRBCs is
significantly higher than that of hRBCs.

The other issue was that the longer distance RBCs are far from the surface,
the lower the magnitude of magnetic force acts on RBCs. The purpose of the design
was to get the highest magnetic force for acting on iRBCs by varying many
parameters. Then they proposed the dimension of the device which was 6.4
millimeters in width, 0.25 millimeters in height and operated with flow rate 11.67
LLL/min, which had flowing velocity at the capturing area was 1.2 mm/s.

In the experiment, they flowed the sample into the device with the direction
shown in Figure 1.14b, taking the sample approximately 2 seconds to flow through
the detecting area, and discarded what came out from the device. In this step, the
device had already captured iRBCs in detection area as shown in Figure 1.14b. Thus,
they removed the magnet and flowed another buffer to bring and collect the

captured sample out from the device and finally inspected it with Giemsa staining.
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This method was reported that the device can separate iRBCs almost 100% of
Pfaiciparum, 25% of P.vivax, almost 100% of P.malariae and 75% of P.ovale,
comparing to the thin film method generally being capable of detecting with 2.7%
P falciparum, 0.1% of P.vivax, 0.4% of P.malariae and 0.2% of P.ovale concentration.
[18]

In addition, another method for Malaria detection is done by Bhakdi et al.
(2010). The working diagram is shown in Figure 1.14c. They concentrated the iRBCs by
using permanent magnet in U shape, which has magnetic field around 0.7 Tesla and

ferromagnetic stainless wire. They found that their device was able to separate iRBCs

# Inlet

Stain

o

up to 94.8 — 98.4%. [19]

* Inlet

*Outlet

‘ Outlet

(a) (©)

magnetic  gasket with
deposit  channel cutout
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deposit

cell flow
deposition channel
surface lumen

(b)
Figure 1.14 Schematic diagram of magnetophoresis principle (a) Paul et al. (1981) (b)

Zimmerman et al. (2006) (c) Bhakdi et al (2010) [17-19]
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Additionally, the study of J. Kim et al. (2012) was developing the
mathematical model for separation by computing the trajectory of iRBCs. They
proposed governing equations of iRBCs flowing in a microfluidic device by considering
many parameters involved with iRBCs motion. The domain of their studies and the
position of magnetic elements are shown in Figure 1.15 and the calculation equation

is [20]

_ a t lﬁp(tl)
6”“fa\/n—uff—oo =

gna3pp1ﬁp = —§Ha3pf1ﬁp — 6mpsav, dt, — gnae’g(pp - ps) (1.1)

In this study, they derived from the original motion equation to the most
proper form for calculation in order to find out numerically the trajectories of iRBCs
moving through their system. The computational result is in Figure 1.16. They
modeled ferromagnetic particle and iRBCs shown in Figure 1.16a and Figure 1.16b

respectively. Both conditions are in the presence of magnetic flux intensity 0.3 Tesla.
They defined their study domain with the distance between each wire 200 Wm and

diameter of each wire 100 Wm, as well as the height of the channel 200 kUm. They
attempted to compare the result by varying many parameters under given
assumptions such as no interaction between each particle. Therefore, on condition
that the given sample has too dense of particles, this model may still be used to

compute accurately enough.

Not only did this study neglect the term of pressure gradient and added mass
as well as Basset force effect but also many studies did not consider those effects
because these parameters are not predominant to the motion of infected blood
cells. Besides, there is an observation that the pressure gradient may be included in

the fluid inertial effect already.



17

L

40

1
30

x location, mm
|

| FRRE (R
1
20

N Ty | e | GG - DNCTE: [JE B
T
|

)
|
[
]
1
1
10

1
1
P P Levuapny DG 'Oy |SSTSYE [P S

= [T g ST e e TS

1

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

o

T
I—
|

[
-
|
L=
[

[
=
|

|

I

[
I—
[

|
-
[

|
g

7 | R—
o

| |
§ 2 e¢grREs8 S
uoJoiw ‘uonesof A

[20]

| |
e R B

1 -

60 70

|
i
1

50

Flow channel

T

> X

w ‘uopedo] A

uoJojw ‘uopedo) A

—
© Q0
~

Figure 1.15 The domain combines the array of ferromagnetic wires with permanent

magnet beneath the flowing micro channel

x location, mm

x location, mm
Figure 1.16 Computational result of trajectories under flow rate left 1 mL/min right 5

mL/min [20]
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Moreover, according to J. Nam et al (2013), they demonstrated that the
combination of the permanent magnet which had magnitude of magnetic field 0.6
Tesla and ferromagnetic wires which were made from nickel was successfully
performed to separate various stages of infected erythrocytes. Their device and
working principle are shown in Figure 1.17. The dimension of their device was 50 lUm
high and 100 kUm wide. They also placed the nickel wire parallel along the channel
in order to increase the gradient magnetic field at the local point as represented in
Figure 2.2.

One of the crucial factors in the experiment is flow rate. Providing they use
too high flow rate, the time exposure which the magnetic force acting on iRBCs for

separation by attracting iRBCs out from the main streamline is too short.

Sample flow
(h-RBC & i-RBC)  Sheath flow h-RBC sample

Figure 1.17 Schematic and working principle of the study by having sheath flow
controlled by flow rate to focus the sample streamline at the certain distance from

the wall where the wire was placed [21]

Furthermore, before they did the experiment with actual iRBCs, they
performed modified hRBCs which were treated with sodium nitrite solution oxidizing
the chemical compound in red blood cells from Fe”" to Fe’" which is the same
compound produced by the parasite. They mixed the blood sample into the
solution with 50 mM concentration and ratio of 1:40. The experiment result found

that iRBCs are filtered in ring state 73% and in trophozoite and schizont stage 99.2%

under the flow rate 0.8 L/min. Not affected by the magnetic force in the system,

hRBCs were flowing out to the other outlet 100%.
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Recently, pertaining to Kong T. F. et al (2015), their device was composed of
two parts, separation and detection. In the separation procedure, they integrated
another eminent characteristic of infected erythrocytes which have higher rigidity
than healthy erythrocytes and also took advantage of the same principle as the
research of Han et al (2010) mentioned previously. Besides, for the diagnosis
principle, they used the concept of Magnetic resonance relaxometry (MRR). From
their protocol of the experiment, they kept the sample from the streamline near the
wall and took it into the diagnostic phase. In this phase, the sample flowed through
the device having the area where radio frequency detect coil were placed. If there
are iRBCs existing in the sample, the sensor will emit the signal due to their magnetic
properties. The device of this study is shown in Figure 1.18. [22]

a) Blood sample b)

\> 40-45% Hematocrit

Probe for 'H Proton
MRR Measurement

Middle Outlet
(depleted of iRBCs)

To MRR
spectrometer

,‘11‘"‘,\5‘;5;:

Blood is centrifuged -7
in a microcapillary
tube and loaded into

MRR receiver coil \

>

0.5 Tesla
Permanent Magnet
Before margination

| SN

After margination

Figure 1.18 (a) Kong T.F. et al (2015) took advantage of rigidity of iRBCs to separate
the target sample out and (b) used the Magnetic resonance relaxometry detection

principle is used to detect the existence of iRBCs [22]

In conclusion, Lab-on-a-chip technology can combine many functions into
only one device in the scale of micro- or nanometer. Additionally, there are
predominantly physical characteristics of the Malaria, which have the magnetic-
induced product as a biomarker without adding more steps for sample preparation,

being useful for designing the system. There is the significant difference between the
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magnetic properties of healthy and malaria-infected erythrocytes. Therefore, this
thesis employed the magnetophoresis principle in order to separate the infected
erythrocytes for separation or detection aspect, attempt to develop the
mathematical model for predicting the trajectory of the infected erythrocytes and
design as well as fabricate the microfluidic device for separation. However, one of
the important issues using magnetophoresis principle is that the magnitude of
magnetic force might be insufficient to control the motion of the infected
erythrocytes because the common source of magnetic field can generate low
gradient of magnetic field. Thus, the thesis also proposes the method to get high
gradient of magnetic field by using a magnet array. The array can generate higher
gradient of magnetic field comparing to a standalone magnet and be easier to
fabricate than combining the ferromagnetic wire into the device, which makes the

fabrication process difficult.

1.7 Objectives of the thesis

1.7.1. Propose a novel method and design methodology for separating
Malaria-infected erythrocytes under an array of magnets by using Finite Element

method

1.7.2. Develop the fabrication processes, examine the performance of the
designed microfluidic device by comparing between the computational and the

experimental result.

1.8 Scopes of the thesis

1.8.1. Use the Finite Element method and numerical method to analyze the

trajectories of blood cells for designing the device

1.8.2. Fabricate and inspect the device with a magnet array

1.8.3. Perform experiment with 5 and 10 llm magnetic beads and compare

the results between the computational model and experiment
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1.8.4. Perform experiment with Malaria-infected red blood cells and compare

the results between the computational model and experiment

1.9 Thesis methodology

1.9.1. Search for the general information of the Malaria disease such as the
life cycle, the infection, and the physical and biological properties of Malaria-infected

red blood cells

1.9.2. Review international and national journal papers about separating
Malaria-infected in the presence of non-uniform magnetic field for supporting the

proposed design

1.9.3. Use magnetophoresis principle by using Finite Element software and

numerical method for designing a device.

1.9.4. Develop the mathematical model for predicting the trajectories of

magnetic beads

1.9.5. Fabricate a microfluidic device from a proposed design and do the

experiment with 5 and 10 lm diameter of magnetic beads

1.9.6. Compare the trajectories resulting from the computational model to

the experiment result.

1.9.7. Perform the experiment with mouse blood cultured and supported by

Department of Parasitology, Faculty of Veterinary Medicine, Chulalongkorn University.

1.9.8. Summarize and analyze the result and write the thesis

1.10 Expected outcomes

This research is to study and propose a novel method in diagnosing Malaria
disease by wusing a microfluidic device. The microchannel is made from
biocompatible polymer, PDMS, using CNC-processed acrylic mold. The separation
system contains the array of magnet along one side of the channel. The study

concentrates on using software, Finite Element method and numerical method for
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calculating the trajectories which help design the microfluidic system. Hopefully, the
study can enhance the system in diagnosing Malaria disease in order to filter more
effectively the infected patient out in time from the community, which helps

prevent spreading of the disease.

1.11 Summary

In this chapter, the background and motivation as well as what we have
reviewed the literature are summarized. The content consists of Malaria health
issues, conventional methods, alternative methods and the role of magnetophoresis
in diagnosing Malaria so that the reader can perceive the overall picture of where we
are and also the importance of the study. The expectation of the study is to propose
a novel method to separate the Malaria-infected erythrocytes by using a microfluidic
device and the principle of magnetophoresis, which are already discussed in many
studies. In the next chapter, this thesis is about to provide the fundamental
information about magnetopheresis principle, the computational model by using
COMSOL Multiphysics for simulating the complex model and problem which we
cannot solve analytically, and the definition of the mathematical model used to

predict the trajectories of both magnetic beads and infected erythrocytes.
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Chapter 2

Magnetism and Computational Model

This chapter provides the information about magnetism necessary to study
such as magnetophoresis principle and the source of magnetic field, computation
used by COMSOL Multyphysics, Finite Element calculation software, and the model
calculated for predicting the trajectory of the targeted objects which are magnetic

beads and malaria-infected erythrocytes so that we can design the device properly.

2.1 Magnetophoretic principles

Magnetophoretic force or magnetic force will be acting on the particle, having
magnetic properties. When it get exposed to non-uniform magnetic field as shown in

Figure 2.1, the magnitude of magnetic force is calculated as follows [23].

f L — : —,2
Fm — Zn_’umediung ( Uparticle~Hmedium > V|H| (21)

Uparticlet2lmedium
From Equation (2.1), the magnitude of magnetic force depends on the size of
the particle in the third order, the permeability difference between the medium and
the particle, and the magnitude of the gradient magnetic field. Thus, controlling the
targeted particle can be done by designing the system to create high gradient

magnetic field. The equation can be derived into the easier form as describes.

2 3 —,2
E, = gn,uOA)(a V|H| (2.2)
H H
A A A A
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Uniform magnetic field Non-uniform magnetic field
Figure 2.1 Magnetic force acting on the particle exposed to the area having gradient

magnetic field
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2.2 Magnetic field sources
2.2.1 Permanent magnet

The stability and strength of the permanent magnet relies on electricity of
the material properties. The magnet can be distinguished into two major types that
are the permanent magnet, not easily losing magnet stability, and temporary magnet,
required to be excited by current. The standalone magnet cannot generate high
gradient magnetic field, but if they are placed near to another as an array of

magnets, they can create gradient of magnetic field.
2.2.2 Electromagnetic

In this source, the magnetic field is induced by the current. The more current
density is, the more induced magnetic field intensity will be. Besides, the number of
wires rounded around a metal core also affects the magnitude of the induced
magnetic field. However, in the microfluidic applications, the tiny device cannot work
properly owing to excessive heat accumulated by its structure. For this reason, the
limitation of wire materials should be considered in the application of microfluidic

devices.
2.2.3 Magnetic field induced by ferromagnetic materials

Ferromagnetic material changes the distribution of magnetic field around
itself. It not only increases or decreases the intensity of magnetic field but only
distort the line of magnetic field, which increases the gradient of magnetic field in a
specific area. The influence of ferromagnetic material placed next to the permanent
magnet is shown in Figure 2.2. Referring to J. Nam et al (2013), the study also
proposed the magnetic force equation with adding the ferromagnetic material as
follows [21].

x(Hox? +%a%—3H0y2)
(xZ +y2)3

Fm = _AXVB(:,U.()MSQ% (23)
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1RBCs

Initial Position

Magnet

Figure 2.2 Effect of magnetic field distribution after adding the ferromagnetic wire

commonly made from nickel

2.3 Proposed configuration and necessary data used in the study

From the literature, many studies have developed their devices by using
magnetophoresis principle. One of the issues causing low efficiency of separation is
low magnitude of magnetic force to control the targeted objects resulting from low
gradient magnetic field. A magnet array is one of the solutions to the problem
because the appropriate arrangement of the magnet array can produce high-gradient
magnetic field. Therefore, we have proposed the configuration in this study as shown
in Figure 2.3. One side of the microfluidic device will place a magnet array along the
channel. The sample is pumped into the device by one inlet and two sheath flows
to control the streamline of the sample by adjusting flow rates. The working concept
of the device proposed by the study is that iRBCs will be attracted laterally toward
the side of the channel in the presence of magnets. Hence, a calculation of iRBCs
trajectory plays an important role in design. This study therefore develops the
mathematical model to predict the trajectory of iRBCs for designing an effective

microfluidic system to separate iRBCs.
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Figure 2.3 Configuration proposed by this study for separating infected erythrocytes

Table 2.1 Magnetic susceptibility of the blood components
Healthy red

Infected red White blood
Parameter blood cells
blood cells (iRBC) cells (WBQC)
(hRBCs)
Relative magnetic i i
0.01x10° ™" 1.80x10° ™" 257x10° "
susceptibility
Magnitude of 0.0000556 0.01 0.014
magnetic force (pN) 0.000556 0.1 0.14
0.00556 1 1.4

Table 2.2 Constant properties used in the study

Parameter Value
Viscosity of water at temperature 25°C 8.93 X10 " Ns/m’ 2
Density of water at temperature 25°C 997 kg/m3 2
Density of blood cells 1100 kg/m3 -
Lift Coefficient (C,) 05"

Density of polystyrene 1050 kcg/m3
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Table 2.3 Magnetic properties of magnetic beads

Parameter Value
Magnetic Susceptibility 0.26 =
Relative Susceptibility 0.261 %
Adjusted diameter of magnetic beads size 10 lm 9.642
Adjusted diameter of magnetic beads size 5 [im 4.821

Table 2.4 Relative magnetic susceptibilities of each type of erythrocytes to water [22]

Type of RBCs Relative Magnetic susceptibilities (A)) 10°
Healthy 0.01
Early ring form 0.82
Late trophozite stage 091
Schizont stage 1.80

2.4 Magnetic field distribution (Analytical and computational solutions)

According to G.Xiao-Fan et al (2004), they proposed the analytical solution for
magnetic field distribution of standalone rectangular permanent magnet under
defined conditions at a local point as shown in Figure 2.4.

Define magnetic field at an arbitrary point

B = B,i+B,j+ Bk = [, ™dBi+dB,j+dB,k 2.4)

Magnetic field is directly derived from Biot-Savart law

_ &Idlxr

dB = (2.5)

4w 12

Consider magnetic field at the side of A’B’ in each axis as defines

_ MoJdzg rWm (z—2z¢)dyo
L e e Y YRR ENY PP T (2.6)
dB, =0 (2.7)
_ MoJdzo fWm (Im=x)dyo
4B, = 4 fo [(c—a)2+(y=yo)2+(z-20)?]3/2 (2.8)
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X

Figure 2.4 Domain and defined parameters used in the equation

Denote the related conditions as follows

_ o)

e (2.9)
Yi .
V(1,2 93) = TR (=123 (2.10)
r( T /V12+V22+(V3—20)2—Vz 211
Y1,Y2,¥Y3) = n .
e JV12+V22+(V3—20)2+V2
arctan[22 £ %0 ] Jify #0
P (@1, 02, 03) = §% J¢f+¢§+(¢3—zo)2 (2.12)
0 Jify=0

Derive the same way in other remaining sides, and find the summation of

each set of equations then get total magnetic field equation in each axis.

hm
By = [, dBy = = [[(lm — %,,2) + Ly, — %, Wy, — ¥,2) = T(x,,2)
— T Ct, Wn — ¥, 2)]g™ (2.13)
hm
B, = [ "dB, = —%[F(Wm - v.%2)+T(Wy, =y, —x,2) —T(y,x,2)
—T (Y, L — x,2)]|g™ (2.18)
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hm
B, = dB, = - K[y, Ly —x,2) + bWy, — v, Ly — x,2) + oL, — X, ¥, 2)
0
+¢(lm — X, W — y)Z) + d)(x,y,z) + q)(x'wm - y,Z)
+d W — ¥, %,2) + O, x, 2] |§™ (2.15)

In order to get the system having high gradient of magnetic field as much as
possible, this study proposes to use an array of magnets instead of standalone
magnet. This study therefore chooses the computational method to calculate the
complicated model by using COMSOL Multiphysics. Before using the software for
getting magnetic field distribution, the study also validates the model with the
analytical result coming from Equations (2.13) - (2.15), giving the exact result to the
problem. Domain and condition are given in Appendix B.2. From the validation, both
computational and analytical results are shown in Figures 2.5 — 2.7. The average
deviations between the results do not exceed over 5% which is considered that the
conditions given to the model can be acceptable. Thus, the study is to use COMSOL

Multiphysics for more sophisticated models in order to help design the system.

From the study of Zimmerman et al. (2006), the magnets in their system had
an inter-polar gap causing the gradient of magnetic field to increase. After using
COMSOL Multiphysics to validate analytical solution, we can define another model in
the software to calculate the magnitude of the magnetic force acting on magnetic
beads. We therefore investigate the correlation between the gap of two magnets and
the magnitude of magnetic force. Defining the domain in COMSOL Multiphysics
shown in Figure 2.8 is performed by varying the gap between two opposite pole
magnets from 0 to 500 Wm, which increases 50 lUm in each case. Then, the magnetic

field at the certain points which are far away from the surface of magnets with

various distances from 300 to 1000 Wm is gathered.

From the result shown in Figure 2.9, the case which its distance measured

from the surface of a magnet array less than 600 1Am showed the deviation of the

magnitude of magnetic force. The more size of gap is, the less force will be.

However, when the distance is increased, in the case the gap larger than 600 LLm,
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Figure 2.5 Magnetic field distribution in x-axis at y = b/2 (a) the result computed by
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Figure 2.7 Magnetic field distribution in z-axis at x = y/2 (a) the result computed by
COMSOL (b) the result calculated by analytical solution by having average
uncertainty 4.63%
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Figure 2.8 the domain defined in COMSOL (a) with the gap 100 [lm between magnets

(b) with the gap 500 lm between magnets

500
_--"[350
= >
E} —-Gap =0um
z 400 A -=-Gap =50 um
2 —+-Gap = 100 um
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£ 200 —Gap =400 um
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§ 100 |
0 . . . ! ! .
300 400 500 600 700 800 900 1000
Distance measured from a magnet array (um)

Figure 2.9 Magnitude of magnetic force acting on 5-lUm magnetic beads by varying

the distance from the magnets from 300 to 1000 klm

there is no significant difference in each varied gap. Therefore, this result determines
that the gap between two magnets is not predominant if the point we observe larger
than the optimum gap which is 600 [m, but the gap is significantly dominant on the

condition that the distance is smaller than optimum value.
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Furthermore, because of the limitation of fabrication process in the step of
making a mold for casting PDMS, this study has proposed the designed schematic

diagram of device shown in Figure 2.10. The microfluidic device is composed of 3

inlets, 2 outlets, 500 Um wide and 3 cm long for main channel, as well as 100 lm
high for the whole channel. An array of magnets also lies at the one side of the

channel.

In order to reduce the domain of the model and simplify the computation,
this study has used COMSOL to simulate an array of magnets by being given infinite
magnets. The domain as a rectangular domain shown in Figure 2.11 is given and the
mesh size of elements is varied from 1 to 70 lm. The magnetic field distribution is
computed and shown as shown in Figure 2.12. After that COMSOL can provide the
magnetic field at arbitrary point, shown the distribution in Figure 2.13, and the data is
to calculate the magnetic force acting on targeted particles such as, in this study,
magnetic beads or infected erythrocytes. The magnetic force distributions in z- and x-
axis are calculated and fit curve for the equations which are used to calculate the

trajectory in each model, discussed in the next section.

" 3cm 5 |
all 2 mm
An array of magnets :
3cm
VvV

Radius 1 mm

Ficure 2.10 Schematic diagram of the desisned microfluidic device including

dimensions
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Figure 2.11 Domain used in the study including the boundary of infinite magnets
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Figure 2.12 Magnetic field distributions A/m in illustrated by using color range
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Figure 2.13 Magnetic field distribution at d = 100 and d = 350 lUm

2.5 Trajectory of blood cell by influence of an array of magnets

The study has given the coordinate shown in Figure 2.14a by giving x-axis as
flow direction, y-axis as the vertical direction comparing to the height of the channel
and z-axis as the lateral direction. According to Basset-Bousinesg-Oseen equation
(BBO), the force acting on blood cells consists of drag force, pressure gradient force,
Basset, and added-mass-effect force as well as external force. In this study, the
proposed model neglected the influence of added mass and Basset force because
the magnitude of these forces acting on blood cells is relatively low. In terms of
pressure gradient effect, there is some arguments about considering this effect to
compute in the motion equation. Soo et al. (1975) indicated that this effect was
already included in the effect of fluid inertial force. Therefore, its effect to the
trajectory is also neglected. The detail of calculating the order of magnitude is shown

in Appendix C.1.
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Figure 2.14 (a) Schematic diagram of study domain (b) Force diagram acting on two

types of erythrocytes exposed to the non-uniform magnetic force

Therefore, the force considered in the model comprises merely drag froce
and magnetic force which is external force in this case. The force diagram is
represented in Figure 2.14b. Similarly, trajectory of the model has been computed by
using theNewton’s law of motion. Besides, the equations used in the study are in the

form of differiential equations as follows

d%x
Fpy = pRBCVBCW (2.17)
d%z
Enz— Fpz = PrecVBC Fre} (2.18)

In this model, after getting the data extracted from COMSOL Multiphysics, the
magnitude of magnetic force acting on infected erythrocytes is extremely low
comparing to the order of drag force. In order to decrease computation time, we
decide to deduct the magnetic force term in x-axis. One of factors involved in this

model is the term of drag force because the shape of model is not simple. All
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previous models has considered objects as spherical shape bringing about using
stoke’s law for drag force acting on the model. However, in this case, we consider
the model as the biconcave shape which is simulated from the actual red blood
cells drawn by COMSOL Multiphysics. Therefore, the drag force equation can be

derived as
1

In this study, the flow in microchannel is considered as laminar flow. Cy can
be defined as
24

Substitute Equation (2.19) into Equation (2.20), the drag force of general

shape can be described as

_ 120fvre1As

F,
D Dn

(2.21)

From Equation (2.21), we consider the parameter A, which is the projected
area of object exposed to the fluid by mimicking the concept of Stokes’ law. Figure
2.15 shows the exposure area between both models that affect the magnitude of
drag force acting on the models. The characteristic of the model drawn by COMSOL
Multiphysics is also shown in Tables 2.5 — 2.6 and Figure 2.14b.

