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Abstract

When very small particles ow through a tube, they go to a speci ¢ position in the tube's
height after a certain length, which will no longer change after they reach it. They will
be in an equilibrium position. Named after its discoverers Segré and Silberberg, the
alignment effect is useful to know since it makes it possible to create a passive and robust
particle and cell sorting mechanism. Furthermore, it will complete the knowledge on the
design parameters , for the particles to be at their equilibrium position.

This migration effect has been researched previously at the Fraunhofer IMM institute in
Mainz, Germany. To get a complete understanding of the migration effect, one should
theoretically trace each particle and see how long it takes for this particle to go to its
equilibrium position. Since this is not possible in the practical world, two positions that
describe the effect are used.

That means, if it is known how particles, starting at the walls of the tube, behave and how
the particles starting at the center of the tube behave, the time it takes until all particles
are in the equilibrium position is known. Then all the particles that originate at any
position between the center (the fastest pointin the ow) and the wall (the slowest point
in the ow) will have nished migrating to the equilibrium position.

The particles that start from the wall has been researched at this institute before, and
the behavior is known. So in this thesis, the goal is to describe the behavior of particles
that start from the center. This way, a complete image of the migration behavior will be
established.

In order to research the migration behavior from the center, a special device had to be de-
signed and fabricated with which these experiments can be conducted. This micro uidic
chip has multiple entrances, where water can ow through. There is also one entrance
where the particles in water will be put into.

Micro uidic focusing occurs when the ratio between the ows of water and the ow of the
particles, is chosen in such a way that the particles are pushed a to certain position in the
channel, in this case the middle of the channel. After this has happened, the measurement
can take place, since the particles will then start to move to their equilibrium positions.
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Nomenclature

Roman Symbols

A Amplitude

a Channel height

b Channel width

d Particle diameter

FL Lateral force

Gy Constant

Gy Constant

P Probability

Q Flow rate

t Time

v Velocity

Vmax Maximum velocity

Vm Mean velocity

Vwall Wall velocity

X Axial position

y Lateral position

z Longitudinal position

Y Flow rate

Greek Symbols

® Wall angle

¢ Error

° Normalization factor
Constant

s Expected number of occurrences

1 Dynamic viscosity of the uid

Im Mean

% Density of the uid

Ya Standard deviation

Subscripts

exp  Experimental

part  Particle

kg m/s 2

I/min

mm/s
mm/s
mm/s

mm/s

mm

mg/s

kg/ms

kg/m 3

Vii



theo Theoretical
tracer Tracer

viii
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Introduction

In small-scale engineering, different physical effect are more prominent than in con-
ventional engineering. In 1961 G. Segré and A. Silberberg published a paper in Nature,
in which they described an effect that occurred when small spherical particles traverse
through a tube, in a laminar ow. [1] Hereby, Segre and Silberberg observed particles
migrate to a speci c equilibrium position. Consequently, this observation was named
the Segré-Silberberg effect. Knowledge of the dynamics of particle alignment within a
ow enables the design of micro uidic channels for passive sorting.

1.1 Background

At the Fraunhofer Institute for Microengineering and Microsystems (IMM) in Mainz, this
effect has been theoretically and experimentally researched before. The work done by
Ayhan is of particular interest to this thesis, who researched the particles migration when
the particles started from the wall.[2] The case where particles start from the center of
the tube, has not been researched experimentally suf ciently, and is required to get a
complete picture of the migration behavior.

1.2 Problem statement and objective

To get the complete migration behavior of the particles and to predict how long it will
take until the particles are migrated to their equilibrium position, when particles started
from the center of the tube, should be researched as well. This is what has been con-
ducted in the research described thesis. The goal of this research project was to measure
this migration behavior and to characterize the lateral migration dynamics of particles
experiencing the Segré-Silberberg effect.

1.3 Outline

Following this introduction, Chapter 2 will recap the literature with respect to the Segré-
Silberberg effect. Chapter 3 provides design and fabrication of a new micro uidic chip
required for the experiments. Chapter 4 will present how the measurements will be
conducted. Subsequently, Chapter 5 provides a detailed description of the data analysis






Theory

2.1 Segreé-Silberberg e ect

In a Poiseuille ow in a tube, particles will migrate to speci c equilibrium positions based
on their size and morphology. This effect is called the Segré-Silberberg effect and is
visualized in Figure 2.1 and Figure 2.2.