The magnetic force term is fit from the results simulated by COMSOL
Multiphysics, which uses the necessary constant properties in Tables 2.2 — 2.3. From
the magnetic force distribution, the magnetic field at each point relies on position in

the domain. Consequently, the force equation at the distance of 100, 200 and 300

LLm away from the array is in function of x and z coordinate as follows
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fm,z,lOOym =

(1.383 x 10715 + 2.734 x 10717 cos(2094x) — 1.17 x 1072%sin(2094x) +
2.913 x 10717 cos(2 x 2094x) + 1.933 x 107 sin(2 x 2094x) — 2.014 X
10717 cos(3 x 2094x) + 2.212 x 1079 sin(3 x 2094x) + 9.52 x 10718 cos(4 x
2094x) — 6.058 X 1072% sin(4 x 2094x)) - (4.723 x 107 exp(1.52 X 10*z) +

(1.593 x 10*exp(—33442))) (2.22)

fimz.2000m = (9.688 X 10716 +3.976 x 10717 c0s(2094x) — 1.999 X
107195in(2094x) + 8.639 X 10718 cos(2 x 2094x) — 1.056 x 1079 sin(2 X
2094x) — 6.43 x 1078 cos(3 x 2094x) + 5.17 x 1079 sin(3 x 2094x) +
2.925 x 1018 cos(4 x 2094x) — 1.534 x 10~ sin(4 x 2094x)) - (7.274 X

10! exp(—99062) + (2369exp(—2623z2))) (2.23)

fmz300um = (7.063 X 10716 + 4373 x 10717 c0s(2094x) — 1.357 X
10719sin(2094x)) - (1.487 x 101° exp(—8350z)) (2.24)

Figure 2.15 Comparison of projected area between stokes’ law modeling on spherical

object and our RBCs model.
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Parameter Reference Value The study’s
selection
B. Angelov et al. Diameter 6.9 — 9.3 um
(2000) [26] Thickness 2.4 — 3.7 ym

Surface area 104.7-193.3 pmz

Volume 73 - 200 fL

M. Diez-Silva et al. ~ Diameter 7.5 - 8.7 ym

Diameter 8 um

Thickness 2 um

Size (2010) [27] Thickness 1.7 - 2.2 um
Volume 94 fL
| Udroiu et al. Diameter 7.2 um
(2014) [28] Thickness 2.25 ym

Surface area 136.55 pmz

Volume 91.31 fL

A. Zhbanov et al. 4 cP (Normal hematocrit)
Viscosity 3cP
(2011) [29] 25-4cP
M.Takayasu et al. 1125 kg/m’ ,
Density 1125 kg/m

(1999) [30]

Table 2.6 Physical Properties of RBCs model measured by COMSOL

Parameter Value
Surface area 139.12 pmz
Volume 88.68 fL
Surface area, projection in x and z axis 17 pmz

To improve the set of equations to be more accurate, the study decides to

split the case for fitting force equations shown above in Equations (2.22) - (2.24). In

each case is given by the initial position far away from the magnet 100, 200 and 300

LLm respectively. In addition, the force distribution is too complex to fit with 1™ order

. . . .. th . . .
fourier series function. We make a decision to use 4 order fourier series function

which is more precise (R2 is nearly 1). Furthermore, the study selects the numerical

method which is similar to the previous model shown in Appendix C.2 and C.3. The
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whole trajectory will be calculated by finite difference method by defining small

time step, 5 Us in this model.

The defined conditions used in the study are no interaction between cells,
neglect all secondary flow effects such as pressure gradient and dean effect etc. The
magnetic force in x-axis is also neglected because its magnetude is not significant
comparing to the order of drag force, and the another assumption is the object will

move on the floor plane resulting from the result in Appendix C.2.

After that, we have designed the program to compute for the final position
and turn it to be the next initial position as well as calculate reiterately until the
program reaches the given numbers of iteration. The MATLAB code is in Appendix A.4
and also the detail about computational data and equations are shown in Appendix

B.3 — B.6. The computational trajectory in the case far away from the magnet 200
Wm and 300 bm shown in Figure 2.16 and Figure 2.17 respectively. They determine

that the infected cells can move laterally from 29.14 to 100 lm within 3 cm of the

device.
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Figure 2.16 Calculated result with various flow rates in the case 200 lUm from the

magnet array
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Figure 2.17 Calculated result with various flow rates in the case 300 kUm from the

magnet array

2.6 Summary

In this chapter, we summarize the fundamental of magnetism particularly the
magnetophoresis principle which plays an important role in controlling Hemozoin,
magnetic crystal produced the parasite. The significant factors affect the magnitude
of magnetic force that are its magnetic properties of the target, size and the
magnitude of gradient magnetic field. One of these factors providing the highest
magnitude of magnetic force as much as possible is the gradient magnetic field. As a
consequence, we study which pattern or source can generate high gradient of
magnetic field. In order to tackle this issue, COMSOL Multiphysics is used to simulate
magnetic field distribution of the complex model, in this case a magnet array. The
analytical solution is also used to validate to study how well the conditions properly
defined in the domain of study. Then, the model is devloped in order to predict the
trajectory of infected erythrocytes by using the Newton’s law of motion. Finally, all
of the model will be validated by the result of the experiment, which is discussed
later. The next chapter provides the information about the fabrication process and

necessary preparation of the experiment.
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Chapter 3

Fabrication process and Experimentation

This chapter recounts the fabrication process included the detail of each
process and also explains about the experiment detail from the list of equipment to
the conditions of each case. Besides, this study goes more detail about a biological

preparation of blood culture and solutions etc.

3.1 Microfluidic conventional fabrication process

Conventional fabrication process creating a microfluidic device is known as
Soft lithography process shown the detail in Figure 3.1. The photoresist SU-8,
common used in the fabrication, is coated on a silicon substrate by a spinner for
uniform distribution. After that, the substrate will be exposed to the ultraviolet (UV)
lisht called photolithography. UV light is penetrating through transparent area of the
designed mask. UV light changes chemical properties of the negative type of
photoresist to become hardened. Then, the substrate is developed by SU-8
developer, which removes the unexposed part of the photoresist and the hardened
part will be as a mold. In the process of casting, liquid polymer, PDMS
(Polydimethylsiloxane) is mixed and poured onto the SU-8 mold. Then, liquid
polymer is cured with heat generally around 80°C so that the polymer will become
solid. After curing the PDMS, the solidified PDMS is gently peeled off from the mold,
and is cut with proper size by a cutter blade before bonding to slass slide with

oxygen plasma treatment for creating the microchannel.

In this study, we have fabricated a mold by using a CNC-processed acrylic
substrate. The method gives us more convenient than the conventional method
because we can cut down the number of steps in chemical preparation, which deals
with an expensive cost or a non-uniform mold resulting from setting the substrate

unsuitably while spinning. As a result, we can use an acrylic as a mold which has

minimum resolution giving us a channel larger than 100 Wm in height and 500 1im in
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width, which is still acceptable in the study. The detail of fabrication process
reviewed and adapted from Jeongnum et al (2013) is indicated that they mixed liquid
PDMS with curing agent at ratio 10:1 by weight and let the bubble while mixing off by
using a vacuum chamber. Then, they cured PDMS at 80°C for an hour and bonded it
with cleaned glass slide to treat with oxygen plasma machine at 250W, 80 mTorr for
50 seconds. After oxygen treatment, the PDMS was soaked in absolute ethanol
solution in order to be capable of aligning the PDMS channel on glass slide arbitrary.
They continued treating the PDMS in oven at 80°C for 90 minutes for irreversible

bonding before they connected the tube, inlets and outlets, with epoxy slue.

uv
Photohthography Developmg

Hardened
Mask Photoresist SU-8

Photoresnst SU -8
Photoresist SU-8

) Bonding with
Uncured PDMS Cure @Hotplate Cured PDMS Peeling off m Glass slide
FTT i TT i
[ L e Gassside
Silicon Silicon

Figure 3.1 Process flow of Soft lithography process

This study applies and adjusts the fabrication procedure which is already
reviewed from many studies because some of the instruments used in our study
have different specifications leading to several issues in fabrication. For instance, we
use the oven to cure PDMS at 80°C for 1 hour similar to the study of Jeongnum et al
(2013), but it is not well-cured and causes difficulty in cutting PDMS device as it is
still sticky. Therefore, in the process of curing PDMS, curing time needs to be
increased up to 2-3 hours and The PDMS structure will be already hardened enough

to cut.
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3.2 Equipment and fabrication process
3.2.1 List of equipment
All instruments and materials used in the study are listed below
3.2.1.1. Instruments
- Vacuum oven, Jeio Tech, model OV-11
- Optical microscope, Seek Inter Co., Ltd., model SK-XJM series
- Cutter, Horses
- Belt Puncher, Sunkey

- Plasma Cleaner, Harrick Plasma, model PDC-32G, cooperating with Prof.
Orawan Chailapakul, Department of Chemistry, Faculty of Science, Chulalongkorn

University
3.2.1.2. Materials and reagents

- Acrylic plate size 12x12x1  cm, purchased from Quality product
manufacturing and trading (Thailand) Co., LTD.

- Isopropyl Alcohol (IPA)

- Deionized water (DI water), Millipore, Model Direct-Q

- PDMS (Polydimethylsiloxane), Sylgard 184 silicone elastromer base
- PDMS curing agent, Sylgard 184 silicone elastromer curing agent

- 96% Sulfuric acid, Carlo Erba Reagents, batch number 3A0573131A

- Hydrogen peroxide (H,O,) solution 40% m/v in water, Carlo Erba Reagents,

Code no. 307701
- Glass slide, Sail brand, 25.4x76.2 mm 1mm-1.2mm thick, Cat. No. 7107
- N, tank, Thai Special Gas Co., Ltd.

- Tube, Cole Palmer RF#06422-00, with inner diameter 0.5 millimeters and

outer diameter 2.1 millimeters.
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3.2.2 Fabrication process

3.2.2.1. Preparation of acrylic mold
- Design the pattern drawn with Microsoft Visio and cut with CNC process
- Inspect the CNC-processed acrylic mold, clean with IPA and DI water

- Use acrylic thin piece to create a wall of the mold and attach them with

acrylic slue

3.2.2.2. PDMS casting

- Mix PDMS liquid form 60 g with PDMS curing agent 6 ¢ and stir thoroughly.
The more bubbles they happen, the better they are well mixed

- Pour onto prepared acrylic mold and let it spread till it is uniform on the

mold

- Put it in vacuum chamber to remove bubbles out from the mold for 5-10

minutes at 550C.

Note: During setting the temperature, In order to avoid the fluctuation of

temperature, the oven should be set before using around two hours.
- Cure it at 80°C for 1 hour

- Peel the PDMS off from the mold. In this stage, after curing just 1 hour is to

peel easily and to make sure that we do not damage the channel.

- Continue heating it in the oven for 2 hours to get well-cured PDMS

3.2.2.3. Glass preparation

- Clean glass slide with Piranha treatment, mixing H,SO, 50 mL with H,O, 5

mL, for 30 minutes

Note: Be careful the heat originating from the reaction.
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- Wash the Piranha solution out with DI water before using IPA to further

clean the surface of the glass
- Dry the g¢lass slide with blowing N,

Note: Do not let it dry itself because the solution may leave the stain onto the glass,
leading to have unclear visibility during observing under a microscope or make it

difficult to bond with PDMS.

3.2.2.4. Bonding PDMS with ¢lass slide

- After cutting PDMS with proper size to glass slide, punch inlets and outlets

with the belt puncher size 2 millimeter in diameter

- Also, cut the PDMS at the area beside to the channel for laying a magnet

array similar to figure 2.13

- Put them into the plasma treatment chamber by setting the side which we

want to articulate together

Note: During the process, use disposable glove not to make the surface of each

element contaminated with dust or fingerprint.

- Plasma treatment; vacuum the chamber, turn on the power, adjust the inlet
air flow into the chamber to get violet color resulting from plasma ignition, leave it

for 3 minutes

- After plasma treatment, we put them attach with each other and cure it

again in the oven at 80°C for irreversible bonding for 2 hours

3.2.2.5. Connect inlet and outlet tubes and inspection
- Cut a tube with proper length.

- Connect prepared segmented tubes to inlets and outlets
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- In order to prevent the flow to leak out of the system, we have to seal

inlets and outlets with only liquid PDMS, around 2 g

- Cure them in the oven at 80°C and lay the chip upside down not to make it

clogged because of permeation of PDMS liquid into the channel.

- After the device is well-cured, inject the DI water into the device to make
sure that the device does not have leakage and also there is no clog inside the

device.

Sample Inlet

Outlet

Figure 3.2 A microfluidic device used in the study

3.3 Summary

The overall procedure to fabricate a microfluidic device is already proposed.
Besides, the reader could see a list of equipment and materials as well as necessary
reagents to conduct the experiment. In the next chapter, there is a discussion on the
magnetic bead experiment, which the computational model will be comparing to
the experimental result. After that, the total uncertainty is investigated and included
the suggestion to edit our model or the experimental procedure for improving the
quality of our separation device in the next experiment with actual blood sample

further.
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Chapter 4

Magnetic bead experiment

This chapter discusses the magnetic bead experiment in the all aspects
including the mathematical model, a set of governing equations, experimentation
and model validation in order to illustrate the method to predict the trajectory of

the magnetic beads.

4.1 Trajectory of magnetic beads by influence of an array of magnets

The study has given the same coordinate as the study in Appendix C.2 shown
in Figure 4.1a. The force diagram is also represented in Figure 4.1b. In this model, we
have used magnetic beads as a model of infected erythrocytes. A form of equations

is also similar to the previous model as describes.

dZ
P + 67070(0p = Up2) = pp¥ == (4.1)
d2
By, — 6murav, , = ppvd—tj (4.2)
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Figure 4.1 (a) Schematic diagram of study domain (b) Force diagram acting on two

types of particles in the experiment under exposed to non-uniform magnetic force.
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Similarly, the method that fits magnetic force equations is the same as

previous model shown all details in Appendix C.2.

Fonsum.z=1.7mm = (8:293 X 10715 + 1.516 x 10~ cos(2112x) + 1.388 x
10712 5in(2112x)) - (—6.914 x 10522 + 5.332 x 10*z — 101) (4.3)

Fonz,5mz=1.7mm = (6438 X 10712 + 9.609 x 10~3 c0s(2094x) + 9.917 X
10™14sin(2094x)) - (1.712 x 10*e~2323) (4.4)

Fpnx10um,z=1.7mm = (6.634 X 1071* +1.213 x 1073 cos(2112x) + 1.111 X
10711sin(2112x)) - (—8.936 x 107 14¢%871Z 4 38(0.5¢~13587) (4.5)

Fz10mz=1.7mm = (5.151 x 107 + 7.687 x 1072 cos(2094x) + 7.933 X
107 135in(2094x)) - (1.712 X 10*e~23232) (4.6)

Equations (4.3) — (4.4) are for 5 km of magnetic beads and Equations (4.5) -

(4.6) are for 10 Um of magnetic beads at the distance of 1.7 mm from the magnet.

Calculating the trajectory is described in Appendix C.2 In this case, we definie time

step to be 0.1 Us. The MATLAB code are in detail in Appendix A.3 and also the detail

about computational data and equations are shown in Appendix B.3 - B.6.

The defined conditions used in the study are no interaction between cells,
neglecting all secondary flow effects such as pressure gradient, basset effect etc.
defining y-coordinate at the floor of the channel from the previous model and the

object will move on the floor plane.

4.2 Preparation of magnetic bead experiment
4.2.1 List of equipment

All instruments and materials used in the study are listed below
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4.2.1.1. Instruments
- Syringe pump, Cole-Parmer Model 100
- Syringe pump, Multi-Phaser model NE-1600/NE-1800
- Optical microscope, Seek Inter Co., Ltd., model SK-XJM series
- Camera, Digital Camera Viscam, Seek Inter Co., Ltd., model SK-X.M
- Vortex, Biosan, model Vortex V-1 plus
4.2.1.2. Materials and reagents
- Neodymium permanent magnets, MISUMI MGLN3-3-5
- A microfluidic device
- Syringe 10 ml 3 ea, Nipro Diposable Syringe, Lot#15G09T
- Deionized water (DI water) from Millipore, Model Direct-Q
- PBS solution, Sigma Aldrich

- Tween20, Sigma Aldrich, Product no. P1379

- 5 Um magnetic beads stock, Sigma Aldrich, Product no. 39689, Lot#1459204
with 1.462 x 10° beads/mL

- 10 Um magnetic beads stock, Sigma Aldrich, Product no. 49664,
Lot#1379936 with 7.639 x 10° beads/mL

4.2.2 Sample preparation

1. Mix DI water or PBS with Tween20, surfactant playing a role in preventing

agglomeration of beads, 10:1 V/V.

2. Add artificial food color to distinguish the buffer and the sample solution

by using green for the sample and blue for the buffer
3. Dilute the magnetic beads from the stock with the ratio 1:1000

4. Use the vortex for mixing uniformly
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5. Use a syringe to take up the solution
6. Install syringes into both pumps

7. In order to avoid bubbles in the device and during feeding the syringe by
pumps, we need to submerge the device under DI water and be under vacuum

condition for 1 hour

8. Connect the tip of the needle connected to syringes under the water in

order to avoid letting bubbles into the device.

Note: Before the experiment, all syringes have to fill in all spaces with solution. The
system requires no because if bubbles happen in the device, the bubbles will block
the flow and all assumptions defined in the mathematical model will be

inappropriate for predicting trajectories.

4.2.3 Experiment condition and installation

After all connectors are in position, the magnet array lies on the space which
is cut in the fabrication. The flow rate will be defined as the parameter in Figure 2.10.
All conditions used in the experiment are shown in Table 4.1 including the medium
mixed for the experiment. After flowing since steady state, the video is recorded, by
the camera, having 15 fps, which is attached into the optical microscope with V.I.S.
ver3.00, Seek Inter Operation Limited. Then, the video is converted into a single
picture. After that, the distance in x- and z- axis is measured for plotting the
trajectories. All experiments are performed three times. The schematic diagram of

the experiment is shown in Figure 4.2.

To approximate the computational error, the position of simulated data every
200,000 time steps is gathered in order to plot the trajectory of the experimental
result. Then, the percent error of the model is computed by comparing the final

distance as proposed in Figure 4.3.

The number of samples of 5-llm and 10-llm magnetic beads is 30 data sets

and 10 data sets, respectively. All experiments will be repeated three times.
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Medium  Bead size Q Q, Qs Total flow rate
(Lm) (U/min)  (UW/min) (L/min) (L/min)
5 0.1 0.95 0.95 2
DI Water
10 2 9 9 20
0.1 0.95 0.95 2
5 1 4.5 4.5 10
PBS
2 9 9 20
10 2 9 9 20

Figure 4.2 Schematic diagram of the experiment for both sizes of magnetic beads
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Figure 4.3 Calculation of uncertainty between the model and experiment (a) taken
by a microscope (b) the conceptual principle of calculating error compared to

experimental result

4.3 Experiment result of magnetic beads
4.3.1 Magnetic beads in DI water medium

After converting the recorded video into a series of single images, we measure
the distance in x- and z- axis in order to gather position data of each observed
particle. The position of each particle is plotted comparing to the simulated
trajectories as shown in Figure 4.5 and Figure 4.6 for 5 and 10 UUm respectively. In
addition, the computational model can be validated by the means proposed as

Figure 4.4 and the percent error is average 18.61% and 17.61% as shown in Figure 4.7

and 4.8 for 5- and 10-lUm magnetic beads respectively.
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Figure 4.4 Example of experiment result of 5-Um diameter magnetic beads in DI

water medium plotted for comparing to the calculated result
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Figure 4.5 Example of experiment result of 10-lm diameter magnetic beads in DI

water medium plotted for comparing to the calculated result
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Figure 4.6 Average deviation including the error bar from 5.31% to 34.16% for 5-lUm

diameter magnetic beads (three replicates) at 2 [LL/min.
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Figure 4.7 Average deviation including the error bar from 11.14% to 26.19% for 10-

ILm diameter magnetic beads (three replicates) at 20 LL/min.

Note: the example of the raw data from both experimental and computational result

is shown in Appendix C and the raw data of percent error calculation is also shown in

Appendix D.

4.3.2 Magnetic beads in PBS medium

In this experiment, it is similar to the previous experiment with DI water
medium. This study also performs the experiment with PBS medium and different
flow rates. Similarly, the percent error of computational model can be validated by

the approach of Figure 4.4 and shown in Figure 4.9.
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Figure 4.8 Average deviation including the error bar from 5.31% to 34.16% for 5-llm
diameter magnetic beads (three flow rates) at 2, 10 and 20 LL/min and for 10-lm

diameter magnetic beads (one flow rate) at 20 [AL/min.

4.4 Discussion

From both experiments, DI water and PBS medium, the deviation is around
5.31% to 34.16% and 9.32% to 21.27% respectively as exhibited in Figure 4.7 — 4.9.
The major uncertainty results from non-uniform wall thickness during cutting process
displayed in Figure 4.10. This leads to the fluctuation of magnetic force along the
channel because the magnetic force equation is the function of position. It is thought
that the deviation of trajectory between two studies should significantly come from

this reason. From the approximation, the deviation of the measured distance is

6.13% and 9.01% in average for 5-Um and 10-llm magnetic bead devices
respectively. This error can be analyzed and calculated that the magnitude of the

magnetic force varies +5%.

Another uncertainty is the measuring error by an optical microscope resulting
from the focus length of the microscope. The photo taken by the recorder may be

captured the observed particle from different layer of focused plane. In the
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computational condition, we assume that particles will move on the floor of the
channel. Therefore, y-coordinate as well as magnitude of magnetic force defined in
calculation programming is on the floor. However, if we compute at the center plane
of the channel, the percent error significantly decreases as shown in Figure 4.11.
Lastly, the constant values used for computation as shown in Tables 2.2 — 2.4 have
their heterogeneity in nature, which brings about the uncertainty in magnitude of

magnetic force.

Cutting Edge

A magnet array

Figure 4.9 Non-uniform thickness of wall channel

100
® 5-um y at the center
80 - ® 5-um y at the floor
60 4

Percent error (%)

Figure 4.10 Percentage of error of different y-coordinate calculation
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4.5 Summary

In this chapter, the magnetic bead experiment is performed and validates the
computational result. The experiment includes two sizes of magnetic beads, three
flow rates and two medium. The overall deviation from all cases is from 5.31% to
34.16%. From our observation, the error originates from mostly the non-uniform
thickness of channel wall, difference plane between experiment and calculation, and
the variation of constant parameters in the nature used in the computation can
influence the magnitude of magnetic force as well. The next chapter discusses
mouse blood experiment including sample preparation, a list of reagents and

instruments used in the experiment.
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Chapter 5

Mouse blood experiment

After validating and developing the mathematical model by using two sizes of
magnetic beads as the model of malaria-infected erythrocytes, this chapter goes into
detail of mouse blood experiment such as sample preparation and cell culture,

shows as well as discusses the result of the experiment.

5.1 Mice blood experiment
5.1.1 List of equipment
All instruments and materials used in the study are listed below
5.1.1.1. Instruments
- Syringe pump, Cole-Parmer Model 100
- Syringe pump, Multi-Phaser model NE-1600/NE-1800
- Optical microscope, Seek Inter Co., Ltd., model SK-XJM series
- Camera, Digital Camera Viscam, Seek Inter Co., Ltd., model SK-X.M
- Vortex, Biosan, model Vortex V-1 plus
- Centrifuger, Biosan Microspin 12

- Optical Microscope, Olympus DP21

5.1.1.2. Materials and reagents
- Neodymium permanent magnets, MISUMI MGLN3-3-5
- A microfluidic device
- Syringe 1 ml 3 ea, Nipro Diposable Syringe, Lot#14E19

- Deionized water (DI water) from Millipore, Model Direct-Q
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- 1 X Phosphate Buffer Saline (PBS), Sigma Aldrich

- Tris/HCL, Bio Basic Canada INC.

- Calcium disodium EDTA (CaNa,.EDTA), Sigma Aldrich
- Potassium Chloride (KCl), Suksapan Panit

- Nycodenz powder, Axis-Shield

- Giemsa staining solution

- Absolute methanol

- Immersion oil for high magnification lens

5.1.2 Sample preparation
5.1.2.1. Culture infected erythrocytes

Many study proposed that mice blood cells could be employed because its
physical and biological characteristics are similar to human blood cells [31]. In this
study, P.Berghei, malaria species in mice is preferred, because it contains more
hemozoin when they become mature. The mouse used in this study for parasite
culture is coming from National Laboratory Animal Center, Mahidol University (NALC
MU). In the culture method, the infected erythrocytes from freezing at -20°C are
thawed. Then we inject the blood sample into a mouse intraperitoneally, and after

that, investigate the percent parasimia by using Giemsa staining technique.

Giemsa staining technique is the method that we can perceive each
component of blood sample and also can investigate whether the sample contains
parasite or not. The color of Giemsa will attach to the parasite inside the infected
erythrocytes. First of all, the tip of the mouse’s tail is cut and the blood is dropped
onto the glass slide. Then, the cover slip is used to make thin film of blood. Before
treating blood cells, the sample needs to be already dry. After that, the blood cells
are fixed with methanol 2-3 minutes. Then, Giemsa solution diluted from stock 1:10

is covered all areas over the glass slide. After staining for 45 minutes, the sample
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needs to be cleaned for removing the staining solution with cleaned water. Before
observing under the microscope, it needs to be dry as well. In order to clarify
whether the blood cells have parasite or not, the high magnification of lens, in this
case 100x is used along with the immersion oil. Percent parasimia can be calculated
from the ratio of infected erythrocytes to total erythrocytes. Then, we count and
distinguish the type of blood cells under the microscope and calculate by the ratio

mentioned above.

In this procedure, we cannot predict that how long it should be taken to wait
for getting the percent parasimia to reach to approximately 40-50% because it is
based on mouse’s health and the activation of infected sample coming from
hibernation at -20°C. The more frequently we check the percent parasimia, the
better we can keep the sample before it is dead. Commonly, it takes time
approximately five days to let the parasite become mature enough. Figure 5.1
illustrates the number of infected erythrocytes which significantly increase after

cultured in mouse 2™ day and 5" day.
5.1.2.2. Nycodenz preparation

Nycondenz solution is used to separate the infected erythrocytes in the stage
of schizont, containing more hemozoin than other stages, by using the principles of
density gradient of concentration. From the study of Janse C. J. et al (2006),
Nycodenz solution is prepared by adding the 2.76 ¢ of Nycodenz powder into 10 mL
of buffered medium solution, comprising 5mM Tris/HCl, 3mM KCl and 0.3 mM
CaNa,EDTA [32]. The detail about mixing buffered medium protocol is indicated in
Appendix F. After that, Nycodenz stock solution is diluted with PBS in the ratio of 1:1
by volume. In separation process, 50 UL of Nycodenz-PBS solution is underplayed
before putting in 150 UL of blood sample. Then, the sample is centrifuged at 460g
for five minutes. The layer of the schizont stage is distinguished between serum and
agglomeration of other types of blood cells. The principle of Nycodenz gradient

centrifugation is displayed in Figure 5.2.
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Figure 5.1 Giemsa staining of the infected mouse left o™ day right 5" day

The final sample is checked whether we can filter to get just only the
Schizont stages or not as shown in Figure 5.3 by Giemsa staining. The result is that
the low amount of white blood cells and healthy erythrocytes comparing to the
sample without being passed Nycodenz gradient method is clearly seen shown in
Figure 5.1. There are a lot of white blood cells, platelets and normal red blood cells
if not treated. However, this method may not filter the schizont stage out 100%, but

we can get the sample more concentrated with infected erythrocytes.

Then a micro pipette is used to keep just only the sample in that layer and
put into culture medium for sustaining the quality of blood cells. Then the solution
is kept and can reassure that the sample is ready. A Syringe takes the sample and
PBS is used as a buffer solution in this case. We will install all instruments involved

similar to the magnetic bead experiment as shown in Figure 4.3.

Centrifuge Take only
@ 450g for Schizont
20 mins layer
_>
Schizont  Culture
’ laver Medium
Mice Nycodenz .
Blood solution Uninfected erythrocytes

and early stage

Figure 5.2 Schematic procedure of separation with Nycodenz gradient
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Figure 5.3 Giemsa staining after passing Nycodenz gradient centrifugation

5.1.3 Experiment condition and setup
5.1.3.1 Flowing fluid

After all connectors are in position, the magnet array lies on the space which
is cut in fabrcation. The flow rate will be defined as the parameter in Figure 4.2. All
conditions used in the experiment are shown in Table 5.1. After flowing since steady
state, the video is recording the phenomena by the camera attached with the optical
microscope. Then, the video is extracted into a single image. After that, the distance
is measured between the streamline supposed to be infected erythrocytes from the
preparation, and the wall boundary in z-axis two areas, first at the initial part of the
channel called area | and the other at the final part of the channel called area Il as
shown in Figure 5.4. Measurement data of all cases is shown in Table 5.2 and
illustrated in Figure 5.6. As the blood sample is too concentrated, during the sample

preparation, the sample will be diluted 1:25 in 1xPBS.
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Figure 5.4 Investigation window for examining the lateral displacement
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Table 5.1 Conditions in the mouse blood experiment

Q Q, Qs Total flow rate
(UW/min)  (U/min) (U/min) (U/min)
0.05 0.05 0.1 0.2
0.1 0.1 0.1 0.3
0.15 0.15 0.1 0.4
0.2 0.2 0.1 0.5

(a)

(b)

Figure 5.5 Example of the distance measurement in the (a) area | (b) area Il under

total flow rate 0.5 LW/min



Table 5.2 Distance measured at the area | and the area |l

64

Area | Area ||
Total flow rate (LUl/min)
(um) (Lm)
With magnet 39.41+3.36 41.81+17.24
0.2
Without magnet 44.32+22.15 16.62+4.62
With magnet 27.80+6.13 18.71+£4.09
0.3
Without magnet 51.53+6.06 22.47+8.78
With magnet 107.14+5.92 99.09+7.09
0.4
Without magnet 93.24+3.69 101.71+£3.52
With magnet 129.98+2.81 131.71+£3.30
0.5
Without magnet 150.42+7.31 138.87+26.44
: :
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| |
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Figure 5.6 Plotted data from the Table 5.2 to illustrate the result under various flow

rates
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5.1.3.2 Stagnant fluid

After we flow samples, laying a magnet array on the space we cut. We stop
all flow in order to get fluid to be stagnant and then record the video for 5 minutes.
Then, we converted the video into a single picture. After that, we observe the
behavior of infected erythrocytes under the presence and absence of a magnet

array.

5.2 Experiment result of mouse blood cells and discussion

It is quite difficult to observe the motion of infected blood cells by using an
optical microscope even if the experiment is performed in the case of flowing fluid
and stagnation fluid. The lateral displacement may happen supported by the

computational result.

In the flowing fluid experiment, the result extracted from the recorded video
shown in Table 5.2. From Figure 5.6, the line in each graph shows the range of the
position of blood cells flowing in the channel in both areas, area | and area Il. The
nearest and farthest distances are measured and compared the results between two
areas. Obviously, in all cases, the streamline of blood and expected lateral
displacement are difficult to observe coming from the effect of diffusion and low

magnitude of magnetic force as well as the limited view taken by the microscope.

The diffusion of the particles moving in flowing fluid could happen
particularly operating under low flow rates. Therefore, the result indicated that the

range of the blood stream is wider in the area Il than the area | under flow rate of 0.2

UL/min.

The possibility of low magnitude of magnetic force is the limitation of the
fabrication process because the longer distance between the magnet array and the
position of infected cells is, the lower magnetic force acting on the infected cells will

be. The magnetic force is in the order merely 10" Newton at the distance which is

wider than 500 llm as shown in force distribution in Figure 5.7.
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The computational also supports this possibility that the example of
trajectory under flow rate from 0.2 JW/min illustrated in Figure 5.8 indicates that they
have the highest lateral displacement approximately 36.44 Lm and 8.29 Wm in the

case of the distance 500 llm and 800 WLm respectively.

Moreover, the computational result suggests that the distance between the

streamline of infected cells and the surface of a magnet array should not be longer
than 300 Um as exhibited in Figures 2.16 — 2.17 and the operating flow rate should
lower than 0.28 LL/min because at this distance the order of magnetic force can

attract infected cells out around at least 50 1Um in lateral direction.

5.3 Summary

In this chapter, this study attempts to perform the experiment with an actual
blood sample. The chapter includes cell culture, sample preparation and the
conditions in the experiment. The experiment determines that our setup cannot
observe the motion of malarial-infected erythrocytes clearly due to the limitation of
fabrication process. The longer distance between the magnet array and streamline of
the infected cells it is, the lower magnitude of magnetic force will be. Besides, the
lateral displacement of infected cells is difficult to observe because the effect of
diffusion occurs when the device operates with low flow rates and the extent of
lateral distance is too small supported by the computational result. Therefore, the

recently experimental setup may not appropriate for observing the phenomena.
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Chapter 6

Conclusion

This thesis has illustrated the overall picture of the Malaria disease in terms
of the health issue, diagnosis method and the scope of the study. The spreading of
Malaria becomes more severe due to the delay of separating infected patient out
from the community in low-resource settings. The drawbacks of conventional
method are time-consuming process and need an expert to diagnose. Besides,
another method can reduce trouble is rapid diagnostic tests (RDTs). Nevertheless,
RDTs face a degradable problem and need appropriate conditions to store the test.
Thus, magnetophoresis is one of the alternative diagnostic methods to clarify
whether the sample contains the parasite or not. In accordance with some studies,
they account for the parasite invades the erythrocytes and generates magnetic
product called Hemozoin which is sensitive to the magnetic field. This study aims to
propose a novel method to separate the Malaria-infected erythrocytes by using a

microfluidic device and the principle of magnetophoresis.

The fundamental of magnetism particularly the magnetophoresis principle is
already summarized. The important factors having an impact on the magnitude of
magnetic force are its magnetic properties of the targeted object, size of its object
and the size of gradient magnetic field. One of these parameters is the gradient
magnetic field for which the system must be designed or fabricated the system to
achieve the highest magnitude of magnetic force as much as possible. We have used
COMSOL Multiphysics to simulate magnetic field distribution for the complex model,
in this case a magnet array. Then, the mathematical model is developed in order to
predict the trajectory of magnetic beads and also infected erythrocytes by using the
law of motion. Actually, forces exerting on the objects moving into the fluid are
including drag force, pressure gradient force and external force as well as the effect
of added mass and Basset force, which can happen when the object and the fluid
are accelerated or decelerated in high order. Nonetheless, these effects can be

neglected as previously mentioned in the literatures. In case of pressure gradient
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force, some studies argued that the force is already added into a fluid inertial term;
hence, this term can also be neglected. As a consequence, this study consider the
force acting on both models is only drag force and magnetic force. Finally, The
experimental is performed to validate the model we proposed. After that, the study
has already proposed the procedure to fabricate a microfluidic device by using soft
lithography. Conditions used in the study as well as the list of equipment and

necessary reagents are provided.

The magnetic bead experiment has been performed with two sizes of
magnetic beads, different flow rates and two medium, DI water and PBS. The average
deviation of 5-lm and 10-l.km magnetic beads is 18.61% and 17.61% respectively.
From our observation, the major error stems from mostly the non-uniform distance
between the magnet array and the streamline of the particles flowed into channel.
This cause is already investigated by calculating the variation of the distances which
cause the change in magnetic force around 6.13 - 9.01%. In addition, the photo
taken by the optical microscope may be coming from another focal plane because
the model assumes that the objects move on the floor plane. The other problem is
the variation of constant values used in the computation influences the magnitude

of the magnetic force.

After that, the model is predicted the trajectory for the blood sample. The
experiment with an actual blood sample coming from the mouse is also done to
compare the results. We have cultured P.Berghei, Malaria species in the mouse, into
a mouse. The experiment suggests that the optical microscope used for observing
the phenomena cannot clearly distinguish the motion of malarial-infected mouse

blood cells. Firstly, the fabrication limitations that cannot get the wall thickness less

than 300 Um in the cutting step. This point leads to low magnitude of magnetic
force acting on infected cells. The shorter distance between the magnet and the
streamline it is, the larger magnitude of magnetic force it will be. Secondly, the
diffusion at low flow rates can affect the motion of infected cells, and it makes a
difficulty to observe the motion too. Therefore, it is better to find a more appropriate

method to reduce the gap between the magnet array and the streamline of the
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blood flowing in the channel. Besides, the observing method is needed to be
improved. For example, the sample may be tagged with some signals such as

fluorescence dye so that the phenomena can be easily seen.
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Appendix A. Numerical calculation and Code MATLAB

In this study, we realize that we are unable to solve the motion equation
analytically. Therefore, we have proposed the numerical method which may not give
the exact solution but it is acceptable to use that result in order to design the
system and understand the system. The numerical method used in this study is
involved with 4" order Runge-kutta and finite difference method. Besides, the
mathematical model included programming code in MATLAB will be discussed in this
part in more detail.

A.1 Numerical solution - fourth-order Runge-Kutta method

Runge-Kutta solving method is one of the most popular methods used to

solve ordinary differential equation numerically. General equations used for

programming are defining
1
Ven =i+ |2 ks + 2k, + 205 + )|

By ki = f(xi, yi)
k, = f(x; + 0.5k, y; + 0.5hk,)
ks = f(x; + 0.5h,y; + 0.5hk,)
ks = f(x; + h,y; + hks3)

We need to adapt the idea for using to solve second-order ordinary
differential equation that rearrange and change the form of the equation to first-

order then using this method will be coded with MATLAB shows below
%%%% CODE PROFILE

000000
V0000000000000 000000000000000000000000000000000000000000D

SNAME: 4thOrder RungeKutta.m

SLAST EDITED: 3 AUGUST 2014

9999090000000 00000000000000000000000000000000000000000000000000000000
OO0OOOOOOOOOOOOOOOODOOOOOOOODOOODOOOOODOOODOOODOOOOODOOODOOODOOOOOOOODOOODOOODOO©O™O
88990009

[CRCRCRCIeie]

F———— = DEFINE FUNCTION-———————————————————— - - ———————————————————

funcl=inline('zx"','t','x', "zx");
func2=inline ('-2*zx + 4*t','t','x',"zx");
%Change second-order ODE into first order ODE

t=input ('\nEnter Value of t: ");



x=input ('\nEnter Value of X: '");
z=input ('\nEnter Value of z: ');
zx=input ('\nEnter Value of Zx: '
n=input ('\nEnter Value of n: ");

)7

7

h=input ('\nEnter Value of h: '");

fprintf ('\nSOLUTION WITH STEP SIZE = %10.4e IS:',6h);
fprintf ('\n t Z X' ;
fprintf ('\n%16.6e%16.6e%16.6e',t,z,x);

§mmm - PROGRAMMING==—==—====— === == ——— - ——
for i = 1:n

aklyl=funclx(t,x,zx);

aklzl=func2x(t,x,zx);

ttl=t + h/2.;

xx=x + h*aklyl/2.;

zxx=zx + h*aklzl/2.;

ak2yl=funclx(ttl, xx, zxx);

ak2zl=func2x (ttl, xx, zxx) ;

xx=x + h*ak2yl/2.;

zxx=zx + h*ak2z1/2.;

ak3yl=funclx (ttl, xx, zxx) ;

ak3zl=func2x (ttl, xx, zxxX) ;

ttl=t + h;

xx=x + h*ak3yl/2.;

zxx=zx + h*ak3z1l/2.;

akdyl=funclx(ttl, xx, zxx);

akdzl=func2x (ttl, xx, zxx) ;

z=z +(aklyl +2.%*ak2yl + 2.*ak3yl + akdyl)*h/6.;

zx=zx +(aklzl +2.*ak2z1l + 2.*ak3z1l + ak4zl)*h/6

t =t + h;

fprintf ('\n%16.6e%16.6e%16.6e"',t,z,Xx);
end

.7

A.2 Model Constant force, fourth-order Runge-kutta sovling method

From Equations 18 and 19, the motion equations

are in the form of

differential equation. One of the possible methods to solve numerically is Runge-

kutta solving method. The motion in y-axis proposed in Chapter 2 will be influenced

predominantly by gravitational force after being replaced with given value following

6rnprady 1CAs (dy\>  prg
. S - g =

B pceuv E B E A4 dt

Pcell

dy dy
319880.597 — + 750000 (—) —0.078 =
dt dt

&y

dt?
d?y
dt?

MATLAB code used to create the trajectory of the object is shown below
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CODE PROFILE

99900
©000

o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
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o\°
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o\°
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o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°

3 AUGUST 2014

4thOrder RungeKutta 2eqgs constant force.m

SLAST EDITED

SNAME

o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
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o\°
o\°
o\°
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o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°

o\°
o\°
o\°
o\°
o\°
o\°

DEFINITION OF FUNCTION

99900
c000

o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
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o\°
o\°
o\°
o\°
o\°
o\°

’

-1.428%*z

inline('-a2*zd + al*fmz','t','z','zd',"fmz"',"'al','a2")

motion equation in z-axis
inline('-2.774e+08*z"3 +2.447e+04*z"2

+0.0006236"','2z");

inline('zd','t',"'z",'zd");
function of differential equation second order into first order

func2z

o)

inline('-a2*zx + al*fmx +

inline('zx"','t','x"', 'zx");
function of differential equation second order into first order

func2x

Velocity equation at the plane y at floor

motion equation in x-axis

°
°

az2*vf','t', 'x', "zx', "fmx','vf', 'al', 'a2"');

o)

funclz
funcvf

[

funclx
o
°

o°

o\°
o\°
o\°
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o\°
o\°
o\
o\
o\
o\

o\°
o\°
o\°
o\°
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o\

INPUT PARAMETER

9900
c000
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o
o

")
")

input ('\nEnter Value of 7z
Adjusted value of z by the means of 4th order runge kutta

input ('\nEnter Value of Zx
Adjusted value of x by the means of 4th order runge kutta

initial position of x coordinate
initial position of z coordinate

input ('\nEnter Value of X
input ('\nEnter Value of 7
input ('\nEnter Value of n
the number of iterations
input ('\nEnter Value of h
time step

time

=input ('\nEnter Value of t

X
o

E]
z
o

]
zZX
o

E]
zd
o

E]
n
o

]

h
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DEFINE CONSTANT VALUE
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©o000
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o° o° oe

al=8.1179*10"12;
% Coefficient in the equation
a2=409633.0275;

% Coefficient in the equation
fmz=0.01*10"-12;

% Magnetic force in z-axis (constant value)

fmx=0;
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% Magnetic force in x-axis i1s disregarded in this model
%

o3

o

o3

o
©0000000000000000000000000000000000000000000000000000000
OO0OO0OO0OO0OOO0OOOODOOODODOODODOOODODOODODOOODODOODODOOODODOODOOOODOOODOOO©O

o
o
o
o
o
o

o
o
o
o
o
o

oe
© oo
© oo
© oo

g
° B
SINO)]
e
°
© Q
S

Hh

o
)
° Q
© t
° P
© O

o]

o

o 0o oe

fprintf ('\nSOLUTION WITH STEP SIZE = %10.4e IS:',

fprintf ('\n t
fprintf ('\n%16.6e%16.6e%16.6e',t,z,x);

N

Q

%

Q

%

o
]

©99900000000900090090000000090009000000000000090000000
OO0OOO0OO0OOOOOOODOOODODOODODOOODOOODODOOODODOODODOOODODOODODOOODOOODO©OO™O

o
o
o
o
o
o

0. 0 0 QO

%$%%% Iteration function
000000000000000000000000000000000000000000000000
5%55%5%5%%%5%%%%%%%%%%%%5%5%5%%%55%5%55%5%55%5%5%%%5%5%%%%%%%
%

%

o

]

for i = 1:n

vif=funcvf(z);
aklyl=funclx
aklzl=func2x
akly2=funclz
aklz2=func2z
ttl=t + h/2.;

xx=x + h*aklyl/2.;

zxx=zx + h*aklzl/2.;

tt2=t + h/2.;

zz=z + h*aklyl/2.;

zdd=zd + h*aklzl/2.;
ak2yl=funclx (ttl, xx, zxx) ;
ak2zl=func2x (ttl, xx, zxx, fmx,vf,al,a2);
ak2y2=funclz (tt2,zz,zdd);

ak2z2=func2z (tt2,zz,zdd, fmz,al,a2);
xx=x + h*ak2yl/2.;
zxx=zxX + h*ak2z1/2.;
zz=z + h*ak2yl/2.;
zdd=zd + h*ak2z1/2.;
ak3yl=funclx (ttl, xx, zxx);
ak3zl=func2x (ttl, xx, zxx, fmx,vf,al,a2);

t,x,zx);
t,x,zx,fmx,vf,al,a2);
t,z,zd);
t,z,zd,fmz,al,a2);

—~ e~~~
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h);
X");
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ak3y2=funclz (tt2,zz,zdd);
ak3z2=func2z (tt2,zz, zdd, fmz, al, a2);
ttl=t + h;
xx=x + h*ak3yl/2.;
zxx=zX + h*ak3z1l/2.;
tt2=t + h;
zz=z + h*ak3yl/2.;
zdd=zd + h*ak3z1/2.;
akdyl=funclx(ttl, xx, zxx);
akdzl=func2x (ttl, xx, zxx, fmx,vf,al,a2);
akdy2=funclz (tt2,zz,zdd);
akdz2=func2z (tt2,zz,zdd, fmz,al,a2);
x=x +(aklyl +2.*ak2yl + 2.*ak3yl + ak4dyl)*h/6.;
zx=zx +(aklzl +2.*ak2z1l + 2.*ak3zl + ak4zl)*h/6.;
z=z +(akly2 +2.*ak2y2 + 2.*ak3y2 + ak4y2)*h/6.;
zd=zd +(aklz2 +2.*ak2z2 + 2.*ak3z2 + ak4dz2)*h/6.;
t =t + h;
$%%% Display condition
% Because in each iteration is calculated quickly and a lot of
% information will not be used in every single point, we decide to
store
% the data every 400000 iterations.

oo o©

o\

if 1/400000 == floor (1/400000)
fprintf ('\n%16.6e%16.6e%16.6e"',t,z,x);
end

In each case shown in figure 2.18 and 2.19, we need to change al and a2,
which are the coefficient depending on size and mass of targeted object as well as
magnetic value. This section shows a part of data because it has too much data iRBC,

hRBC and WBC motion equation are described as follows

For iRBCs at size 5 lUm with magnetic force 1 pN and velocity equation

2

2 | 639708118% — 15.202 = 0
dt2 ' dt ' B

v(z) = 0.00299z3 + 0.112z% + 1.982z + 198.5

For iRBCs at size 5 Wbm with magnetic force 0.1 pN and velocity equation

2

2 | 639708.118% — 1.520 = 0
dt? At -

v(z) = 0.00299z3 + 0.112z2% + 1.982z + 198.5
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For iRBCs at size 5 lbm with magnetic force 0.01 pN and velocity equation

d?z dz
72 + 639708. 118d—— 0.152=0
v(z) = 0.00299z3 + 0.112z2% + 1.982z + 198.5
For hRBCs at size 5 lbm with magnetic force 0.00556 pN and velocity equation
d*z dz
pre) + 639708. 118d_ —0.0106 =0
v(z) = 0.00299z3 + 0.112z% + 1.982z + 198.5
For hRBCs at size 5 lbm with magnetic force 0.000556 pN and velocity equation
d*z dz
pre) + 639708. 118d— —0.00106 =0
v(z) = 0.00299z3 + 0.112z2% + 1.982z + 198.5
For hRBCs at size 5 lbm with magnetic force 0.0000556 pN and velocity equation

d’z dz
) + 639708. 118d— —0.000106 =0
v(z) = 0.00299z3 + 0.1122% + 1.982z + 198.5
For WBCs at size 5 Wbm with magnetic force 1.44 pN and velocity equation
2

d=z dz
p7e) + 639708. 118E —21952=0
v(z) = 0.00299z3 + 0.112z2% + 1.982z + 198.5

For WBCs at size 5 Wbm with magnetic force 0.144 pN and velocity equation

2

d“z dz
F7e) + 639708. 1185 —2.1952=0
v(z) = 0.0029923 + 0.11222 + 1.9827z + 198.5

For WBCs at size 5 lUm with magnetic force 0.0144 pN and velocity equation

2

d<z dz
ﬁ + 639708. 118d— —0.21952 =0
v(z) = 0.0029923 + 0.1122% + 1.982z + 198.5

A.3 Model Magnetic beads, linear discrete calculation

In this previous model, we used the fourth-order Runge-Kutta solving method
to solve a motion equation, in the form of ordinary differential equation. However,
the Runge-Kutta takes too much computation time. Therefore, in the next model, we
take advantage of calculating small period of trajectory, which can be considered as
linear motion, from one point to another point or so called Finite difference method,
which is more flexible and deals with more complex form of equation. The flowchart

of the program is shown in figure 2.22 and coded with MATLAB as follows.
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For 5-Um magnetic beads
CODE PROFILE
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mm:
mm:

(Range 4.516 - 3.978)

I

(Range 4.516 - 3.978)

")

’

zmf*107-3

input ('\nEnter Value of Z final
initial position of =z

zm*107-3;
initial position of =z

input ('\nEnter Value of h

input ('\nEnter Value of n
a number of solving iterations

initial position of x
y=input ('\nEnter Value of Y

% initial position of y

zm=input ('\nEnter Value of 7

x = xm*10"-3;

o

]
Z
o

o
zmf
zf
o

]
n
]
h

o
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downkl+downk3+downk5+downk7;
funcvf (y, z,umax, wc, hc, sumupk, sumdownk) ;

vixu*107-6;

(=1/27)* (1-(1/ (cosh (3*pi*hc/2/wc))));

(1/125)* (1-(1/ (cosh (5*pi*hc/2/wc)))) ;
(=1/343)*(1-(1/ (cosh (7*pi*hc/2/wc))));

(1) *(1-(1/ (cosh(pi*hc/2/wc))));

upkl+upk3+upkb+upk7;

(-1/343)* (1-
((cosh (7*pi*vcy/wc) )/ (cosh(7*pi*hc/2/wc)))) *(cos (7*pi*vcz/wc));

(1/125)*(1-
((cosh (5*pi*vcy/wc) )/ (cosh(5*pi*hc/2/wec)))) * (cos (5*pi*vcz/we));

(=1/27)* (1-
((cosh (3*pi*vcy/wc) )/ (cosh(3*pi*hc/2/wc)))) *(cos (3*pi*vcz/wc));

(1) *(1-
((cosh (pi*vcy/wc)) / (cosh(pi*hc/2/we)))) * (cos (pi*vecz/we));

sumdownk

upkl
upk3
upk5
upk7
sumupk
downk1l
downk3
downk5
downk7
vixu
vix
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l6.6e',t,z,x);

°

o

because particles have already collided

16.6e

°

o

16.6e

°

")

zf

fprintf ('\n BREAK

with channel wall
fprintf ('\n

if z <
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break

end
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’

inline (' (1.712e4*exp(-2323.%z))* ((5.151e-11)+(7.687e-

12*cos (2094 .*x) )+ (7.933e-13*sin(2094.*x))) "', 'z"',"'x");

Magnetic force equation z-axis
inline (' (-8.936e-14*exp (6871.%z)+(380.5%exp (-

1358.%z)) * ((6.634e-14)+(1.213e-13*cos (2112.*x))+(1.11lle-

11*sin(2112.*x))) "', 'z"',"'x");

inline ('umax.*sumupk./sumdownk','y','z"', "umax', 'wc', "hc', 'sumu

inline ('6*pi*8.1e-04*0.000005* (vEx-vpx) "', 'vEx', '"vpx")
pk', 'sumdownk")

%Drag force equation x-axis

%

inline ('6*pi*8.1e-04*0.000005*vfz", 'viz");

%Drag force equation z-axis

Magnetic force equation x-axis
Dragforce

[
°
°

%Velocity Equation

funcafmz
funcafmx
funcdz
funcdx
funcvf
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'yh);
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fprintf('\nSOLUTION WITH STEP SIZE =
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’

(fmx + fdx)/mass

ax
%%%% Displacement calculation
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(0.5*az*h"2);
(0.5*ax*h"2) ;

(vfz*h) +
z-dz;
(vpx*h) +

Time increment

x = x+dx;

dz
dx
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t+h

t
%%% Final velocity calculation
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(az*h);
(ax*h)

vz +
vpx +

Break Condition

viz
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This condition

16.6e',t,z,x);
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Q

because particles have reached the

|
16.6e

[
°

")
16.6e%

°

[

zf

fprintf ('\n BREAK

defined z-coordinate
fprintf ('\n

break

if z <

Sometimes particles go out of the range we define.
end

will

terminate the program.
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%%%% Display Condition
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we decide to

fprintf ('\n%16.6e%16.6e%16.6e%16.6e%16.6e"',t,2z,Xx);

Because in each iteration is calculated too quickly and a lot of
if 1/200000 == floor (i/200000)
end

information will not be used in every single point,

store
the data every 200000 iterations.
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End
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A.4 Model Actual Blood cell; Finite difference of trajectories

In this model, we try to fabricate the device that has the narrowest distance
between a magnet array and the channel as much as possible. The value of
magnetic field from the simulation of magnetic field distribution where is very close

to the magnet is quite sensitive. Therefore, in this model, we separate the

calculation into 3 distances, 100 llm, 200 lm and 300 Wm away from the a magnet
array. A set of magnetic force equations acting on red blood cells is different in each

case will be coded with MATLAB for trajectory as follows

Case 100 Um away from an array of magnets

$%%% Magnetic force equation

funcafmz=inline (' ((4.723el7*exp(-1.52e4.*z))+(1.593e04*exp (-
3344.%z)))*(1.383e-15 + 2.734e-17*cos (2094*x) - 1.17e-20*sin (2094*x)
+ 2.913e-17*cos (2*2094*x) + 1.933e-19*sin(2*2094*x) - 2.01l4e-

17*cos (3%2094*x) + 2.212e-19*sin(3*2094*x) + 9.52e-18*cos (4*2094*x) -
6.058e-20*sin (4*2094*x)) "', 'z"','x");

% Neglect x—-axis force equation because from the data, it showed very
small

Magnetic force equation z-axis

o° oo

oe

%%% Dragforce

funcdz=inline ('12*3*vfz*17*%10"-12/0.0396", 'vfz");

%$Drag force equation z-axis

funcdx=inline ('12*3* (vfx-vpx) *17*107-12/0.0396", 'vfx"', "vpx"');
%$Drag force equation x-axis

o

funcvf=inline ('umax. *sumupk./sumdownk',
pk', 'sumdownk') ;
%Velocity Equation

'y','z'", 'umax', 'wc', "hc', "sumu
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Iteration function
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Magnetic force calculation

o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°

input position for getting magnetic force at individual position

o\°

funcafmz (z, x) ;

0;

Velocity calculation

fmx
fmz
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downkl+downk3+downk5+downk7;
funcvf (y, z,umax, wc, hc, sumupk, sumdownk) ;

vixu*10"-6;

(=1/27)*(1-(1/ (cosh (3*pi*hc/2/wc))));

(1/125)* (1-(1/ (cosh (5*pi*hc/2/wc))));
(=1/343)* (1-(1/ (cosh(7*pi*hc/2/wc))));

(1)*(1-(1/ (cosh(pi*hc/2/wc))));

upkl+upk3+upk5b+upk7;
force calculation

(-1/343)*(1-
((cosh (7*pi*vcy/wc) )/ (cosh(7*pi*hc/2/wc)))) *(cos (7*pi*vcz/wc));

(1/125)* (1-
((cosh (5*pi*vecy/wc) )/ (cosh(5*pi*hc/2/wc)))) * (cos (5*pi*vecz/we));

(=1/27)* (1-
((cosh (3*pi*vcy/wc) )/ (cosh(3*pi*hc/2/wc)))) *(cos (3*pi*vcz/wc));

(1) *(1-
((cosh (pi*vcy/wc) )/ (cosh(pi*hc/2/wc)))) * (cos (pi*vcz/wc)) ;

z*10"6;

y=50;
zv—- (2600+ (wc/2)) ;

sumdownk

VA%
vCcy
upkl
upk3
upkb5
upk?
sumupk
downk1l
downk3
downk5
downk7
vixu
vix

% input position for getting magnetic force at individual position
vCcz

o

o

funcdz (vfz) ;

Acceleration calculation

fdx = funcdx(vix,vpx);

input velocity of fluid and particle for getting magnetic force at
fdz

% individual position

%
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(fmz - fdz) /mass;

ax = fdx/mass;

az

o oo
000

o\

Displacement calculation
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(0.5*az*h"2);
(0.5*ax*h"2);

+
+

(vEfz*h)
z-dz;
(vpx*h)

dz
z
dx
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Time increment

x = xX+dx;

99900
c000
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t+h

t
%$%%% Final velocity calculation
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(az*h) ;
(ax*h) ;

vz +
vpx +

Break Condition

viz
vpx
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This condition

l6.6e',t,z,x);

o

[

because it reaches the defined lateral
because it reaches the maximum domain of

Lg.-6e

Q
°

16.6e

o

zi-dzfm
0.006

’

fprintf ('\n%16.6e%16.6e%16.6e',t,z,x);

fprintf ('\n BREAK
break

distance')
fprintf ('\n BREAK

x—-axis');
fprintf ('\n

if z <
if x >
break

end

Sometimes particles go out of the range we define.
end

will

terminate the program.
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%%% Display Condition
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we decide to

fprintf ('\n%16.6e%16.6e%16.6e%16.6e%16.6e',t,2z,x);

if 1/1000000 == floor (i/1000000)
end

information will not be used in every single point,

Because in each iteration is calculated too quickly and a lot of
store

the data every 1000000 iterations.
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z');

’

What a long calculation!"')
X

fprintf ('\n Finish!!

fprintf ('\n

end
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l6.6e',t,z,x);

©°

16.6e%

©°

[

16.6e

©°

[

fprintf ('\n

Case 200 UUm away from an array of magnets
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(Range 2.6 - 3.1

input ('\nEnter Value of Z mm
zm*10"-3;

=input ('\nEnter Value of Y

% initial position of y

Yy
Zm
b4
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zm*10°=-3;
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funcafmz (z, x)

0;

fmx
fmz
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Velocity calculation
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downkl+downk3+downk5+downk7;
funcvf (y, z,umax, wc, hc, sumupk, sumdownk) ;

vixu*107-6;

(=1/27)*(1-(1/ (cosh(3*pi*hc/2/wc))));

(1/125)* (1-(1/ (cosh(5*pi*hc/2/wc))));
(=1/343)*(1-(1/ (cosh(7*pi*hc/2/wc))));

(1) *(1-(1/ (cosh(pi*hc/2/wc))));

upkl+upk3+upk5b+upk7;
force calculation

(-1/343)*(1-
((cosh (7*pi*vcy/wc))/ (cosh(7*pi*hc/2/wc)))) *(cos (7*pi*vcz/wc));

(1/125)*(1-
((cosh (5*pi*vcy/wc) )/ (cosh(5*pi*hc/2/wec)))) * (cos (5*pi*vcz/we));

(=1/27)* (1-
((cosh (3*pi*vcy/wc) )/ (cosh(3*pi*hc/2/wc)))) *(cos (3*pi*vcz/wc));

(1) *(1-
((cosh (pi*vcy/wc)) / (cosh(pi*hc/2/we)))) * (cos (pi*vecz/we));

zv— (2600+ (wc/2)) ;

z*10"6;
y=50;

sumdownk

zv
vey
upkl
upk3
upk5
upk7
sumupk
downk1l
downk3
downk5
downk7
vixu
vix

% input position for getting magnetic force at individual position
vcz

o\

o\

funcdz (vfz) ;

Acceleration calculation

fdx = funcdx(vix,vpx);

input velocity of fluid and particle for getting magnetic force at
fdz

% individual position

%

o
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(fmz - fdz)/mass;

ax = fdx/mass;

Displacement calculation

az

o\
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(0.5*az*h"2);
(0.5*ax*h"2);

+
+

(vEfz*h)
z-dz;
(vpx*h)

Time increment

z
x = x+dx;

dz
dx
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Final velocity calculation

t = t+h;
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(az*h);
(ax*h);

vz +
vpx +

viz
VpX
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Break Condition
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This condition

l6.6e',t,z,x);

°

[

because it reaches the defined lateral
because it reaches the maximum domain of

11
16.6e
11

[
°

16.6e%

°

[

zi-dzfm
0.006

’

fprintf ('\n%16.6e%16.6e%16.6e',t,z,x);

fprintf ('\n BREAK
break

distance')
fprintf ('\n BREAK

fprintf ('\n
break

if z <
end
if x >

Sometimes particles go out of the range we define.
end

will
terminate the program.

x—-axis')
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%%% Display Condition
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we decide to

’

16.6e%16.6e%1l6.6e%l6.6e',t,z,x)

°

16.6e%

°

information will not be used in every single point,
if 1/1000000 == floor (1i/1000000)
fprintf ('\n%
end

Because in each iteration is calculated too quickly and a lot of
store

the data every 1000000 iterations.

%

o

o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o

oo
oo
oo
oo
oo
o

z');

l6.6e',t,z,x);

°

What a long calculation!');
16.6e%

°

16.6e%

°

fprintf ('\n Finish!!

fprintf ('\n
fprintf ('\n
Case 300 1Um away from an array of magnets
CODE PROFILE

P
0000

end

oe
oe
oe
oe
oe
oe
oe
oe
oe
oe
oe
oe
oe
oe
oe
oe
oe
oe
oe
oe
oe
oe
oe
oe
oe
oe
oe
oe
oe
oe
oe
oe
oe
oe
oe
oe
oe
oe
oe
oe
oe
oe
oe
oe
oe
oe
oe
oe
oe
oe
oe
oe
oe
oe
oe
oe
o

5 MAY 2016

300 um away actual iRBCs calculation.m

$LAST EDITED

SNAME
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%%%% DEFINITION OF FUNCTION
9990000000000 0000000000000000000000000090000000000
0000000000000 0000000000000000000000000000000000

o\

o o oe

%$%% Magnetic force equation
funcafmz=inline (' ((1.487el0*exp (-8350.%*z) )+ (2265%exp (-
2521.%z)))*(7.063*e-16 + 4.373e-17*cos (2094*x) + 1.357e-
19%sin(2094*x)) "', 'z','x");

% Neglect x-axis force equation because from the data, it showed very
small

Magnetic force equation z-axis

o° o

o\

%%% Dragforce

funcdz=inline ('12*3*vfz*17*107-12/0.0396"', 'vfz');

$Drag force equation z-axis

funcdx=inline ('12*3* (vfx-vpx) *17*107-12/0.0396", 'vfx"', "vpx"');
%$Drag force equation x-axis

%

funcvf=inline ('umax.*sumupk./sumdownk','y',"'z"', 'umax"', 'wc', 'hc', 'sumu
pk', 'sumdownk") ;
%Velocity Equation

%$%%% INPUT PARAMETER AND CONSTANT
VALUE®%%%%%%%%%5%%%%5%5%5%%%%5%5%%%5%5%5%5%%%5%5%5%%%%

t=input ('\nEnter Value of t: ");
% t = time

xm=input ('\nEnter Value of X mm: ');
x = xm*10"-3;
% initial position of x

y=input ('\nEnter Value of Y: ');

% initial position of y

zm=input ('\nEnter Value of Z mm (Range 2.6 - 3.1 ): ");
z = zm*10%-3;

zi = zm*10"-3;

% initial position of z

dzf=input ('\nEnter Value of lateral distance um: ');
dzfm = dzf*10"-6;

n=input ('\nEnter Value of n: ");
a number of solving iterations

=input ('\nEnter Value of h: ");
time step

o0 o I o° oe

wc= 500;

% width of channel
hc= 100;
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height of channel

I°3
°

")

(uL/min)

flowrate=input ('\nEnter Value of total flow rate
flowrate/wc/hc/60*1000000000
1.4175*uavg
maxmimum velocity of fluid

uavg
umax

’

’

I3
°

I°3
°

:O;

viz
vpx

0;

1125%88.68*10"-15;

mass of blood cels
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Magnetic force calculation
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input position for getting magnetic force at individual position
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fmx
fmz

funcafmz (z, x) ;

% Velocity calculation
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input position for getting magnetic force at individual position

o°

o

%

zv z*10"6
y=-50

vey
vecz

’

zv—(2600+ (wc/2)) ;

(1) *(1-
((cosh (pi*vcy/wc) )/ (cosh(pi*hc/2/wc)))) * (cos (pi*vcz/we));

upkl

(=1/27)* (1-
((cosh (3*pi*vcy/wc) )/ (cosh(3*pi*hc/2/wc)))) *(cos (3*pi*vcz/wc));

upk3=

(1/125) *(1-
((cosh (5*pi*vcy/wc) )/ (cosh(5*pi*hc/2/wc)))) * (cos (5*pi*vcz/wc));

upk5=
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’

’

’

’

’

downkl+downk3+downk5+downk?7
funcvf (y, z,umax, wc, hc, sumupk, sumdownk)

(=1/27)* (1-(1/ (cosh(3*pi*hc/2/wc))));
vixu*107-6;

(1/125)* (1-(1/ (cosh (5*pi*hc/2/wc))))
(-1/343) *(1-(1/ (cosh(7*pi*hc/2/wc))));

(1) *(1-(1/(cosh(pi*hc/2/wc))))

upkl+upk3+upk5+upk?

(-1/343)*(1-
((cosh (7*pi*vcy/wc) )/ (cosh(7*pi*hc/2/wc))))* (cos (7*pi*vcz/we));

sumdownk

sumupk
downkl
downk3
downkb
downk7
vixu
vix

upk7
%%%% Drag force calculation
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l6.6e',t,z,x);

°

o

because it reaches the defined lateral
because it reaches the maximum domain of

11
1l
16.6e

°

16.6e%

°

o

zi-dzfm
fprintf ('\n BREAK

distance')

0.006
fprintf ('\n BREAK

x-axis');

’

fprintf ('\n%16.6e%16.6e%16.6e"',t,z,x);

break
fprintf ('\n

if x >
break

if z <
end
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end
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Because in each iteration is calculated too quickly and a lot of

o
°

we decide to

information will not be used in every single point,

store

o
°

the data every 1000000 iterations.

o® o° o o

if 1/1000000 == floor (1i/1000000)

fprintf ('\n%16.6e%16.6e%16.6e%16.6e%16.6e',t,2z,x);

end
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end

l

What a long calculation!')

fprintf ('\n Finish!!

fprintf ('\n

z');

X

fprintf ('\n%16.6e%16.6e%16.6e',t,z,x);
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Appendix B. COMSOL Multiphysics

COMSOL Multiphysics is used in this study because of its friendly interface
and ease to use. In this section, we are going to introduce how to use the program
and also show the detail of the model and domain used in this study.

B.1 Introduction to COMSOL

The procedure we like to simulate a case with COMSOL can be described by

following

1. Building a model

Drawing a model can be built in mainly two ways

1.1 Import the model already drawn by AUTOCAD, SolidWork, or even
COMSOL itself with a few working filetype such as .mphbin, .dwg, .sldprt etc. The
figure is shown in fig. B1.

1.2 Draw with COMSOL. It depends on our model whether it is 2D or 3D. in
case 3D, we has two choices that first, we can use ready-made shape such as sphere,
cube or cone etc., or second, we choose work plane to draw in 2D then extrude for

3D model. The figure is shown in fig. B2.

lodel Builder -1
- s v =t &l :: L Settings  Properties -
“9 gtgled'mph (root) 4 - 'B:uﬁd Selected ~ 5 Build All Objects

4 () Global
4 'f%) De @ Build All F8 Label: Importl
= ;J = Import v Import
Geometry import:
2 Q CEorB‘;j E"" Circle Any importable file

Any importable file
COMSOL Multiphysics file
3D CAD file

Rectangle | | STLARML file

‘ ECAD file (GDS)

ECAD file (NETEX-G)

4G © Ellipse
=

| =
g || Square
=

% Bézier Polygon

— Waork Plane
1| Block E
= Cone F Work Planel {wp.
o | cobnd YA\ Plane Geomet 1 Build Selected F7
) inder ¥ Vi i -
¥ " [ View 2 @ Build Preceding F&
- Farm Union (fin)
0 Sphere £ dra Materials il bai '
... ra\.. .
More Primitives ] A Laminar Flow (spf) Add After C
i Fluid Properties 1

S Wall 1 [l Bdrude
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2. Material selection

In each study, we know that the properties used for calculation need to be
filled. In license file, we found that problem that we need to purchase these data
additionally. Therefore, sometimes we need to add the properties from journal
papers instead which may be better than the provided data by the program because
it may be in the same condition and more appropriate.

3. Boundary condition definition

It is based on what physics you choose to study. The example shown in fig
B.3 is used in fluid laminar flow study.

4. Meshing

One of the advantages of COMSOL Multiphysics is auto meshing by the
program that we can increase or decrease the size of meshes by ourselves for
improving the accuracy of the calculation or use ready-made command by the
program. The meshing step is shown in fig B.4.

5. Study and Result

After meshing, we will let it compute and show the result after that. It relies
on what you want to see the result. We can set them to show the color range or

even export the data for further analysis.

Label: Inletl
Boundary Selection
Selection: [ Manual v]
(on ) s
g -
Active m
4 === Laminar Flow (spf)
Dem - -
ww Fluid Properties 1
n. Wall1 Override and Contribution
D, S 2
e Initial Values 1 v Equation
=T Inlet 1 Show equation assuming:
o Outlet 1 l Study 1, Stationary v
e
= Symmetryl T
* ~ Boundary Condition
| velocity v
v Velocity
@ Normal inflow velocity
Velocity field
Ug 0 m/s

Figure B.3 the illustration of defining conditions to the study
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Figure B.5 the illustration of many functions in Results tab after computation
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B.2 Validation COMSOL Multiphysics with analytical solution
According to G.Xiao-fan et al. (2004), they proposed the analytical solving
equations shown from Equations (2.5) to (2.16). This section shows how to define the
conditions in COMSOL Multiphysics so that we can adapt it into more difficult model.
We define the domain to be in the shape of sphere and other elements are
shown in Fig. B6 and the conditions similar to the condition of analytical solution are

also displayed in Fig. B7.

Infinite domain  ———
"' [ '\_\ A
[ » b
Target domain : ;

z

y '\b, X
A standalone magnet

Figure B.6 the domain and details of each element modeled by COMSOL
Multiphysics

Infinite domain

\' . Zero magnetic potential

-
-
-
- 2
-

. . Magnetic flux
Magnetic insulation

conservation in z-axis

Figure B.7 the conditions given to the software
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B.6 Fitting curve for magnetic force equations by cftool command in MATLAB

The force equation fit by this study consists of two components of function

as follows
fmag(%,2) = f1(x) X f2(2)

f1(x) is the function depending on position in only x-axis. Besides, f,(z) is
the function depending on position in only z-axis. This study gathers data of the
magnetic force at the certain distance in order to fit one variable function.

The example of fitting curve is shown in fig B.8 — B.11

Figure B.8 fitting curve of the magnetic force in x-axis and the component of fourier

series

Fa Options.

Figure B.9 fitting curve of the magnetic force in x-axis and the component of

quadratic equations
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Figure B.10 fitting curve of the magnetic force in x-axis and the component of fourier

series

Figure B.11 fitting curve of the magnetic force in x-axis and the component of

exponential equations

6.1 magnetic force equations for 5-lUm magnetic beads

The magnetic force equation in x-axis

£,(x) = 8293 x 10715 + 1.516 x 10~ cos(2112x) + 1.388 x 10~ 12sin(2112x)
f,(z) = —6.914 x 10522 + 5.332 x 10*z — 101

The magnetic force equation in z-axis

fi(x) = 6.438 X 1072 + 9.609 x 107*3 cos(2094x) + 9.917 x 10~ *sin(2094x)
f(2) = 1.712 x 10%e72323

6.2 magnetic force equations for 10-lUm magnetic beads

The magnetic force equation in x-axis

£,(x) = 6.634 x 101* + 1.213 x 10~"3 cos(2112x) + 1.111 x 10~ !sin(2112x)
f2(z) = —8.936 x 1071468712 4 38(,5¢ 13582
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The magnetic force equation in z-axis

£,(0) = 5151 x 1071 + 7.687 x 10712 cos(2094x) + 7.933 x 10~ 13sin(2094x)
f>(2) = 1.712 x 10*e—23232

6.3 magnetic force equations for infected erythrocytes

The magnitude of magnetic force in x-axis already calculated is too low

comparing to the size of drag force. Therefore, the magnetic force equation in x-axis

is neglected.
6.3.1 Wall thickness 100 Wm

The magnetic force equation in z-axis
fi(x) =1.383 x 10715 + 2.734 x 10717 cos(2094x) — 1.17 X 1072° sin(2094x)
+2.913 X 10717 cos(2 x 2094x) + 1.933 x 1079 sin(2 x 2094x)
—2.014 X 10717 cos(3 x 2094x) + 2.212 x 107 %sin(3 x 2094x)
+9.52 X 10718 cos(4 X 2094x) + 6.058 X 1072%in(4 x 2094x)
fo(2) = 4.723 x 1017 ¢~152x10%2 | 1 593 x 1(*e 33442

6.3.2 Wall thickness 200 1m

The magnetic force equation in z-axis
fi(x) =9.688 x 10716 + 3.976 x 10717 cos(2094x) + 1.999 x 10719 sin(2094x)
+ 8.639 X 10718 cos(2 x 2094x) — 1.056 x 1071 sin(2 x 2094x)
— 6.43 x 10718 cos(3 x 2094x) + 5.17 x 10712 sin(3 x 2094x)
+ 2.925 X 10718 cos(4 x 2094x) — 1.534 x 10~ sin(4 x 2094x)
f2(2) = 7.274 x 1011799067 4 2369¢ 26237

6.3.3 Wall thickness 300 UUm

The magnetic force equation in z-axis

fl(x) = 7.063 X 10_16 + 4.373 X 10_17 COS(2094X) 4+ 1.357 X 10—19 Sln(2094x)
f2(2) = 1.487 x 1010783502 4 2265¢~25212
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Appendix C. Computational methodology

C.1 Force Analysis

According to Basset-Bousinesg-Oseen equation (BBO), the force acting on
target objects is drag force, pressure gradient force, added mass effect, basset force
and summation of additional forces. This section will explain the detail of each force
and give the reason why this study neglected some forces in the model.

Drag force is the total net force resulting from fluid which exerts the force in
the parallel direction of flow direction. This force depends on viscosity, size of
targeted objects and relative velocity between the fluid velocity and the particle
velocity. In this study, drag force can both decelerate and accelerate the particles
depending on the position during the observation.

Pressure gradient force is the force exerting on the particles because of
pressure drop inside the channel. Some studies neglected this term from the motion
equation and argued that this force is already included in fluid inertia force. Although
there are some suggestions to neglect that term, this section shows the calculation

of the force order by using the equation as follows [33, 34]

T
Fpressuregradient o ¢ D3Vp (C.1.1)

Vp is pressure gradient term which can be described by Navier-Stroke
equation as
DU

Vp =pro;— uv?u (C.1.2)

The expansion of Equation (C.1.2) only in the x-axis is

9 _ (a_“ du du ‘3_“)_ (‘32_“ 9%u az_”)
ox  PriGet UtV tWo ) —H ax2+ay2+az2 (C13)

Assume that the flow will be steady and no properties vary in the x-axis and
the velocity considered in the study will be the function of z-coordinate. Therefore,

Equation (C.1.3) can be deducted as follows
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o _ _, %
I ,Llazz (C1.4)

Thus, the pressure gradient force is in the form as describes

i 0%u
Fpressuregradient =% D3 (—u 322 (C.1.5)

The force acting on the targeted objects by pressure gradient effect is
constant in each case. The magnitude of pressure gradient force is shown in the

Table C.1

Table C.1 the magnitude of pressure gradient force acting on particles

Medium Size of particles (LLm) Force (pN)
5 im 0.00138
DI water
10 1m 0.0110
5 Lm 0.00154
PBS s
10 1m 0.0124

Added mass effect or virtual mass effect is the effect coming from the
accelerating or decelerating of particles moving in the fluid. This effect may happen
when the fluid takes the kinetic energy resulting from work done by the accelerating

particles. The equation can be shown as follows

T d
Faadedmass = gpr3 TS (vr — vp) (C.1.6)

The magnitude of this force results from several parameters which are density
of fluid and the acceleration of relative velocity. However, in this case, this study
defined the condition of flow as steady state; therefore, the acceleration of fluid
must be zero. The magnitude of this force is predominantly impacted by the

acceleration of the particles. After replacing all constant values, added mass force

acting on 5- and 10-lbm beads as describes
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— d

Faddedmass,s = —6.54 %10 14(E (vp)) (C1.7)
— d

Faddedmass,lo =-5.24x10 13(E (Up)) (C.1.8)

From calculating acceleration of particles, the objects will be accelerated or
decelerated in the order of 1074 ~1Of5 m/sz. Consequently, the order of added mass
will reach approximately 10"~10"® N which is quite low comparing to the order of

drag force. Thus, the added mass effect can be neglected from the model.

Basset force is the effect coming from the viscous effect and delay of
developing a boundary layer in the area near to the moving particles which is also
accelerated or decelerated. Many studies suggest that the Basset force is hard to
operate and generally neglected. However, if the particles move with high
acceleration, then the model needs to consider carefully. The Basset force equation

is described as
3 t 1 d
Fpasset = EDzwle,llfpf ftoﬁa (Uf - Up)d‘[ (C.1.9)

After deriving Equation (C.1.9), the simplified form of Basset force equation

will be as follows

3 d
Fpasset = _EDZ\/T[,ufPf Y Zﬁa(vp) (C1.10)

Replace the constant value to Equation (C.1.10). Then, get the Basset force

exerting on 5- and 10-km beads with two mediums, DI water and PBS, as describes

Fpasset,s,01 = 126 X 10710VE = (1) (C.1.11)
Fpasset, 1001 = 5.02 X 10_10\/5%(%) (C.1.12)
Fpasset,s,pps = 1.23 X 10_10\/5%(1717) (C.1.13)

Fpasset,10pBs = 5.32 X 10_10\5%(%) (C.1.14)

As mentioned above, the order of moving particles in this study is in the
range of 10" ~10° m/s’. Besides, the time step used need to be lower than 10" s
due to finite difference calculation. Therefore, the summation of the order by Basset

effect is around the range of 10" "~10"° N, which can be clearly neglected.
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In order to verity the model excluding the effect of added mass and Basset
force, this study compared the computational result between adding the basset
force and added mass effect into the model and the model without those effects.
The result illustrated in Figure C.1.1 and Figure C.1.2 has determined that there is no

difference between these two models. Therefore, the model can neglect these two

effects.
150
L.. B With Basset and added mass effect
’é‘ 120 -+ .I. . + Without Basset and added mass effect
= | P
.5 n
s |
S 60 - Ny
) ..
(@] I.
N
30 - '-...'
0 T T T
0 20 40 60 80
X-Coordinate (um)

Figure C.1.1 the trajectories of 5-llm magnetic beads in DI water under flow rate 2
UL/min the condition between including and excluding added mass and Basset

effect.
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Figure C.1.2 the trajectories of 5-llm magnetic beads in PBS under flow rate 2

UL/min the condition between including and excluding added mass and Basset

effect.

In sum, the effect of added mass and Basset force as well as pressure
gradient force which is still being argued whether it should be included in the motion
equation or not are totally neglected. The model in this study will propose to

consider just merely two forces which are drag force and magnetic force.

C.2 Trajectory of blood cells by the influence of defined constant magnetic force

This study has defined the coordinate shown in Figure C.2.1a by giving x-axis
as flow direction, y-axis as the vertical direction comparing to the height of the
channel and z-axis as the lateral direction. The force diagram is also represented in
Figure C.2.1b. In this model, we have modelled the shape of red blood cells as the
spherical shape. Trajectory of the model has been computed by using the Newton’s
motion equation. Besides, the equations used in the study are in the form of

differiential equations as follows
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—beerlVocg + 6mua + ¢ 4(M)Zﬁt Vocd = PootlVae =2 (C.2.1)
PcettlVecY Tthra -~ LPra 2wh/(Wh) PfVecd = PcettVBc 3z -4
d?z

dz
Fm - 67T/lfaa = pce”VF (C22)

Magnetic Force Profiles

Flow Direction 0
Flowirection Aajf—>

.
0

4

’

4 e
’

’

’

9
<
v

N\
—
Il

1]
)
.
]
(]

AV4 ’
—
onstant
: ————— i
Z ; X
' agnetic force

(Oblique view) (Top view) O hRBCs
FL
y X FD,}.
® Fox
z

F\l{lg.Z =c mg FD,Z

Figure C.2.1 (a) the schematic diagram of study domain (b) the force diagram acting
on blood cells exposed to the given constant magnetic force.

However, the set of equations cannot be solved analytically. We therefore
propose the solving method by using the 4" order Runge-Kutta coded in MATLAB.

The detail of programming code is shown in Appendix A.2.
The defined conditions used in the study are following

1. The magnitude of magnetic force acting on cells is constant value

represented in Tables 2.1 and 2.2

2. Consider the size of the targeted cells with 5 and 10 lm in diameter

because the size of actual red blood cells varies from 3 to 9 l.Um in diameter

3. No relative motion between fluid velocity and particle velocity
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4. No interaction between cells and neglect all secondary flow effects

First of all, the motion equation is calculated only in y-axis so that we can
know how the modeled object moves and what the trajectory is in y-coordinate. The
result of calculation suggests that both sizes of targeted object have the tendency to
move toward the floor of the channel thanks to the predominance of gravitational

force shown in Figure C.2.2. In addition, they take the distance in x-axis around 0.5

and 2.5 millimeters for 5 and 10 Wm beads respectively. Consequently, we need to

add one more assumption into the rest of the computation that is the object will

move on the floor plane under flow rate 0.06 and 0.15 JL/min.

The rest of the computation is performed. We can draw some conclusions
from the result shown in Figure C.2.3. First, the sign of the relative magnetic
susceptibilities results in the difference of the direction of blood cell motions. Both
types of erythrocytes which have the positive value of relative magnetic
susceptibilities tend to move laterally into the area which has a high gradient
magnetic field, but white blood cells which have the relative magnetic
susceptibilities in negative value are moving into the lower gradient magnetic field or
oppositely comparing to erythrocytes. This point is related to Han K. et al (2005) and
(2006) that the direction of the magnetic force acting on both white blood cells and
erythrocytes is opposite comparing to each other [35-37].

— 0.16 [ LL/min

= = = 0.06 [LL/min

~
10 Hm

Longitudinal Displacement (mm)

Figure C.2.2 the trajectory in the y-axis at the flow rates both 0.06 and 0.15 HL/min
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Figure C.2.3 the trajectory of blood cells at the floor of channel In various flow rate

and sizes of magnetic force.

Secondly, infected erythrocytes tend to move laterally to the high gradient
magnetic field more evidently than healthy erythrocytes because its relative
susceptibility of infected red blood cells is much higher than that of healthy red
blood cells. Therefore, the magnitude of magnetic force acting on healthy red blood
cells can be neglected as the value is too low and seems not to be attracted by the

magnetic force, but it does numerically
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Thirdly, the size of the blood cells also plays a significant role in lateral

migration. The bigger size they are, the higher drag force they will be exposed

to.Therefore, the bigger size, 10 lLm in this study, needs more distance in x-axis to
migrate laterally at all flow rates.

Fourthly, from Figure C.2.2. (a), (c) and (e), we demonstrate that the
magnitude of magnetic force affects trajectory of the cells because if we define the

higher magnetic force, they will move toward the wall faster.

Lastly, the flow rate also has an influence on drag force in Xx-axis. In
conclusion, while we are designing the device, we have to consider two main factors,
which are the size of the magnetic force acting on targeted cells that should not be

lower than 0.1 pN and the flow rate used in the experiment also that should not be

higher than 0.15 LL/min, or the speed should not exceed over 500 Lim/s. In order
to make sure that infected red blood cells can be filtered out with the proper
distance, we will use these criteria for design, In the next model, we will get the
result of magnetic field distribution from a magnet array computed by COMSOL and
will do the experiment to compare and validate how accurate our model used in

predicting the trajectory is.

C.3 Trajectory of magnetic bead by influence of an array of magnets

The study used the same coordinate and governing equations as Appendix
C.2. In this model, we have used magnetic beads as a model of infected
erythrocytes.
Fpx + 6mtppa(ve — vy ) = ppv% (C.3.1)

d?*z

el (C3.2)

Ep, — 6Tt sQU, , = ppV

The magnetic force term is fit from the result simulated by COMSOL
Multiphysics, which uses the necessary constant value in Tables 2.2 — 2.3. From the

magnetic force distribution, the magnetic field at each point relies on position in the
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domain. Consequently, the force equation is in function of x and z coordinate as

follows

Fm,x,Sﬂm =
(8.293 x 1071 +1.516 x 1071 cos(2112x) + 1.388 x 10712 sin(2112x)) -

(—6.914 x 10°z2 + 5.332 X 10*z — 101) (C.3.3)

Fm,z,Smn =
(6.438 x 10712 +9.609 x 10713 cos(2094x) + 9.917 x 10_14sin(2094x)) .

(1.712 x 10*e~2323) (C.3.4)

Magnetic Force Profiles
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Figure C.2.1 (a) the schematic diagram of study domain (b) the force diagram acting
on two types of particles in the experiment under exposed to non-uniform magnetic
force.

Fm,x,lO,um =
(6.634 X 1071 +1.213 x 1073 cos(2112x) + 1.111 x 10_115in(2112x)) .

(—8.936 x 107 14¢68717 4 380 5¢~13587) (C.3.5)
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Fm,z,lo,um =
(5.151 x 10711 4+ 7.687 x 10712 cos(2094x) + 7.933 x 10_13Sin(2094x)) .

(1.712 x 10*e~23237) (C.3.6)

Equations (C.3.3) - (C.3.4) are for 5 KUm of magnetic beads and Euations

(C.3.5) - (C.3.6) are for 10 Um of magnetic beads. This study cannot solve the set of
equations analytically and cannot use 4" order Runge-Kutta used in the previous
study because the force function is too complex to solve the problem. Besides, if
this study go on with the same method, it will require small time step for calculation
which brings about time-consuming computation. Therefore, we have proposed
another way to calculate by still using MATLAB for programming. The concept of the
calculation is shown in Figure C.3.2 and the flow chart of the program in Figure C.3.3.
We will define the initial position both in x- and z- axis to the program. The whole
trajectory will be separated into the very short linear motion by defining small time
step, 0.1 Us in the study. Then we have designed the program to calculate for the
final position and turn it into be the next initial position as well as calculate
reiterately until the program reaches the given numbers of iterations. The MATLAB
code are in detail in Appendix. A.3 and also the detail about computational data and

equations are shown in Appendix B.3 — B.6.
The defined conditions used in the study are following
1. No interaction between cells
2. Neglect all secondary flow effects
3. Define y-coordinate at the floor of the channel from the previous model

4. The object will move on the floor plane.
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Figure C.3.2 The conceptual principle of the program used in the magnetic bead

model
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Figure C.3.3 The flowchart of the MATLAB program used in the magnetic bead model
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Appendix D. Raw data of trajectory computation

The raw data accumulated by the excel resulting from MATLAB calculation
will be plotted for trajectory of each type of blood cells. This section will show a
part of all raw data because it has so much data that the section can show all

details.

D.1 Model constant force
1. Under flow rate 0.06 LL/min
Healthy red blood cells 5 lm

x (mm) z(graph) (um) x (mm) z(graph) (um) x (mm) z(graph) (um)

0.000 50.000 0.000 50.000 0.000 50.000
0.397 49.998 0.397 49.983 0.396 49.834
1.191 49.997 1.191 49.967 1.188 49.669
1.985 49.995 1.984 49.950 1.979 49.503
2.779 49.993 2.778 49.934 2.768 49.337
3.572 49.992 3.571 49.917 3.557 49.171
4.366 49.990 4.364 49.901 4.344 49.006
5.160 49.988 5.157 49.884 5.130 48.840
5.954 49.987 5.950 49.867 5.914 48.674
6.748 49.985 6.743 49.851 6.698 48.509
7.541 49.983 7.536 49.834 7.480 48.343
8.335 49.982 8.328 49.818 8.262 48.177
9.129 49.980 9.120 49.801 9.042 48.012
9.923 49.978 9.913 49.785 9.821 47.846
10.716 49.977 10.705 49.768 10.600 47.680
11.510 49.975 11.497 49.751 11.377 47.514
12.304 49.973 12.289 49.735 12.153 47.349
13.097 49.972 13.081 49.718 12.929 47.183
13.891 49.970 13.872 49.702 13.703 47.017
14.685 49.969 14.664 49.685 14.476 46.852
15.478 49.967 15.455 49.669 15.249 46.686

Frnag = 0.000056 pN Frnag = 0.00056 pN Frnag = 0.0056 pN
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Infected red blood cells 5 Um

X (mm)  z(graph) um

0.000 =0.000 x (mm) z(graph) um x (mm) z(graph) um
0.389 47.624 0.000 50.000 0.000 50.000
1.160 45.248 0.019 38.118 0.186 38.118
1.920 42.872 0.055 26.236 0.546 26.236
2.673 40.496 0.085 14.354 0.854 14.354
ij;g gg;ﬁg 0.102 2.472 1.024 2.472
4.892 33.367 0.091 -9.410 0.906 -9.410
5.619 30.991
6.336 28.615
7.041 26.239
7.729 23.863
8.395 21.487
9.033 19.111
9.637 16.735
10.197 14.359
10.706 11.983
11.153 9.607
11.528 7.231
11.818 4.854
12.011 2.478
Frag = 0.01 pN Frag = 0.1 pN Frmag = 1 PN
White blood cells 5 Um
x(mm)  z(graph) um x(mm)  z(graph) um x(mm)  z(graph) um
0.000 50.000 0.000 50.000 0.000 50.000
0.386 53.439 0.039 53.431 0.004 53.432
1.150 56.878 0.115 56.862 0.011 56.863
1.901 60.317 0.190 60.294 0.019 60.295
2.644 63.756 0.264 63.725 0.026 63.726
3.378 67.195 0.338 67.156 0.034 67.158
4.100 70.634 0.410 70.588 0.041 70.589
4.805 74.073 0.481 74.019 0.048 74.021
5.485 77.513 0.549 77.450 0.055 77.452
6.129 80.952 0.613 80.881 0.061 80.884
6.721 84.391 0.672 84.313 0.067 84.316
7.245 87.830 0.725 87.744 0.073 87.747
7.681 91.269 0.769 91.175 0.077 91.179
8.005 94.708 0.802 94.606 0.080 94.610
8.192 98.147 0.821 98.038 0.082 98.042
8.213 101.586 0.823 101.469 0.082 101.473

Frmag = 0.0144 pN Frnag = 0.144 pN Frnag = 1.64 pN
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2. Under flow rate 0.15 L/min

Healthy red blood cells 5 Um

x (mm)  z(graph) (um) x (mm)  z(graph) (um) x (mm)  z(graph) (um)
0.000 50.000 0.000 50.000 0.000 50.000
0.992 49.998 0.992 49.983 0.991 49.834
2.977 49.997 2.977 49.967 2.971 49.669
4.962 49.995 4.961 49.950 4.948 49.503
6.947 49.993 6.945 49.934 6.922 49.337
8.932 49.992 8.928 49.917 8.893 49.171

10.917 49.990 10.912 49.901 10.861 49.006
12.902 49.988 12.894 49.884 12.826 48.840
14.886 49.987 14.877 49.867 14.788 48.674
16.871 49.985 16.859 49.851 16.747 48.509
18.856 49.983 18.841 49.834 18.703 48.343
20.841 49.982 20.823 49.818 20.657 48.177
22.825 49.980 22.804 49.801 22.608 48.012
24.810 49.978 24.785 49.785 24.557 47.846
26.794 49.977 26.766 49.768 26.503 47.680
28.779 49.975 28.746 49.751 28.446 47.514
30.763 49.973 30.726 49.735 30.387 47.349
32.748 49.972 32.706 49.718 32.326 47.183
34.732 49.970 34.685 49.702 34.262 47.017
36.717 49.969 36.664 49.685 36.196 46.852
38.701 49.967 38.643 49.669 38.127 46.686
Fmag = 0.000056 pN Fmag = 0.00056 pN Fmag = 0.0056 pN

Infected red blood cells 5 Um

x (mm) z(graph) (um) x (mm)  z(graph) (um) x (mm)  z(graph) (um)
0.000 50.000 0.000 50.000 0.000 50.000
0.972 47.624 0.046 38.118 0.464 38.118
2.900 45.248 0.137 26.236 1.365 26.236
4.802 42.872 0.214 14.354 2.138 14.354
Z'Eﬁ? ;‘g‘l‘gg 0.257 2.472 2.566 2.472

10,398 3o 744 0.228 9.410 2.279 9.410
12.233 33.367
14.051 30.991
15.845 28.615
17.608 26.239
19.330 23.863
20.998 21.487
22.597 19.111
24.109 16.735
25.515 14.359
26.792 11.983
27.917 9.607
28.861 7.231
29.595 4.854
30.088 2.478

Frag = 0.01 pN Frag = 0.1 pN Frag = 1 PN



White blood cells 5 Um

x (mm)  z(graph) (um)

0.000
0.964
2.875
4.754
6.611
8.446
10.253
12.018
13.720
15.331
16.816
18.132
19.228
20.047
20.525
20.589

50.000
53.439
56.878
60.317
63.756
67.195
70.634
74.073
77.513
80.952
84.391
87.830
91.269
94.708
98.147
101.586

Frae = 0.0144 pN

D.2 Model magnetic beads

|. DI water medium

X (mm)
0.000
0.096
0.288
0.475
0.661
0.845
1.025
1.202
1.372
1.534
1.682
1.814
1.925
2.008
2.056
2.064

Froag = 0.144 pN

z(graph) (um)
50.000
53.431
56.862
60.294
63.725
67.156
70.588
74.019
77.450
80.881
84.313
87.744
91.175
94.606
98.038
101.469

5-lm magnetic beads under flow rate 2 LLL/min

Experimental

z (um) x (um)

86.76
62.72
44.95
32.4
17.77
9.41

0
24.04
44.95
62.72
77.35
83.62

t

Trajectory

Prog.

0
0.02
0.04
0.06
0.08

0.1
0.12
0.14
0.16
0.18

0.2
0.22
0.24
0.26
0.28

0.3
0.32
0.34
0.36

0.377252

z(m)

0.004065
0.004061
0.004058
0.004054

0.00405
0.004046
0.004042
0.004038
0.004034

0.00403
0.004026
0.004022
0.004018
0.004014
0.004009
0.004005
0.004001
0.003996
0.003992
0.003988

x (m)

0.001799
0.001804

0.00181
0.001815
0.001821
0.001827
0.001832
0.001838
0.001843
0.001849
0.001855

0.00186
0.001866
0.001871
0.001876
0.001882
0.001887
0.001892
0.001897
0.001902

x (mm)

X (mm)
0.000
0.010
0.029
0.048
0.066
0.084
0.103
0.120
0.137
0.153
0.168
0.181
0.192
0.201
0.206
0.206

141

z(graph) (um)

50.000
53.432
56.863
60.295
63.726
67.158
70.589
74.021
77.452
80.884
84.316
87.747
91.179
94.610
98.042
101.473

Frag = 1.44 pN

Comp.

874.91
880.384
885.893
891.432
896.997
902.583
908.181
913.787

919.39
924.983
930.555
936.097
941.599

947.05

952.44
957.758
962.995
968.142

973.19

977.46

z (um)

86.76
83.028
79.259
75.453
71.609
67.727
63.804
59.841
55.837

51.79

47.7
43.566
39.386
35.161
30.889
26.568
22.199
17.779
13.308

9.41

x (um)

0
5.474
10.983
16.522
22.087
27.673
33.271
38.877
44.48
50.073
55.645
61.187
66.689
72.14
77.53
82.848
88.085
93.232
98.28
102.55
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10-lm magnetic beads under flow rate 20 L/min

Experimental Trajectory
z (um)  x (um) Prog. Comp.

t z (m) x (m) x (mm) z(um) x (um)
116.3767 0 0.00E+00 4.01E-03 9.40E-04 136.237 116.377
80.13667 188.1533 5.00E-03 4.01E-03 9.53E-04 149.0321 111.773 12.7951
44.94667 355.4 1.00E-02 4.00E-03 9.66E-04 161.8886 107.129 25.6516
11.84667 468.9867 1.50E-02 4.00E-03 9.79E-04 174.7947 102.452 38.5577
4.183333 489.1233 2.00E-02 4.00E-03 9.92E-04 187.7656  97.743 51.5286

2.50E-02 3.99E-03 1.00E-03 200.814  93.001  64.577
3.00E-02 3.99E-03 1.02E-03 213.949 88.226  77.712
3.50E-02 3.98E-03 1.03E-03 227.177  83.416 90.94
4.00E-02 3.98E-03 1.04E-03 240.496  78.571 104.259
4.50E-02 3.97E-03 1.06E-03 253.899 73.691 117.662
5.00E-02 3.97E-03 1.07E-03  267.37 68.774 131.133
5.50E-02 3.96E-03 1.08E-03 280.887 63.819  144.65
6.00E-02 3.96E-03 1.10E-03 294.417 58.826  158.18
6.50E-02 3.95E-03 1.11E-03 307.918 53.794 171.681
7.00E-02 3.95E-03 1.13E-03 321.339 48.721 185.102
7.50E-02 3.94E-03 1.14E-03 334.619 43.606 198.382
8.00E-02 3.94E-03 1.15E-03  347.69  38.448 211.453
8.50E-02 3.93E-03 1.16E-03 360.476  33.244 224.239
9.00E-02 3.93E-03 1.18E-03 372.897 27.994  236.66
9.50E-02 3.92E-03 1.19E-03 384.866  22.696 248.629
1.00E-01 3.92E-03 1.20E-03 396.297 17.346  260.06
1.05E-01 3.91E-03 1.21E-03 407.103  11.943 270.866
1.10E-01 3.90E-03 1.22E-03 417.202 6.485 280.965
1.12E-01 3.90E-03 1.23E-03 421.201 4.183 284.964

. PBS medium

5-lm magnetic beads under flow rate 2 LLL/min

Experimental Trajectory
z (um) x (um) Prog. Comp.
t z (m) x (m) x (mm) z(um)  x (um)
77.35 0 0.00E+00 4.20E-03 9.94E-04  197.56 77.35 0
51.22 150.52 2.00E-02 4.20E-03 9.98E-04 201.9363 74.702  4.3763
39.72 190.24 4.00E-02 4.19E-03 1.00E-03 206.316  72.041 8.756
27.18  224.74 6.00E-02 4.19E-03 1.01E-03 210.696 69.367 13.136
15.68  247.73 8.00E-02 4.19E-03 1.01E-03 215.072 66.68 17.512
6.27  262.37 1.00E-01 4.19E-03 1.02E-03 219.442 63.979  21.882

1.20E-01 4.18E-03 1.02E-03 223.802 61.266  26.242
1.40E-01 4.18E-03 1.02E-03 228.147  58.538  30.587
1.60E-01 4.18E-03 1.03E-03 232.473  55.797 34.913
1.80E-01 4.18E-03 1.03E-03 236.776  53.042  39.216
2.00E-01 4.17E-03 1.04E-03 241.052  50.272  43.492
2.20E-01 4.17E-03 1.04E-03 245.296 47.488 47.736
2.40E-01 4.17E-03 1.05E-03 249.503 44.69  51.943
2.60E-01 4.16E-03 1.05E-03 253.667 41.876  56.107
2.80E-01 4.16E-03 1.05E-03 257.786  39.048  60.226
3.00E-01 4.16E-03 1.06E-03 261.853  36.204 64.293
3.20E-01 4.16E-03 1.06E-03 265.863  33.345  68.303
3.40E-01 4.15E-03 1.07E-03 269.813 30.47  72.253
3.60E-01 4.15E-03 1.07E-03 273.697  27.579  76.137
3.80E-01 4.15E-03 1.07E-03 277.511  24.672  79.951
4.00E-01 4.14E-03 1.08E-03 281.251  21.748  83.691
4.20E-01 4.14E-03 1.08E-03 284.913 18.807 87.353
4.40E-01 4.14E-03 1.09E-03 288.494 15.849  90.934
4.60E-01 4.14E-03 1.09E-03 291.99 12.874 94.43
4.80E-01 4.13E-03 1.09E-03 295.398 9.881  97.838
5.00E-01 4.13E-03 1.10E-03 298.717 6.87 101.157
5.04E-01 4.13E-03 1.10E-03 299.365 6.27 101.805
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5-1Um magnetic beads under flow rate 10 UL/min

Experimental Trajectory
z (um)  x (um) Prog. Comp.
t z (m) X (m) x (mm) z(um) X (um)

124.39 0 0.00E+00 4.28E-03 1.42E-03  696.16  124.39 0
104.53  180.84 2.00E-02 4.28E-03 1.43E-03 706.493 122.381 10.333
87.8  249.83 4.00E-02 4.27E-03 1.44E-03 716.849 120.364  20.689
82.58 274.91 6.00E-02 4.27E-03 1.45E-03 727.231 118.34  31.071
74.22  297.91 8.00E-02 4.27E-03 1.46E-03 737.642 116.308  41.482
65.85 323 1.00E-01 4.27E-03 1.47E-03 748.084 114.268 51.924
56.45 343.9 1.20E-01 4.27E-03 1.48E-03 758.558 112.219  62.398
47.04 364.81 1.40E-01 4.26E-03 1.49E-03 769.067 110.161  72.907
40.77  386.76 1.60E-01 4.26E-03 1.50E-03 779.613 108.095  83.453
31.36  407.67 1.80E-01 4.26E-03 1.51E-03 790.195 106.02  94.035
20.91 426.48 2.00E-01 4.26E-03 1.52E-03 800.815 103.935 104.655
12.54  441.12 2.20E-01 4.26E-03 1.53E-03 811.473 101.841 115.313
5.23  446.34 2.40E-01 4.25E-03 1.54E-03 822.169 99.736 126.009

2.60E-01 4.25E-03 1.55E-03 832.901 97.622 136.741
2.80E-01 4.25E-03 1.56E-03 843.667  95.497 147.507
3.00E-01 4.25E-03 1.57E-03 854.467  93.361 158.307
3.20E-01 4.24E-03 1.59E-03 865.296  91.214 169.136
3.40E-01 4.24E-03 1.60E-03 876.152  89.055 179.992
3.60E-01 4.24E-03 1.61E-03 887.029 86.885 190.869
3.80E-01 4.24E-03 1.62E-03 897.922  84.703 201.762
4.00E-01 4.24E-03 1.63E-03 908.826  82.509 212.666
4.20E-01 4.23E-03 1.64E-03 919.733  80.301 223.573
4.40E-01 4.23E-03 1.65E-03 930.637  78.081 234.477
4.60E-01 4.23E-03 1.66E-03 941.527  75.847 245.367
4.80E-01 4.23E-03 1.67E-03 952.395 73.6  256.235
5.00E-01 4.23E-03 1.68E-03 963.231  71.338 267.071
5.20E-01 4.22E-03 1.69E-03 974.022  69.062 277.862
5.40E-01 4.22E-03 1.70E-03 984.756  66.771 288.596
5.60E-01 4.22E-03 1.72E-03 995.421  64.465 299.261
5.80E-01 4.22E-03 1.73E-03 1006.003  62.144 309.843
6.00E-01 4.21E-03 1.74E-03 1016.486  59.806 320.326
6.20E-01 4.21E-03 1.75E-03 1026.854  57.453 330.694
6.40E-01 4.21E-03 1.76E-03 1037.091  55.083 340.931
6.60E-01 4.21E-03 1.77E-03 1047.181  52.696 351.021
6.80E-01 4.20E-03 1.78E-03 1057.104  50.292 360.944
7.00E-01 4.20E-03 1.79E-03 1066.842 47.87 370.682
7.20E-01 4.20E-03 1.80E-03 1076.376  45.431 380.216
7.40E-01 4.20E-03 1.81E-03 1085.687  42.974 389.527
7.60E-01 4.19E-03 1.81E-03 1094.755  40.498 398.595
7.80E-01 4.19E-03 1.82E-03 1103.56  38.004 407.4
8.00E-01 4.19E-03 1.83E-03 1112.081  35.491 415.921
8.20E-01 4.19E-03 1.84E-03 1120.298  32.959 424.138
8.40E-01 4.18E-03 1.85E-03 1128.192  30.407 432.032
8.60E-01 4.18E-03 1.86E-03 1135.742  27.837 439.582
8.80E-01 4.18E-03 1.86E-03 1142.93  25.246  446.77
9.00E-01 4.18E-03 1.87E-03 1149.737  22.637 453.577
9.20E-01 4.17E-03 1.88E-03 1156.144  20.007 459.984
9.40E-01 4.17E-03 1.88E-03 1162.136  17.358 465.976
9.60E-01 4.17E-03 1.89E-03 1167.696  14.688 471.536
9.80E-01 4.17E-03 1.89E-03 1172.81 11,999  476.65
1.00E+00 4.16E-03 1.90E-03 1177.465 9.289 481.305
1.02E+00 4.16E-03 1.90E-03 1181.65 6.56  485.49
1.03E+00 4.16E-03 1.90E-03 1183.506 5.23 487.346



5-1Um magnetic beads under flow rate 20 UL/min

Experimental
z (um)  x (um)
91.99 0
68.99 132.75
56.45 171.43
4495 208.01
30.31  240.42
18.82  268.64
7.32 284.32
6.27  289.55

10-lm magnetic beads under flow rate 20 HL/min

Experimen
z (um)

87.8
60.63
34.49

7.32

4.18

tal
X (um)

0
104.53
193.38
245.64
264.46
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Trajectory
Prog. Comp.
t z (m) x (m) x (mm) z(um)  x (um)
0.00E+00 4.21E-03 9.63E-04 166.2 91.99 0
2.00E-02 4.21E-03 9.83E-04 186.1629 89.412 19.9629
4.00E-02 4.21E-03 1.00E-03 206.153  86.834  39.953
6.00E-02 4.21E-03 1.02E-03 226.153 84.257 59.953
8.00E-02 4.20E-03 1.04E-03 246.145 81.68 79.945
1.00E-01 4.20E-03 1.06E-03 266.109  79.102  99.909
1.20E-01 4.20E-03 1.08E-03 286.022 76.524 119.822
1.40E-01 4.20E-03 1.10E-03 305.861 73.945 139.661
1.60E-01 4.19E-03 1.12E-03 325.596 71.365 159.396
1.80E-01 4.19E-03 1.14E-03 345.201 68.783 179.001
2.00E-01 4.19E-03 1.16E-03 364.643 66.199 198.443
2.20E-01 4.19E-03 1.18E-03 383.89 63.612 217.69
2.40E-01 4.18E-03 1.20E-03 402.906 61.022 236.706
2.60E-01 4.18E-03 1.22E-03 421.655 58.427 255.455
2.80E-01 4.18E-03 1.24E-03 440.1 55.828 273.9
3.00E-01 4.18E-03 1.25E-03 458.2 53.224 292
3.20E-01 4.17E-03 1.27E-03 475.916 50.613 309.716
3.40E-01 4.17E-03 1.29E-03 493.205 47.995 327.005
3.60E-01 4.17E-03 1.31E-03 510.026 45.37 343.826
3.80E-01 4.17E-03 1.32E-03 526.337 42.737 360.137
4.00E-01 4.16E-03 1.34E-03 542.093 40.094 375.893
4.20E-01 4.16E-03 1.35E-03 557.252  37.442 391.052
4.40E-01 4.16E-03 1.37E-03 571.771 34.778 405.571
4.60E-01 4.15E-03 1.38E-03 585.608 32.104 419.408
4.80E-01 4.15E-03 1.40E-03 598.722  29.417 432.522
5.00E-01 4.15E-03 1.41E-03 611.072  26.717 444.872
5.20E-01 4.15E-03 1.42E-03  622.62  24.004  456.42
5.40E-01 4.14E-03 1.43E-03 633.328 21.276 467.128
5.60E-01 4.14E-03 1.44E-03 643.162 18.534 476.962
5.80E-01 4.14E-03 1.45E-03 652.088  15.777 485.888
6.00E-01 4.14E-03 1.46E-03 660.077  13.003 493.877
6.20E-01 4.13E-03 1.46E-03 667.102  10.213 500.902
6.40E-01 4.13E-03 1.47E-03 673.141 7.406 506.941
6.48E-01 4.13E-03 1.47E-03  675.29 6.27  509.09
Trajectory
Prog. Comp.
t z (m) x (m) x (mm) z(um) x (um)
0.00E+00 4.06E-03 1.22E-03  345.99 87.8 0
1.00E-02 4.06E-03 1.24E-03 361.557 80.934  15.567
2.00E-02 4.05E-03 1.25E-03 377.177 73.974  31.187
3.00E-02 4.04E-03 1.27E-03 392.746  66.923  46.756
4.00E-02 4.04E-03 1.28E-03  408.15  59.777 62.16
5.00E-02 4.03E-03 1.30E-03 423.25  52.531 77.26
6.00E-02 4.02E-03 1.31E-03 437.891 45.182 91.901
7.00E-02 4.01E-03 1.33E-03 451.906 37.724 105.916
8.00E-02 4.01E-03 1.34E-03 465.122  30.151 119.132
9.00E-02 4.00E-03 1.35E-03 477.374 22.458 131.384
1.00E-01 3.99E-03 1.36E-03 488.512 14.639 142.522
1.10E-01 3.98E-03 1.37E-03 498.413 6.686 152.423
1.13E-01 3.98E-03 1.38E-03 501.232 4,18 155.242
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Appendix E. Comparison percent difference between model and experiment

E.1 Magnetic beads experiment

[. DI water medium

5-lm magnetic beads

20uL/min 10-um Z0 (from device measurement) 3.90 mm
X0 (from device measurement) 0.80 mm
Order Measured Measured Measured Measured Prog. Prog. Prog. Prog. Calculation Percent Error
initial z initial x final z final x initial z initial x final z final x final x
um um um um mm mm mm mm mm
1.00 41.46  459.98 4.18 574.91 3.94” 1.26 3.90 1.38 1.32 3.95
2.00 38.68 316.72 3.84 354.82 3.947 1.12 3.90 1.16 1.18 1.48
3.00 70.73 78.05 12.89  245.64 3.977 0.88 3.91 1.05 0.98 6.48
4.00 90.94  234.15 5.23 678.04 3.99” 1.04 3.90 1.48 1.19 19.75
5.00 91.64  604.87 4.18 1198.60 3.99” 1.41 3.90 2.00 1.57 21.73
6.00 83.97 113.24 4.18  516.37 3.98” 0.92 3.90 1.32 1.05 20.15
7.00 58.19 907.31 4.18 1197.20 3.96” 1.71 3.90 2.00 1.80 9.88
8.00 28.22 9.27 11.15 46.34 3.937 0.81 3.91 0.85 0.84 1.30 AVG Ssb
9.00 180.84  331.71 4.88 945.29 4.08” 1.14 3.90 1.75 1.48 15.51 11.14 8.30]
10.00 116.38 136.24 4.18 625.36 4,017 0.94 3.90 1.43 1.14 20.22
11.00 133.10  403.48 37.60 1308.00 4,03” 1.21 3.94 2.11 1.39 34.00
12.00 118.12  612.19 54.01 1265.15 4.02” 1.42 3.95 2.07 1.60 22.54
13.00 99.65  760.62 13.60 1333.79 4.00" 1.56 3.91 2.14 1.73 19.30
14.00 19.17 44.60 3.83 65.85 3.927 0.85 3.90 0.87 0.87 0.07
15.00 60.28 21.95 4.53  413.93 3.96” 0.83 3.90 1.22 0.92 24.71
16.00 170.38 14.63 90.94 1253.00 4.07" 0.82 3.99 2.06 0.97 52.63
17.00  186.06  255.05 82.58 1307.66 408" 1.06 3.98 2.11 1.27 39.76
18.00 87.80 93.03 35.54  529.96 3.99” 0.90 3.93 1.33 1.03 22.52 26.19 14.74]
19.00 116.03  417.07 4.18 1282.57 4,017 1.22 3.90 2.09 1.43 31.63
20.00 96.17 68.99 4.18 711.84 3.99” 0.87 3.90 1.52 1.03 31.89
21.00 89.89  199.65 3.14 818.46 3.99” 1.00 3.90 1.62 1.15 28.81
22.00 90.94 26.13 4.18 674.21 3.99” 0.83 3.90 1.48 0.98 33.79
23.00 95.12  615.68 5.23 1058.88 3.99” 1.42 3.90 1.86 1.58 14.99
24.00 150.52 44.95 4.18 1119.51 405" 0.85 3.90 1.92 1.23 35.94
25.00 140.07 232.05 4.18 1118.46 404" 1.04 3.90 1.92 1.40 27.29
26.00 47.04  445.29 5.23  648.00 3.94” 1.25 3.90 1.45 1.34 7.42
27.00 27.18  624.04 4.18  706.00 3.92” 1.43 3.90 1.51 1.48 2.29
28.00 67.94 45.99 3.14  505.92 3.97” 0.85 3.90 1.31 1.00 23.85 23.79 11.64]
10-lbm magnetic beads
2ul/min  5-um Z0 (from device measurement) 3.98 mm
X0 (from device measurement) 0.92 mm
Order Measured Measured Measured Measured Prog. Prog. Prog. Calculation Percent Error
initial z initial x final z final x initial z initial x final z final x final x
um um um mm mm mm mm
1.00 133.10 72.12 6.97  382.58 4.11 1.00 3.99 1.31 1.17 10.64
2.00 149.48 6.13 593  624.04 4.13 0.93 3.98 1.55 1.13 27.25
3.00 150.17 46.69 7.32  595.82 4.13 0.97 3.99 1.52 1.17 23.22
4.00 180.84 12.19 6.27  457.84 4.16 0.94 3.98 1.38 1.18 14.60
5.00 197.21 0.00 5.93 1208.01 4.18 0.92 3.98 2.13 1.19 44.00
6.00 263.41 0.00 98.26 1337.62 4.24 0.92 4.08 2.26 1.18 47.83
7.00  190.94 0.00 3.14  680.48 4.17 0.92 3.98 1.60 1.20 25.50
8.00 97.56 8.36 8.71  238.68 4.08 0.93 3.99 1.16 1.05 9.74
9.00 147.39 7.32 2.44 351.57 4.13 0.93 3.98 1.28 1.13 11.58
10.00  153.66 6.48 7.67  361.67 4.13 0.93 3.99 1.29 1.13 12.04
11.00  207.98 0.00 8.36 1051.56 4.19 0.92 3.99 1.98 1.22 38.47
12.00 211.12 0.00 60.63 1336.93 4.19 0.92 4.04 2.26 1.15 49.22
13.00  240.39 0.00 8.36 1119.51 4.22 0.92 3.99 2.04 1.26 38.25
14.00 44.94 16.73 9.41 81.53 4.02" 0.94 3.99 1.01 0.99 1.90 AVG Sb
15.00 264.43 0.00 2.09 1323.34 4.24" 0.92 3.98 2.25 1.31 41.78 26.40 15.84]
16.00  292.63 34.50 99.30 1288.84 4277 0.96 4.08 2.21 1.26 42.90
17.00  273.83 69.00 113.94 1303.48 4,257 0.99 4.09 2.23 1.25 44.10
18.00 317.77  493.38 232.05 1306.61 4.307 1.42 4.21 2.23 1.57 29.78
19.00 111.85 314.63 2.09 74111 4.09” 1.24 3.98 1.67 1.39 16.75
20.00 313.59 233.10 155.75 1313.93 4,297 1.16 4.13 2.24 1.21 45.99
21.00 266.55 23.00 78.40 1337.97 4.25" 0.95 4.06 2.26 1.24 45.28
22.00 260.28 44.95 57.49 1337.97 4.24" 0.97 4.04 2.26 1.28 43.43
23.00 201.74 8.36 2.09 644.94 418" 0.93 3.98 1.57 1.42 9.51
24.00 287.45 17.77 43.90 1337.97 4.277 0.94 4.02 2.26 1.32 41.80 AVG SD
25.00 14425 542.51 2.09 1211.49 4.12" 1.47 3.98 2.14 1.66 22.10 34.16 13.58]
26.00 66.90 387.80 2.09  460.97 4,05~ 1.31 3.98 1.39 1.39 0.62
27.00 77.35 373.17 8.36  482.92 4.06" 1.30 3.99 1.41 1.39 1.39
28.00 86.76  874.91 9.41  958.53 4.07" 1.80 3.99 1.88 1.90 1.01
29.00 58.54 38.68 3.14 127.53 4.04” 0.96 3.98 1.05 1.03 2.02
30.00 166.20 192.33 4.18  608.36 4.14" 1.12 3.98 1.53 1.34 12.38
31.00 7213 417.07 8.36 570.73 4.05" 1.34 3.99 1.49 1.42 4.74
32.00 76.31 1085.01 5.23 1287.80 405" 2.01 3.98 2.21 2.10 5.07
33.00 181.88 0.00 7.32  431.70 416" 0.92 3.99 1.36 1.17 13.84
34.00 188.15 26.13 9.41  412.89 417" 0.95 3.99 1.34 1.20 10.06 AVG sb
35.00 51.22 177.70 6.27  256.10 4.03” 1.10 3.98 1.18 1.16 2.00 5.31 4.98]




ll. PBS medium

5-lm magnetic beads
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2ul/min  5-um Z0 (from device measurement) 4.12 mm
X0 (from device measurement) 0.80 mm
Order Measured Measured Measured Measured Prog. Prog. Prog. Prog. Calculation Percent Error
initial z inttal x  final z final x initial z initial x final z final x final x
um um um um mm mm mm mm mm
1.00 56.45 96.17 7.32  382.58 4.18" 0.89 4.13 1.18 1.00 0.96 18.69|
3.00 97.21 85.71 3.14  810.10 4.22” 0.88 4.13 1.61 3.00 1.02 36.55
4.00 29.27  105.57 4.18  587.45 4.157 0.90 4.13 1.38 4.00 0.93 32.66
5.00 113.94 31.36 3.14  681.53 4.24” 0.83 4.13 1.48 5.00 0.99 32.85
6.00 56.45 217.42 3.14  327.18 4.18" 1.01 4.13 1.12 6.00 1.09 3.44
7.00 78.40  403.48 3.14 752.61 4.20" 1.20 4.13 1.55 7.00 1.31 15.53]
8.00 127.53 236.24 4.18 956.44 4.25" 1.03 4.13 1.75 8.00 1.22 30.22
9.00 127.53  236.24 3.14  952.26 4,257 1.03 4.13 1.75 9.00 1.22 29.99
10.00 86.76 309.41 3.14  785.01 4217 1.11 4.13 1.58 10.00 1.23 22.35
11.00 71.08  217.42 3.14  739.02 4.19” 1.01 4.13 1.54 11.00 1.11 27.79
12.00 62.72  747.38 4.18 1057.83 4,197 1.54 4.13 1.85 12.00 1.63 12.32]
13.00 23.00 710.80 3.14  739.02 4.15" 1.51 4.13 1.54 13.00 1.53 0.32
14.00 68.99  313.59 4.18  965.85 4,197 1.11 4.13 1.76 14.00 1.20 31.85
15.00 102.44 3.14 6.27  243.55 4.237 0.80 4.13 1.04 15.00 0.94 9.51
16.00 212.19  280.14 7.32 1293.02 4337 1.08 4.13 2.09 16.00 1.42 31.85
17.00 77.35 197.56 6.27 459.93 4.20" 0.99 4.13 1.26 17.00 1.10 12.78
18.00 3449  249.82 6.27  360.63 4.16” 1.05 4.13 1.16 18.00 1.08 6.55]
19.00 30.31 19.86 6.27 81.53 415" 0.82 4.13 0.88 19.00 0.85 3.73]
20.00 91.99 0.00 6.27  413.93 4.217 0.80 4.13 1.21 20.00 0.92 23.95
21.00 129.62 88.85 15.68  472.47 4,257 0.89 4.14 1.27 21.00 1.06 16.17|
22.00 63.76  159.93 7.32  462.02 4.19” 0.96 4.13 1.26 22.00 1.03 17.80
23.00 134.84  125.43 7.32 949.12 4.26" 0.92 4.13 1.75 23.00 1.12 35.86)
24.00 167.25 13.59 7.32 967.94 4.29” 0.81 4.13 1.76 24.00 1.06 39.79]
25.00 96.17  478.74 4.18 1012.89 4.22" 1.28 4.13 1.81 25.00 1.41 21.85
26.00 76.31 290.59 5.23 732.75 4.20" 1.09 4.13 1.53 26.00 1.19 22.24
27.00 77.35  742.16 4.18 1100.69 4.20" 1.54 4.13 1.90 27.00 1.65 13.27]
28.00 91.99  402.44 5.23 893.72 4217 1.20 4.13 1.69 28.00 1.33 21.38
29.00 56.45  203.83 8.36  361.67 4.18" 1.00 4.13 1.16 29.00 1.07 7.97
30.00 152.61  325.09 7.32  1036.93 4.28" 1.12 4.13 1.83 30.00 1.36 26.09
31.00 120.21  265.50 10.45 1036.93 4.247 1.06 4.13 1.83 31.00 1.23 32.73]
Average 21.27
SD 11.03]
10ul/min  5-um Z0 (from device measurement) 4.15 mm
X0 (from device measurement) 0.72 mm
Order Measured Measured Measured Measured Prog. Prog. Prog. Prog. Calculation Percent Error
initial z initial x final z final x initial initial x final z final x final x
um um um um mm mm mm mm mm
1.00 124.39 696.16 5.23 1142.50 4.28" 1.42 4.16 1.86 1.90 2.20
2.00 33.45 57.49 10.45 84.67 4.19” 0.78 4.16 0.80 0.84 3.77]
3.00 54.36 49.13 19.86 545.64 4217 0.77 4.17 1.27 0.88 30.82
4.00 23.00 157.84 9.41 356.44 4.18" 0.88 4.16 1.08 0.91 15.93]
5.00 61.67  420.21 15.68 1275.25 4.22” 1.14 4.17 2.00 1.30 35.05
6.00 26.13 748.43 6.27 1041.11 4.18" 1.47 4.16 1.76 1.51 14.21
7.00 44,95  402.44 4.18  896.86 4.20" 1.12 4.16 1.62 1.23 24.06)
8.00 64.81 61.67 9.41  616.72 4.22" 0.78 4.16 1.34 0.95 28.87
9.00 24.04  301.04 4.18  378.39 418" 1.02 4.16 1.10 1.06 3.59]
10.00 43.90 414.98 6.27 878.04 4.20" 1.14 4.16 1.60 1.23 22.79
11.00 21.95 23.00 7.32 55.40 4.18" 0.74 4.16 0.78 0.77 0.66
12.00 80.49 295.82 9.41 645.99 4.237 1.02 4.16 1.37 1.27 7.29
13.00 44.95 29.27 9.41  311.50 4.20" 0.75 4.16 1.03 0.84 18.52]
14.00 40.47 39.72 7.32  315.68 4,197 0.76 4.16 1.04 0.84 18.98]
15.00 36.59 25.09 6.27  240.42 4.19” 0.75 4.16 0.96 0.81 15.31
16.00 28.22  105.57 8.36  220.56 418" 0.83 4.16 0.94 0.87 7.78]
17.00 127.53  224.74 7.32  1062.01 4.28" 0.94 4.16 1.78 1.43 19.81
18.00 3449 418.12 6.27  863.41 4,197 1.14 4.16 1.58 1.20 23.94
19.00 49.13  509.06 7.23  938.67 4.20" 1.23 4.16 1.66 1.35 18.71
20.00 30.31  247.73 6.27  498.60 4.18" 0.97 4.16 1.22 1.02 16.34]
21.00 45.99 44,95 3.14  409.75 4.20" 0.77 4.16 1.13 0.87 23.10
22.00 12.54 99.30 3.14  124.39 4.17" 0.82 4.16 0.84 0.83 1.33
23.00 37.63 82.58 4.18  387.80 4,197 0.80 4.16 111 0.88 20.78
24.00 21.95 186.06 3.14 27491 4.18 0.91 4.16 1.00 0.94 5.57|
25.00 118.12 67.94 523 464.11 4.27 0.79 4.16 1.18 1.21 2.41
26.00 37.63 95.12 21.95 128.57 4.19 0.82 4.18 0.85 0.86 1.14
27.00 3449 121.25 4.18  533.10 4.19 0.84 4.16 1.25 0.91 27.62
Average 15.21
SD 10.30]
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20ul/min 5-um Z0 (from device measurement) 4.12 mm
X0 (from device measurement) 0.80 mm
Order Measured Measured Measured Measured Prog. Prog. Prog. Prog. Calculation Percent Error
initial z initial x final z final x initial z initial x ~ final z final x final x
um um um um mm mm mm mm mm
1.00 103.48  373.17 8.36 916.72 4.23 1.17 4.13 1.71 1.74 1.35
2.00 71.08 587.45 7.32 861.32 4,197 1.38 4.13 1.66 1.79 7.78
3.00 59.58 129.62 10.45  291.64 4.18" 0.93 4.13 1.09 1.17 7.14]
4.00 122.30 18.82 35.54 916.72 4.25" 0.82 4.16 1.71 1.46 14.81]
5.00 147.39  233.10 6.27 1043.20 4.27" 1.03 4.13 1.84 2.02 9.85
6.00 72.13 11.50 9.41 306.27 4.19” 0.81 4.13 1.10 1.13 2.89]
7.00 32.40 113.94 3.14 148.43 416" 0.91 4.13 0.94 1.00 5.81
8.00 91.99 166.20 6.27 455.75 4217 0.96 4.13 1.25 1.47 17.53]
9.00 28.22  252.96 12.54  302.09 415" 1.05 4.14 1.10 1.10 0.46
10.00 113.94 105.57 6.27 643.90 4.247 0.90 4.13 1.44 1.59 10.60
11.00 32.40 153.66 523 211.15 4.16” 0.95 4.13 1.01 1.04 2.93
12.00 108.71 40.77 6.27  701.39 423" 0.84 4.13 1.50 1.47 1.54
13.00 146.34  343.90 55.40 1336.39 4.27" 1.14 4.18 2.13 1.90 10.94
14.00 88.85 26.13 7.32  867.59 421" 0.82 4.13 1.66 1.29 22.58
15.00 97.21 514.28 10.45 1204.17 422" 1.31 4.13 2.00 1.87 6.44
16.00 88.85 27.18 11.50 314.63 4217 0.82 4.13 1.11 1.28 15.23]
17.00 12439  464.11 97.21 1074.56 4.25" 1.26 4.22 1.87 1.49 20.19
18.00 139.02  477.70 48.08 1334.84 4.26" 1.27 4.17 2.13 2.02 5.38]
19.00 81.53 125.43 9.41 398.26 4.20" 0.92 4.13 1.19 1.33 11.60|
20.00 155.75  488.15 6.27 1297.20 4.28" 1.28 4.13 2.09 2.33 11.46|
21.00 102.44  581.18 15.68 1336.93 4.237 1.38 4.14 2.13 1.97 7.83
22.00 95.12  666.90 9.41 1258.53 422" 1.46 4.13 2.06 2.00 2.46|
23.00 79.44 400.35 9.41 1055.74 4.207 1.20 4.13 1.85 1.61 13.09
24.00 100.35  320.90 10.45 910.45 4.22" 1.12 4.13 1.71 1.70 0.35
25.00 108.71 212.19 13.59  979.44 423" 1.01 4.14 1.78 1.65 7.17)
26.00 128.57 0.00 7.32  1247.03 4.25" 0.80 4.13 2.04 1.60 21.76|
27.00 195.47  327.18 143.20 1295.11 432" 1.12 4.27 2.09 1.64 21.65
28.00 88.85 501.74 9.41 948.08 4217 1.30 4.13 1.74 1.79 2.71
29.00 134.84  424.39 4.18 1180.13 4.26" 1.22 4.13 1.98 2.11 6.58]
30.00 99.30  485.01 7.32 894.77 422" 1.28 4.13 1.69 1.87 10.38|
31.00 10557  262.37 8.36 1050.52 4.237 1.06 4.13 1.85 1.69 8.59)
Average 9.33
SD 6.52
10-lm magnetic beads
20ul/min  10-um Z0 (from device measurement) 3.98 mm
X0 (from device measurement) 0.87 mm
Order Measured Measured Measured Measured Prog. Prog. Prog. Prog. Calculation Percent Error
intial z initial x final z final x initial z initial x final z final x final x
um um um um mm mm mm mm mm
1.00 61.67 491.29 9.41 1016.02 4.04” 1.37 3.98 1.89 1.46 22.92
3.00 11.50 131.71 5.23 183.97 3.99” 1.01 3.98 1.06 1.01 4.24
4.00 27.18  800.69 5.23  895.81 4.00” 1.67 3.98 1.77 1.70 3.67
5.00 5540 308.36 12.54  446.34 4.03” 1.18 3.99 1.32 1.26 4.90|
6.00 127.53  145.30 4.18 777.70 410" 1.02 3.98 1.65 1.26 23.58
7.00 10.45 20.91 4.18 48.08 3.99” 0.89 3.98 0.92 0.90 2.17
8.00 87.80  345.99 4.18  610.45 4.06” 1.22 3.98 1.48 1.38 7.36
9.00 83.62  101.39 5.23  309.41 4.06" 0.98 3.98 1.18 1.12 5.70
Average 9.32
SD 8.73




E.2 Blood cells

Distance 200 WWm from the magnet

Flow rate

2.70E-03
2.70E-03
2.70E-03
2.70E-03
2.69E-03
2.69E-03
2.69E-03
2.69E-03
2.69E-03
2.69E-03
2.69E-03
2.69E-03
2.68E-03
2.68E-03
2.68E-03
2.68E-03
2.68E-03
2.68E-03
2.68E-03
2.68E-03
2.67E-03
2.67E-03
2.67E-03
2.67E-03
2.67E-03
2.67E-03
2.67E-03
2.66E-03
2.66E-03
2.66E-03
2.66E-03
2.66E-03
2.66E-03
2.65E-03
2.65E-03
2.65E-03
2.65E-03
2.65E-03
2.65E-03
2.64E-03
2.64E-03
2.64E-03
2.64E-03
2.64E-03
2.63E-03
2.63E-03
2.63E-03
2.63E-03
2.63E-03
2.63E-03
2.63E-03
2.62E-03
2.62E-03
2.62E-03
2.62E-03
2.61E-03
2.61E-03
2.61E-03
2.61E-03
2.60E-03
2.60E-03
2.60E-03

0.18

x (m)
4.15E-04
8.31E-04
1.25E-03
1.66E-03
2.08E-03
2.49E-03
2.91E-03
3.32E-03
3.74E-03
4.16E-03
4.57E-03
4.99E-03
5.40E-03
5.81E-03
6.00E-03
6.41E-03
6.82E-03
7.24E-03
7.65E-03
8.05E-03
8.46E-03
8.87E-03
9.27E-03
9.67E-03
1.01E-02
1.05E-02
1.09E-02
1.13E-02
1.16E-02
1.20E-02
1.24E-02
1.28E-02
1.31E-02
1.35E-02
1.39E-02
1.42E-02
1.46E-02
1.49E-02
1.52E-02
1.56E-02
1.59E-02
1.62E-02
1.65E-02
1.68E-02
1.70E-02
1.73E-02
1.76E-02
1.76E-02
1.78E-02
1.80E-02
1.82E-02
1.84E-02
1.86E-02
1.88E-02
1.89E-02
1.90E-02
1.91E-02
1.92E-02
1.93E-02
1.94E-02
1.94E-02
1.94E-02

uL/min

zadj (um) xadj (cm)

98.79
97.61
96.45
95.23
94.05
92.84
91.58
90.30
89.03
87.81
86.52
85.25
83.97
82.64
82.03
80.66
79.32
78.01
76.62
75.27
73.89
72.45
70.98
69.52
68.10
66.64
65.14
63.68
62.15
60.67
59.07
57.48
55.93
54.31
52.67
51.06
49.37
47.63
45.84
44.05
42.28
40.53
38.68
36.79
34.95
33.07
31.09
30.67
28.62
27.22
25.09
22.94
20.77
18.58
16.40
14.20
11.95

9.61

7.19

4.67

2.08

0.00

0.04
0.08
0.12
0.17
0.21
0.25
0.29
0.33
0.37
0.42
0.46
0.50
0.54
0.58
0.60
0.64
0.68
0.72
0.76
0.81
0.85
0.89
0.93
0.97
1.01
1.05
1.09
1.13
1.16
1.20
1.24
1.28
1.31
1.35
1.39
1.42
1.46
1.49
1.52
1.56
1.59
1.62
1.65
1.68
1.70
1.73
1.76
1.76
1.78
1.80
1.82
1.84
1.86
1.88
1.89
1.90
1.91
1.92
1.93
1.94
1.94
1.94

Flow rate

2.70E-03
2.70E-03
2.70E-03
2.70E-03
2.69E-03
2.69E-03
2.69E-03
2.69E-03
2.69E-03
2.69E-03
2.69E-03
2.69E-03
2.68E-03
2.68E-03
2.68E-03
2.68E-03
2.68E-03
2.68E-03
2.68E-03
2.68E-03
2.67E-03
2.67E-03
2.67E-03
2.67E-03
2.67E-03
2.67E-03
2.67E-03
2.66E-03
2.66E-03
2.66E-03
2.66E-03
2.66E-03
2.66E-03
2.66E-03
2.65E-03
2.65E-03
2.65E-03
2.65E-03
2.65E-03
2.65E-03
2.64E-03
2.64E-03
2.64E-03
2.64E-03
2.64E-03
2.64E-03
2.63E-03
2.63E-03
2.63E-03
2.63E-03
2.63E-03
2.63E-03
2.62E-03
2.62E-03
2.62E-03
2.62E-03
2.62E-03
2.61E-03
2.61E-03
2.61E-03
2.61E-03
2.60E-03
2.60E-03
2.60E-03

0.23

5.30E-04
1.06E-03
1.59E-03
2.12E-03
2.64E-03
3.19E-03
3.72E-03
4.25E-03
4.78E-03
5.31E-03
5.84E-03
6.00E-03
6.53E-03
7.06E-03
7.59E-03
8.12E-03
8.64E-03
9.17E-03
9.69E-03
1.02E-02
1.07E-02
1.13E-02
1.18E-02
1.20E-02
1.25E-02
1.30E-02
1.35E-02
1.40E-02
1.45E-02
1.50E-02
1.55E-02
1.60E-02
1.65E-02
1.69E-02
1.74E-02
1.79E-02
1.80E-02
1.84E-02
1.89E-02
1.93E-02
1.97E-02
2.01E-02
2.05E-02
2.09E-02
2.13E-02
2.17E-02
2.20E-02
2.23E-02
2.24E-02
2.27E-02
2.30E-02
2.32E-02
2.35E-02
2.37E-02
2.39E-02
2.40E-02
2.42E-02
2.43E-02
2.45E-02
2.46E-02
2.47E-02
2.47E-02
2.48E-02
2.48E-02

uL/min

zadj (um) xadj (cm)

98.80
97.63
96.44
95.26
94.05
92.79
91.54
90.33
89.06
87.83
86.54
86.14
84.82
83.54
82.22
80.92
79.58
78.19
76.80
75.46
74.05
72.68
71.24
70.58
69.10
67.66
66.19
64.71
63.22
61.65
60.07
58.52
56.95
55.35
53.76
52.08
51.58
49.86
48.17
46.49
44.71
42.99
41.20
39.32
37.41
35.50
33.62
31.71
31.58
29.56
27.57
25.57
23.48
21.30
19.06
18.39
16.08
13.73
11.35

8.93

6.48

3.99

1.46

0.00

0.05
0.11
0.16
0.21
0.26
0.32
0.37
0.42
0.48
0.53
0.58
0.60
0.65
0.71
0.76
0.81
0.86
0.92
0.97
1.02
1.07
1.13
1.18
1.20
1.25
1.30
1.35
1.40
1.45
1.50
1.55
1.60
1.65
1.69
1.74
1.79
1.80
1.84
1.89
1.93
1.97
2.01
2.05
2.09
2.13
2.17
2.20
2.23
2.24
2.27
2.30
2.32
2.35
2.37
2.39
2.40
2.42
2.43
2.45
2.46
2.47
2.47
2.48
2.48
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Distance 200 lm from the magnet (Continued)

Flow rate

2.70E-03
2.70E-03
2.70E-03
2.70E-03
2.69E-03
2.69E-03
2.69E-03
2.69E-03
2.69E-03
2.69E-03
2.69E-03
2.69E-03
2.68E-03
2.68E-03
2.68E-03
2.68E-03
2.68E-03
2.68E-03
2.68E-03
2.68E-03
2.67E-03
2.67E-03
2.67E-03
2.67E-03
2.67E-03
2.67E-03
2.67E-03
2.66E-03
2.66E-03
2.66E-03
2.66E-03
2.66E-03
2.66E-03
2.66E-03
2.65E-03
2.65E-03
2.65E-03
2.65E-03
2.65E-03
2.65E-03
2.64E-03
2.64E-03
2.64E-03
2.64E-03
2.64E-03
2.64E-03
2.63E-03
2.63E-03
2.63E-03
2.63E-03
2.63E-03
2.62E-03
2.62E-03
2.62E-03
2.62E-03
2.61E-03
2.61E-03
2.61E-03
2.61E-03
2.61E-03

X

0.28

6.46E-04
1.29E-03
1.94E-03
2.58E-03
3.23E-03
3.88E-03
4.52E-03
5.17E-03
5.82E-03
6.00E-03
6.65E-03
7.29E-03
7.94E-03
8.58E-03
9.22E-03
9.87E-03
1.05E-02
1.11E-02
1.18E-02
1.20E-02
1.26E-02
1.33E-02
1.39E-02
1.45E-02
1.52E-02
1.58E-02
1.64E-02
1.70E-02
1.76E-02
1.80E-02
1.86E-02
1.92E-02
1.98E-02
2.04E-02
2.09E-02
2.15E-02
2.20E-02
2.26E-02
2.31E-02
2.36E-02
2.40E-02
2.45E-02
2.50E-02
2.55E-02
2.59E-02
2.63E-02
2.68E-02
2.72E-02
2.75E-02
2.79E-02
2.82E-02
2.86E-02
2.88E-02
2.91E-02
2.94E-02
2.96E-02
2.96E-02
2.98E-02
2.99E-02
3.00E-02

uL/min

zadj (um) xadj (cm)

98.80
97.64
96.45
95.26
94.02
92.79
91.57
90.35
89.08
88.72
87.42
86.17
84.88
83.59
82.24
80.91
79.58
78.25
76.88
76.40
74.99
73.62
72.20
70.80
69.31
67.84
66.39
64.91
63.41
62.39
60.82
59.30
57.71
56.15
54.58
52.83
51.19
49.51
47.84
46.11
44.81
42.99
41.22
39.41
37.55
35.71
33.77
31.76
29.74
27.74
25.75
23.62
21.49
19.39
17.20
14.92
14.81
12.45
10.01

8.06

0.06
0.13
0.19
0.26
0.32
0.39
0.45
0.52
0.58
0.60
0.66
0.73
0.79
0.86
0.92
0.99
1.05
1.11
1.18
1.20
1.26
1.33
1.39
1.45
1.52
1.58
1.64
1.70
1.76
1.80
1.86
1.92
1.98
2.04
2.09
2.15
2.20
2.26
2.31
2.36
2.40
2.45
2.50
2.55
2.59
2.63
2.68
2.72
2.75
2.79
2.82
2.86
2.88
291
2.94
2.96
2.96
2.98
2.99
3.00

Flow rate

2.70E-03
2.70E-03
2.70E-03
2.70E-03
2.69E-03
2.69E-03
2.69E-03
2.69E-03
2.69E-03
2.69E-03
2.69E-03
2.69E-03
2.68E-03
2.68E-03
2.68E-03
2.68E-03
2.68E-03
2.68E-03
2.68E-03
2.67E-03
2.67E-03
2.67E-03
2.67E-03
2.67E-03
2.67E-03
2.67E-03
2.67E-03
2.66E-03
2.66E-03
2.66E-03
2.66E-03
2.66E-03
2.66E-03
2.66E-03
2.65E-03
2.65E-03
2.65E-03
2.65E-03
2.65E-03
2.65E-03
2.64E-03
2.64E-03
2.64E-03
2.64E-03

0.33

7.61E-04
1.52E-03
2.28E-03
3.05E-03
3.81E-03
4.57E-03
5.33E-03
6.00E-03
6.76E-03
7.52E-03
8.28E-03
9.05E-03
9.81E-03
1.06E-02
1.13E-02
1.20E-02
1.28E-02
1.35E-02
1.43E-02
1.50E-02
1.58E-02
1.65E-02
1.72E-02
1.80E-02
1.80E-02
1.87E-02
1.95E-02
2.02E-02
2.09E-02
2.16E-02
2.23E-02
2.30E-02
2.37E-02
2.40E-02
2.47E-02
2.53E-02
2.60E-02
2.66E-02
2.72E-02
2.79E-02
2.85E-02
2.90E-02
2.96E-02
3.00E-02

uL/min

zadj (um) xadj (cm)

98.81
97.64
96.46
95.24
94.01
92.80
91.59
90.48
89.21
87.96
86.71
85.98
84.08
82.79
81.49
80.27
78.90
77.56
76.21
74.80
73.37
71.98
70.57
69.10
69.04
67.55
66.10
64.62
63.09
61.53
60.01
58.45
56.87
56.09
54.44
52.84
51.18
49.51
47.76
46.02
44.29
42.53
40.73
39.39

0.08
0.15
0.23
0.30
0.38
0.46
0.53
0.60
0.68
0.75
0.83
0.90
0.98
1.06
1.13
1.20
1.28
1.35
1.43
1.50
1.58
1.65
1.72
1.80
1.80
1.87
1.95
2.02
2.09
2.16
2.23
2.30
2.37
2.40
2.47
2.53
2.60
2.66
2.72
2.79
2.85
2.90
2.96
3.00

150



Distance 300 lm from the magnet

“Flow rate

z

2.80E-03
2.80E-03
2.80E-03
2.80E-03
2.80E-03
2.80E-03
2.80E-03
2.79E-03
2.79E-03
2.79E-03
2.79E-03
2.79E-03
2.79E-03
2.79E-03
2.79E-03
2.79E-03
2.79E-03
2.79E-03
2.79E-03
2.79E-03
2.79E-03
2.78E-03
2.78E-03
2.78E-03
2.78E-03
2.78E-03
2.78E-03
2.78E-03
2.78E-03
2.78E-03
2.78E-03
2.78E-03
2.78E-03
2.78E-03
2.78E-03
2.77E-03
2.77E-03
2.77E-03
2.77E-03
2.77E-03
2.77E-03
2.77E-03
2.77E-03
2.77E-03
2.77E-03
2.77E-03
2.77E-03
2.77E-03
2.76E-03
2.76E-03
2.76E-03
2.76E-03
2.76E-03
2.76E-03
2.76E-03
2.76E-03
2.76E-03
2.76E-03
2.76E-03
2.76E-03
2.75E-03
2.75E-03
2.75E-03
2.75E-03
2.75E-03
2.75E-03
2.75E-03
2.75E-03
2.75E-03
2.75E-03
2.75E-03
2.74E-03
2.74E-03
2.74E-03
2.74E-03
2.74E-03
2.74E-03
2.74E-03
2.74E-03
2.74E-03

0.18

4.15E-04
8.31E-04
1.25E-03
1.66E-03
2.08E-03
2.49E-03
2.91E-03
3.33E-03
3.74E-03
4.16E-03
4.57E-03
4.99E-03
5.40E-03
5.82E-03
6.00E-03
6.42E-03
6.83E-03
7.25E-03
7.66E-03
8.08E-03
8.49E-03
8.91E-03
9.32E-03
9.37E-03
1.01E-02
1.06E-02
1.10E-02
1.14E-02
1.18E-02
1.20E-02
1.24E-02
1.28E-02
1.32E-02
1.36E-02
1.40E-02
1.45E-02
1.49E-02
1.53E-02
1.57E-02
1.61E-02
1.64E-02
1.69E-02
1.73E-02
1.77E-02
1.80E-02
1.84E-02
1.88E-02
1.92E-02
1.96E-02
2.00E-02
2.04E-02
2.07E-02
2.11E-02
2.15E-02
2.19E-02
2.23E-02
2.26E-02
2.30E-02
2.34E-02
2.38E-02
2.40E-02
2.44E-02
2.47E-02
2.51E-02
2.54E-02
2.58E-02
2.61E-02
2.65E-02
2.68E-02
2.71E-02
2.75E-02
2.78E-02
2.81E-02
2.84E-02
2.88E-02
2.91E-02
2.94E-02
2.97E-02
3.00E-02
3.00E-02

uL/min

zadj (um) xadj (cm)

99.29
98.59
97.93
97.25
96.58
95.88
95.16
94.43
93.71
93.02
92.33
91.64
90.93
90.20
89.87
89.12
88.40
87.69
86.98
86.28
85.54
84.78
84.01
83.26
82.53
81.80
81.08
80.33
79.56
79.17
78.38
77.61
76.87
76.12
75.37
74.60
73.80
72.98
72.18
71.41
70.64
69.87
69.09
68.28
67.61
66.77
65.95
65.16
64.37
63.57
62.76
61.91
61.05
60.18
59.34
58.53
57.70
56.88
56.04
55.16
54.55
53.65
52.77
51.91
51.06
50.21
49.35
48.46
47.54
46.60
45.67
44.76
43.87
42.98
42.09
41.19
40.27
39.32
38.34
38.21

0.04
0.08
0.12
0.17
0.21
0.25
0.29
0.33
0.37
0.42
0.46
0.50
0.54
0.58
0.60
0.64
0.68
0.72
0.77
0.81
0.85
0.89
0.93
0.94
1.01
1.06
1.10
1.14
1.18
1.20
1.24
1.28
1.32
1.36

1.45
1.49
1L53)
1.57

1.64
1.69
1.73
1.77
1.80
1.84
1.88
1.92
1.96
2.00
2.04
2.07
2.11
2.15
2.19
2.23
2.26
2.30
2.34
2.38
2.40

2.47
2.51
2.54
2.58
2.61
2.65
2.68
2.71
2.75
2.78
2.81
2.84
2.88
2.91
2.94
2.97
3.00
3.00

Flow rate

z

2.80E-03
2.80E-03
2.80E-03
2.80E-03
2.80E-03
2.80E-03
2.80E-03
2.79E-03
2.79E-03
2.79E-03
2.79E-03
2.79E-03
2.79E-03
2.79E-03
2.79E-03
2.79E-03
2.79E-03
2.79E-03
2.79E-03
2.79€E-03
2.79E-03
2.78E-03
2.78E-03
2.78E-03
2.78E-03
2.78E-03
2.78E-03
2.78E-03
2.78E-03
2.78E-03
2.78E-03
2.78E-03
2.78E-03
2.78E-03
2.78E-03
2.78E-03
2.77E-03
2.77E-03
2.77E-03
2.77E-03
2.77E-03
2.77E-03
2.77E-03
2.77E-03
2.77E-03
2.77E-03
2.77E-03
2.77E-03
2.77E-03
2.76E-03
2.76E-03
2.76E-03
2.76E-03
2.76E-03
2.76E-03
2.76E-03
2.76E-03
2.76E-03
2.76E-03
2.76E-03
2.76E-03

X

0.23

5.30E-04
1.06E-03
1.59E-03
2.12E-03
2.65E-03
3.19E-03
3.72E-03
4.25E-03
4.78E-03
5.31E-03
5.84E-03
6.00E-03
6.53E-03
7.06E-03
7.59E-03
8.12E-03
8.66E-03
9.19E-03
9.72E-03
1.02E-02
1.08E-02
1.13E-02
1.18E-02
1.20E-02
1.25E-02
1.31E-02
1.36E-02
1.41E-02
1.46E-02
1.52E-02
1.57E-02
1.62E-02
1.67E-02
1.73E-02
1.78E-02
1.80E-02
1.85E-02
1.90E-02
1.96E-02
2.01E-02
2.06E-02
2.11E-02
2.16E-02
2.21E-02
2.26E-02
2.31E-02
2.37E-02
2.40E-02
2.45E-02
2.50E-02
2.55E-02
2.60E-02
2.65E-02
2.70E-02
2.75E-02
2.80E-02
2.84E-02
2.89E-02
2.94E-02
2.99E-02
3.00E-02

uL/min

zadj (um) xadj (cm)

99.29
98.61
97.94
97.27
96.57
95.84
95.12
94.44
93.75
93.06
92.34
92.12
91.38
90.67
89.98
89.28
88.55
87.79
87.05
86.34
85.62
84.90
84.15
83.91
83.14
82.40
81.68
80.95
80.19
79.40
78.62
77.88
77.14
76.39
75.60
75.27
74.47
73.70
72.94
72.18
71.39
70.56
69.75
68.96
68.18
67.40
66.59
66.01
65.17
64.36
63.56
62.76
61.94
61.08
60.21
59.38
58.56
57.74
56.90
56.03
55.77

0.05
0.11
0.16
0.21
0.27
0.32
0.37
0.42
0.48
0.53
0.58
0.60
0.65
0.71
0.76
0.81
0.87
0.92
0.97
1.02
1.08
1.13
1.18
1.20
1.25
1.31
1.36
1.41
1.46
1.52
1.57
1.62
1.67
1.73
1.78
1.80
1.85
1.90
1.96
2.01
2.06
2.11
2.16
2.21
2.26
2.31
2.37

2.45
2.50
2.55
2.60
2.65
2.70
2.75
2.80
2.84
2.89
2.94
2.99
3.00
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Distance 300 m from the magnet (Continued)

Flow rate

2.80E-03
2.80E-03
2.80E-03
2.80E-03
2.80E-03
2.80E-03
2.80E-03
2.79E-03
2.79E-03
2.79E-03
2.79E-03
2.79E-03
2.79E-03
2.79E-03
2.79E-03
2.79E-03
2.79E-03
2.79E-03
2.79E-03
2.79E-03
2.79E-03
2.79E-03
2.78E-03
2.78E-03
2.78E-03
2.78E-03
2.78E-03
2.78E-03
2.78E-03
2.78E-03
2.78E-03
2.78E-03
2.78E-03
2.78E-03
2.78E-03
2.78E-03
2.77E-03
2.77E-03
2.77E-03
2.77E-03
2.77E-03
2.77E-03
2.77E-03
2.77E-03
2.77E-03
2.77E-03
2.77E-03
2.77E-03
2.77E-03
2.76E-03

0.28

X
6.46E-04
1.29E-03
1.94E-03
2.58E-03
3.23E-03
3.88E-03
4.53E-03
5.17E-03
5.82E-03
6.00E-03
6.65E-03
7.29E-03
7.94E-03
8.59E-03
9.23E-03
9.88E-03
1.05E-02
1.12E-02
1.18E-02
1.20E-02
1.26E-02
1.33E-02
1.39E-02
1.46E-02
1.52E-02
1.59E-02
1.65E-02
1.72E-02
1.78E-02
1.80E-02
1.86E-02
1.93E-02
1.99E-02
2.06E-02
2.12E-02
2.18E-02
2.25E-02
2.31E-02
2.37E-02
2.40E-02
2.46E-02
2.53E-02
2.59E-02
2.65E-02
2.71E-02
2.77E-02
2.84E-02
2.90E-02
2.96E-02
3.00E-02

ul/min

zadj (um) xadj (cm)

99.29
98.62
97.95
97.26
96.54
95.83
95.15
94.47
93.75
93.55
92.82
92.12
91.43
90.72
89.97
89.24
88.54
87.84
87.10
86.88
86.13
85.41
84.70
83.96
83.19
82.43
81.71
80.98
80.21
79.96
79.18
78.44
77.70
76.94
76.14
75.35
74.60
73.84
73.05
72.70
71.89
71.12
70.35
69.56
68.73
67.91
67.13
66.34
65.53
64.97

0.06
0.13
0.19
0.26
0.32
0.39
0.45
0.52
0.58
0.60
0.66
0.73
0.79
0.86
0.92
0.99
1.05
1.12
1.18
1.20
1.26
1.33
1.39
1.46
1.52
1.59
1.65
1.72
1.78
1.80
1.86
1.93
1.99
2.06
2.12
2.18
2.25
2.31
2.37
2.40
2.46
2.53
2.59
2.65
2.71
2.77
2.84
2.90
2.96
3.00

Flow rate

2.80E-03
2.80E-03
2.80E-03
2.80E-03
2.80E-03
2.80E-03
2.80E-03
2.79E-03
2.79E-03
2.79E-03
2.79E-03
2.79E-03
2.79E-03
2.79E-03
2.79E-03
2.79E-03
2.79E-03
2.79E-03
2.79E-03
2.79E-03
2.79E-03
2.78E-03
2.78E-03
2.78E-03
2.78E-03
2.78E-03
2.78E-03
2.78E-03
2.78E-03
2.78E-03
2.78E-03
2.78E-03
2.78E-03
2.78E-03
2.77E-03
2.77E-03
2.77E-03
2.77E-03
2.77E-03
2.77E-03
2.77E-03

X

0.33

7.61E-04
1.52E-03
2.28E-03
3.05E-03
3.81E-03
4.57E-03
5.33E-03
6.00E-03
6.76E-03
7.52E-03
8.29E-03
9.05E-03
9.81E-03
1.06E-02
1.13E-02
1.20E-02
1.28E-02
1.35E-02
1.43E-02
1.50E-02
1.58E-02
1.66E-02
1.73E-02
1.80E-02
1.88E-02
1.95E-02
2.03E-02
2.10E-02
2.18E-02
2.25E-02
2.33E-02
2.40E-02
2.47E-02
2.55E-02
2.62E-02
2.70E-02
2.77E-02
2.85E-02
2.92E-02
3.00E-02
3.00E-02

ul/min

zadj (um) xadj (cm)

99.30
98.63
97.96
97.24
96.53
95.85
95.17
94.54
93.81
93.13
92.44
91.70
90.97
90.28
89.57
88.93
88.18
87.48
86.77
86.02
85.26
84.55
83.83
83.14
82.38
81.65
80.92
80.15
79.37
78.63
77.89
77.15
76.36
75.61
74.86
74.06
73.26
72.49
71.73
70.92
70.88

0.08
0.15
0.23
0.30
0.38
0.46
0.53
0.60
0.68
0.75
0.83
0.90
0.98
1.06
1.13
1.20
1.28
1.35
1.43
1.50
1.58
1.66
1.73
1.80
1.88
1.95
2.03
2.10
2.18
2.25
2.33
2.40
2.47
2.55
2.62
2.70
2.77
2.85
2.92
3.00
3.00
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Under flow rate 0.2 LL/min

‘Distance

z
3.00E-03
3.00E-03
3.00E-03
3.00E-03
3.00E-03
3.00E-03
3.00E-03
3.00E-03
3.00E-03
3.00E-03
3.00E-03
3.00E-03
3.00E-03
3.00E-03
3.00E-03
3.00E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.98E-03
2.98E-03
2.98E-03
2.98E-03
2.98E-03
2.98E-03
2.98E-03
2.98E-03
2.98E-03
2.98E-03

500

X
0.00E+00
3.85E-04
7.68E-04
1.15E-03
1.53E-03
1.91E-03
2.29E-03
2.67E-03
3.04E-03
3.41E-03
3.78E-03
4.16E-03
4.52E-03
4.89E-03
5.26E-03
5.62E-03
5.98E-03
6.00E-03
6.36E-03
6.72E-03
7.08E-03
7.43E-03
7.78E-03
8.14E-03
8.49E-03
8.83E-03
9.18E-03
9.53E-03
9.87E-03
1.02E-02
1.05E-02
1.09E-02
1.12E-02
1.16E-02
1.19E-02
1.20E-02
1.23E-02
1.27E-02
1.30E-02
1.33E-02
1.36E-02
1.39E-02
1.43E-02
1.46E-02
1.49E-02
1.52E-02
1.55E-02
1.58E-02
1.61E-02
1.64E-02
1.67E-02
1.70E-02
1.73E-02
1.76E-02
1.79E-02
1.80E-02
1.83E-02
1.86E-02
1.89E-02

um

zadj (um) xadj (cm)

500.00
499.67
499.35
499.04
498.75
498.45
498.14
497.81
497.48
497.15
496.82
496.51
496.21
495.91
495.60
495.28
494.94
494.92
494.59
494.26
493.94
493.64
493.34
493.03
492.71
492.37
492.03
491.69
491.37
491.05
490.75
490.44
490.13
489.80
489.46
489.34
488.99
488.66
488.33
488.02
487.71
487.40
487.08
486.75
486.40
486.05
485.71
485.38
485.06
484.74
484.43
484.12
483.79
483.45
483.10
482.96
482.61
482.26
481.93

0.00
0.04
0.08
0.12
0.15
0.19
0.23
0.27
0.30
0.34
0.38
0.42
0.45
0.49
0.53
0.56
0.60
0.60
0.64
0.67
0.71
0.74
0.78
0.81
0.85
0.88
0.92
0.95
0.99
1.02
1.05
1.09
1.12
1.16
1.19
1.20
1.23
1.27
1.30
1.33
1.36
1.39
1.43
1.46
1.49
1.52
1.55
1.58
1.61
1.64
1.67
1.70
1.73
1.76
1.79
1.80
1.83
1.86
1.89

2.98E-03
2.98E-03
2.98E-03
2.98E-03
2.98E-03
2.98E-03
2.98E-03
2.98E-03
2.98E-03
2.98E-03
2.98E-03
2.98E-03
2.98E-03
2.98E-03
2.98E-03
2.98E-03
2.98E-03
2.98E-03
2.98E-03
2.98E-03
2.98E-03
2.97E-03
2.97E-03
2.97E-03
2.97E-03
2.97E-03
2.97E-03
2.97E-03
2.97E-03
2.97E-03
2.97E-03
2.97E-03
2.97E-03
2.97E-03
2.97E-03
2.97E-03
2.97E-03
2.97E-03
2.97E-03
2.97E-03
2.97E-03
2.97E-03
2.97E-03
2.97E-03
2.97E-03
2.97E-03
2.97E-03
2.97E-03
2.97E-03
2.97E-03
2.96E-03
2.96E-03
2.96E-03
2.96E-03
2.96E-03

1.91E-02
1.94E-02
1.97E-02
2.00E-02
2.02E-02
2.05E-02
2.08E-02
2.10E-02
2.13E-02
2.15E-02
2.18E-02
2.20E-02
2.23E-02
2.25E-02
2.28E-02
2.30E-02
2.33E-02
2.35E-02
2.37E-02
2.40E-02
2.40E-02
2.42E-02
2.45E-02
2.47E-02
2.49E-02
2.51E-02
2.53E-02
2.55E-02
2.57E-02
2.59E-02
2.61E-02
2.63E-02
2.65E-02
2.67E-02
2.69E-02
2.71E-02
2.73E-02
2.75E-02
2.77E-02
2.78E-02
2.80E-02
2.82E-02
2.83E-02
2.85E-02
2.87E-02
2.88E-02
2.90E-02
2.91E-02
2.93E-02
2.94E-02
2.96E-02
2.97E-02
2.98E-02
3.00E-02
3.00E-02

481.60
481.29
480.97
480.65
480.33
479.99
479.64
479.28
478.92
478.57
478.23
477.90
477.58
477.26
476.94
476.61
476.28
475.93
475.58
475.22
475.16
474.80
474.44
474.09
473.75
473.42
473.09
472.77
472.44
472.11
471.78
471.43
471.08
470.72
470.35
469.98
469.61
469.25
468.89
468.54
468.20
467.87
467.53
467.21
466.88
466.54
466.21
465.86
465.51
465.15
464.79
464.42
464.05
463.67
463.56

1.91
1.94
1.97
2.00
2.02
2.05
2.08
2.10
2.13
2.15
2.18
2.20
2.23
2.25
2.28
2.30
2.33
2.35
2.37
2.40
2.40
2.42
2.45
2.47
2.49
2.51
2.53
2.55
2.57
2.59
2.61
2.63
2.65
2.67
2.69
2.71
2.73
2.75
2.77
2.78
2.80
2.82
2.83
2.85
2.87
2.88
2.90
291
2.93
2.94
2.96
2.97
2.98
3.00
3.00
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Under flow rate 0.2 AL/min (Continued)

Distance

3.10E-03
3.10E-03
3.10E-03
3.10E-03
3.10E-03
3.10E-03
3.10E-03
3.10E-03
3.10E-03
3.10E-03
3.10E-03
3.10E-03
3.10E-03
3.10E-03
3.10E-03
3.10E-03
3.10E-03
3.10E-03
3.10E-03
3.10E-03
3.10E-03
3.10E-03
3.09E-03
3.09E-03
3.09E-03
3.09E-03
3.09E-03
3.09E-03
3.09E-03
3.09E-03
3.09E-03
3.09E-03
3.09E-03
3.09E-03
3.09E-03
3.09E-03
3.09E-03
3.09E-03
3.09E-03
3.09E-03
3.09E-03
3.09E-03
3.09E-03
3.09E-03
3.09E-03
3.09E-03
3.09E-03
3.09E-03
3.09E-03
3.09E-03
3.09E-03
3.09E-03
3.09E-03
3.09E-03
3.09E-03
3.09E-03
3.09E-03
3.09E-03
3.09E-03
3.09E-03
3.09E-03
3.09E-03
3.09E-03
3.09E-03
3.09E-03
3.09E-03

600

X
0.00E+00
4.72E-04
9.44E-04
1.42E-03
1.89E-03
2.36E-03
2.83E-03
3.30E-03
3.77E-03
4.24E-03
4.71E-03
5.19E-03
5.66E-03
6.00E-03
6.47E-03
6.94E-03
7.41E-03
7.88E-03
8.35E-03
8.82E-03
9.29E-03
9.76E-03
1.02E-02
1.07E-02
1.12E-02
1.16E-02
1.20E-02
1.25E-02
1.29E-02
1.34E-02
1.39E-02
1.43E-02
1.48E-02
1.53E-02
1.57E-02
1.62E-02
1.67E-02
1.71E-02
1.76E-02
1.80E-02
1.85E-02
1.89E-02
1.94E-02
1.99E-02
2.03E-02
2.08E-02
2.13E-02
2.17E-02
2.22E-02
2.27E-02
2.31E-02
2.36E-02
2.40E-02
2.45E-02
2.49E-02
2.54E-02
2.59E-02
2.63E-02
2.68E-02
2.73E-02
2.77E-02
2.82E-02
2.86E-02
2.91E-02
2.96E-02
3.00E-02

um

Distance

zadj (um) xadj (cm) z

600.00
599.76
599.53
599.31
599.10
598.87
598.63
598.39
598.15
597.93
597.72
597.49
597.26
597.08
596.84
596.61
596.39
596.17
595.94
595.70
595.46
595.22
594.99
594.77
594.55
594.31
594.12
593.88
593.64
593.42
593.20
592.97
592.73
592.48
592.24
592.02
591.80
591.57
591.33
591.13
590.88
590.64
590.42
590.20
589.97
589.72
589.47
589.23
589.00
588.78
588.55
588.31
588.09
587.84
587.60
587.38
587.15
586.92
586.67
586.42
586.17
585.94
585.72
585.49
585.25
585.01

0.00
0.05
0.09
0.14
0.19
0.24
0.28
0.33
0.38
0.42
0.47
0.52
0.57
0.60
0.65
0.69
0.74
0.79
0.83
0.88
0.93
0.98
1.02
1.07
1.12
1.16
1.20
1.25
1.29
1.34
1.39
1.43
1.48
1.53
1.57
1.62
1.67
1.71
1.76
1.80
1.85
1.89
1.94
1.99
2.03
2.08
2.13
2.17
2.22
2.27
2.31
2.36
2.40
2.45
2.49
2.54
2.59
2.63
2.68
2.73
2.77
2.82
2.86
2.91
2.96
3.00

3.20E-03
3.20E-03
3.20E-03
3.20E-03
3.20E-03
3.20E-03
3.20E-03
3.20E-03
3.20E-03
3.20E-03
3.20E-03
3.20E-03
3.20E-03
3.20E-03
3.20E-03
3.20E-03
3.20E-03
3.20E-03
3.20E-03
3.20E-03
3.20E-03
3.20E-03
3.20E-03
3.20E-03
3.20E-03
3.20E-03
3.20E-03
3.20E-03
3.20E-03
3.20E-03
3.19E-03
3.19E-03
3.19E-03
3.19E-03
3.19E-03
3.19E-03
3.19E-03
3.19E-03
3.19E-03
3.19E-03
3.19E-03
3.19E-03
3.19E-03
3.19E-03
3.19E-03
3.19E-03
3.19E-03
3.19E-03
3.19E-03
3.19E-03
3.19E-03
3.19E-03
3.19E-03
3.19E-03
3.19E-03
3.19E-03
3.19E-03
3.19E-03
3.19E-03
3.19E-03
3.19E-03
3.19E-03
3.19E-03
3.19E-03
3.19E-03
3.19E-03

700

X
0.00E+00
4.72E-04
9.44E-04
1.42E-03
1.89E-03
2.36E-03
2.83E-03
3.31E-03
3.78E-03
4.25E-03
4.72E-03
5.20E-03
5.67E-03
6.00E-03
6.47E-03
6.94E-03
7.42E-03
7.89E-03
8.36E-03
8.83E-03
9.31E-03
9.78E-03
1.03E-02
1.07E-02
1.12E-02
1.17E-02
1.20E-02
1.25E-02
1.29E-02
1.34E-02
1.39E-02
1.44E-02
1.48E-02
1.53E-02
1.58E-02
1.63E-02
1.67E-02
1.72E-02
1.77E-02
1.80E-02
1.85E-02
1.89E-02
1.94E-02
1.99E-02
2.04E-02
2.08E-02
2.13E-02
2.18E-02
2.23E-02
2.27E-02
2.32E-02
2.37E-02
2.40E-02
2.45E-02
2.49E-02
2.54E-02
2.59E-02
2.64E-02
2.68E-02
2.73E-02
2.78E-02
2.83E-02
2.87E-02
2.92E-02
2.97E-02
3.00E-02

um

Distance

zadj (um) xadj (cm) z

700.00
699.82
699.65
699.49
699.32
699.16
698.98
698.80
698.62
698.45
698.29
698.13
697.95
697.83
697.64
697.47
697.31
697.15
696.98
696.80
696.61
696.44
696.27
696.11
695.94
695.76
695.64
695.46
695.28
695.12
694.95
694.78
694.60
694.42
694.24
694.07
693.91
693.74
693.56
693.44
693.25
693.08
692.91
692.75
692.58
692.39
692.21
692.03
691.86
691.70
691.53
691.35
691.22
691.04
690.86
690.70
690.53
690.36
690.18
689.99
689.81
689.64
689.47
689.30
689.12
689.00

0.00
0.05
0.09
0.14
0.19
0.24
0.28
0.33
0.38
0.43
0.47
0.52
0.57
0.60
0.65
0.69
0.74
0.79
0.84
0.88
0.93
0.98
1.03
1.07
1.12
1.17
1.20
1.25
1.29
1.34
1.39
1.44
1.48
1.53
1.58
1.63
1.67
1.72
1.77
1.80
1.85
1.89
1.94
1.99
2.04
2.08
2.13
2.18
2.23
2.27
2.32
2.37
2.40
2.45
2.49
2.54
2.59
2.64
2.68
2.73
2.78
2.83
2.87
2.92
2.97
3.00

3.30E-03
3.30E-03
3.30E-03
3.30E-03
3.30E-03
3.30E-03
3.30E-03
3.30E-03
3.30E-03
3.30E-03
3.30E-03
3.30E-03
3.30E-03
3.30E-03
3.30E-03
3.30E-03
3.30E-03
3.30E-03
3.30E-03
3.30E-03
3.30E-03
3.30E-03
3.30E-03
3.30E-03
3.30E-03
3.30E-03
3.30E-03
3.30E-03
3.30E-03
3.30E-03
3.30E-03
3.30E-03
3.30E-03
3.30E-03
3.30E-03
3.30E-03
3.30E-03
3.30E-03
3.30E-03
3.30E-03
3.29E-03
3.29E-03
3.29E-03
3.29E-03
3.29E-03
3.29E-03
3.29E-03
3.29E-03
3.29E-03
3.29E-03
3.29E-03
3.29E-03
3.29E-03
3.29E-03
3.29E-03
3.29E-03
3.29E-03
3.29E-03
3.29E-03
3.29E-03
3.29E-03
3.29E-03
3.29E-03
3.29E-03
3.29E-03
3.29E-03

800

X
0.00E+00
4.72E-04
9.44E-04
1.42E-03
1.89E-03
2.36E-03
2.83E-03
3.31E-03
3.78E-03
4.25E-03
4.73E-03
5.20E-03
5.67E-03
6.00E-03
6.47E-03
6.95E-03
7.42E-03
7.89E-03
8.37E-03
8.84E-03
9.32E-03
9.79E-03
1.03E-02
1.07E-02
1.12E-02
1.17E-02
1.20E-02
1.25E-02
1.29E-02
1.34E-02
1.39E-02
1.44E-02
1.48E-02
1.53E-02
1.58E-02
1.63E-02
1.68E-02
1.72E-02
1.77E-02
1.80E-02
1.85E-02
1.90E-02
1.94E-02
1.99E-02
2.04E-02
2.09E-02
2.13E-02
2.18E-02
2.23E-02
2.28E-02
2.32E-02
2.37E-02
2.40E-02
2.45E-02
2.50E-02
2.54E-02
2.59E-02
2.64E-02
2.69E-02
2.73E-02
2.78E-02
2.83E-02
2.88E-02
2.93E-02
2.97E-02
3.00E-02

um

154

zadj (um) xadj (cm)

800.00
799.86
799.73
799.61
799.49
799.36
799.22
799.09
798.95
798.83
798.70
798.58
798.44
798.35
798.21
798.08
797.96
797.83
797.70
797.57
797.43
797.30
797.17
797.05
796.92
796.79
796.70
796.56
796.43
796.30
796.18
796.05
795.91
795.77
795.64
795.51
795.39
795.26
795.13
795.04
794.90
794.77
794.64
794.52
794.39
794.25
794.11
793.98
793.85
793.72
793.60
793.46
793.38
793.24
793.10
792.98
792.85
792.72
792.59
792.44
792.31
792.18
792.06
791.93
791.79
791.71

0.00
0.05
0.09
0.14
0.19
0.24
0.28
0.33
0.38
0.43
0.47
0.52
0.57
0.60
0.65
0.69
0.74
0.79
0.84
0.88
0.93
0.98
1.03
1.07
1.12
1.17
1.20
1.25
1.29
1.34
1.39
1.44
1.48
1.53
1.58
1.63
1.68
1.72
1.77
1.80
1.85
1.90
1.94
1.99
2.04
2.09
2.13
2.18
2.23
2.28
2.32
2.37
2.40
2.45
2.50
2.54
2.59
2.64
2.69
2.73
2.78
2.83
2.88
2.93
2.97
3.00
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Appendix F. Equipment, materials and reagents

F.1 A List of instrument

Vacuum oven, Jeio Tech, model OV-11  Cutter, Horses Belt Puncher, Sunkey

Plasma Cleaner, Harrick Plasma, model PDC-32G
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Syringe pump, Multi-Phaser model NE-1600/NE-1800

Vortex, Biosan, model Vortex V-1 plus

Microspin 12

Centrifuger, Biosan Microspin 12 Optical Microscope, Olympus DP21
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F.2 Materials and reagents

Acrylic plate

A

Isopropyl Alcohol (IPA)  PDMS Elastomer with curing agent 96% Sulfuric acid

T e

S w

»n
ﬁ CATNO.7I0t

&

Hydrogen peroxide (H,0,) solution 40%  Glass slide, Sail brand N, tank
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Tube, Cole Palmer Neodymium permanent magnets, MISUMI Syringe 10 ml

Fluka o SIGMA-ALDFHCH%

Sant Bt 1 , CertificatesAnalysis

5 Um magnetic beads stock, Sigma Aldrich 10 Um magnetic beads stock, Sigma Aldrich

— s ST

Tris/HC|, Bio Basic Canada INC.

Nycodenz powder, Axis-Shield  Giemsa staining solution  Absolute methanol
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Nycodenz stock solution Mouse ICR



160

Appendix G. Nycodenz stock solution preparation

The data of Janse C.J. et al. (2006) suggests that Nycodenz powder 138¢ add
into 500 mL Buffered medium. With the same ratio of both things, this study
prepares for 10 mL Buffered medium. Therefore, Nycodenz powder will be added

into Buffered medium with amount of 2.76¢

Concentration of buffered solution Janse C.J. et al. (2006):

5mM Tris/HCL 5x10°mol/ 1000 mL  x 10mL =5x 10" mol

3mM KCl 3%x10 mol/1000mL  x 10mL = 3x 10 mol

0.3 MM CaNa,EDTA |3 x 10 mol/ 1000 mL x 10mL = 3x 10° mol

If we want final volume of buffered medium = 10 mL, each component in

the final solution should be as follows

Preparation of medium

1. Tris/HCl (Molecular Weight = 157.64)

1st mixed: 1.576 g in 10 mL of distilled water = 1 M Tris/HCl

2nd mixed: Take 0.1 mL of 1st mixed + 9.9 mL of distilled water = 0.01 M Tris/HCl

2. KCl (Molecular Weight = 74.56)
1st mixed: 1.492 g in 20 mL of distilled water = 1 M KCl
2nd mixed: Take 0.1 mL of 1st mixed + 9.9 mL of distilled water = 0.01 M KCl

3. CaNa,EDTA (Molecular Weight = 374.27)
1st mixed: 3.7427 ¢ in 10 mL of distilled water = 1 M CaNa,EDTA
2nd mixed: Take 0.1 mL of 1st mixed + 9.9 mL of distilled water = 0.01 M CaNa,EDTA

Then mix all together, 5 mL of 2nd mixed of Tris/HCl, 3 mL of 2nd mixed of
KCl and 0.3 mL of 2nd mixed of CaNa,EDTA into 1.7 mL of distilled water
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