Figure 2.1 : The migration behavior of particles experiencing the Segré-Silberberg e ect,
starting from the middle of the channel and from channel wall and migrating to
their equilibrium position. [3]

The equilibrium position of the particles is an equilibrium between the lateral forces
in the system and the forces pointing in the direction of the wall. The intertia of the
particles pushed the particle towards the walls, and the pressure between the wall and
particle push it towards the center. Furthermore, the stable equilibrium position is
independent on the initial release position. [4] The effect is independent of the particle
concentration.[1]

It was also found that for the experiments that Segré and Silberberg conducted, the
equilibrium position was at around 0.6 of the channel half-width from the center-line.[5]
From previous research, it can be learned that an increase in particle size changes the
position of the particle more towards the center of the channel. Thisimplies a dependency
between the particle's position and the particle's speed. [6]






This effect has also been researched by Ho and Leal for neutrally buoyant particles as
well. [7] The general behavior for rigid spheres depends strongly on the speci ¢ bulk ow
geometry and whether or not the particles are neutrally buoyant. [8] [9] [10] For a Couette
ow, the neutrally buoyant spheres migrate to the center line. For a Poiseuille ow, the
particles migrate to an approximate 60% of the way from the center line to the channels
walls.[7]

It has been proven, that neutrally buoyant rigid sphere particles suspended in a laminar
uniform ow will rotate and translate without crossing the undisturbed stream lines, if
the particles Reynolds number is suf ciently small, as de ned by [1]. Furthermore, the
theoretical analysis of the migration need to include the inertia effects, else no lateral
force can exist for a body of revolution in a unidirectional ow. [7] [11] With body of
revolution is meant that the one half of the patrticle is in the faster domain, due to the
ow pro le, and one half is in the slower domain. Therefore will the particle rotate in the
OW.

2.1.1 Simple shear ow

For a simple shear ow, the ow pro le looks like the one shown in Figure 2.3. It can be
seen that the ow starts at 0 at the bottom wall and increases linearly to it maximum
velocity at the top wall.

Vwall y A1

y AQ

Figure 2.3 : The physical system for a simple shear ow. It can be seen that at the stationary
wall at y A0, has a ow velocity of 0 and at the top wall at y A£1 the maximum
velocity vy ay - [7]

The lateral force in a simple shear ow is given by

; ¢
FL/E 4Gy (1 y9) w2 a2 2 2.1)
with
o 2.2)
2a '
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and a mean velocity

1
Vm /CEEVwaII (2.3)

which is shown in Figure 2.7. [7] In this equation  Gj is a constant that has been numer-

ically determined for certain y values and are listed in Table A.1. The lateral force is

positive for0 Cy C 0.5 and negative for0.5Cy C 1, since G; is negative for 0 Cy C 0.5 and
positive for 0 .5C y C 1. The stable equilibrium positionisat y A0.5. [7] The axial-position

trajectory is described by

12va 2y dy©
Ywma- 3 y, i 4G1(1i y9

2% zgﬁE (2.4)
and is shown in Figure 2.4. [7] It can be seen again that the equilibrium position is at
around a y of 0.5. These formulas have been compared with experimental values and
they seem to be similar. [7]

h31/ i
0 Zma 3
Z 1_m .

Figure 2.4 : The theoretical particle trajectory for simple shear ow, where vy is the lateral
position against the axial position z. [7] The channel height ranges from y is 0 to
1. It can be seen that the equilibrium in the simple shear ow is approximately
in the middle of the channel.

2.1.2 Poiseuille ow

In a Poiseuille ow it was found that non-neutrally buoyant particles migrate towards the
walls if their velocity is larger than the undisturbed uid velocity evaluated at the same
point and towards the center line if the particles velocity is lower. The Poiseuille ow
pro le is shown in Figure 2.5. It can be seen that the velocity at the walls is 0 and has its
maximum value at the middle of the channel. [7]

The lateral force in a Poiseuille ow is given by

h. . . . '
i i ¢ ¢j ¢
FLAES2d% 2 172y 2 i Gi(li y) i li2y Go(liy) (2.5)
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Figure 2.5 The physical system for a Poiseuille ow. It can be seen that at the walls, which
are located at y £0 and y A1, the ow velocity is 0 and at the middle of the
channel at y £0.5 the maximum velocity vimax is reached. [7]

with a mean velocity
2

which is shown in Figure 2.7. [7] In this equation  Gj and G2 are constants that have been
numerically determined for certain  y values and is shown in Table A.1. The constant Gj is
negative for 0 C y C 0.5 and positive for 0 .5C y C 1 and the constant G, is always positive.
The stable equilibrium position are at y A0.2 and y A0.8 and an unstable equilibrium
position is located at y A0.5. This also indicates the symmetry for the equilibrium
positions. [7]

The axial-position trajectory is described by

Z
,0. 50 3674 o yALi v9
P20y, 3 o002l . i ol .
m-" yo36 1j 2y0° i Gi(1i y9 i 1i 2y Go(1i y9

¢-dy®  (27)

and is shown in Figure 2.6. [7] It can be seen again that the equilibrium position is
at around a y of 0.2. It should be noted that only one half of the channel is plotted
(0 Cy C 0.5, and therefore the other equilibrium at y A0.8 is not displayed here. This
theoretical graph has been compared with the experiments of Tachibana and they appear
to be similar. [7], [8]

2.2 Flow velocimetry

In contrast to the previously conducted measurements, measurements conducted for
this work, take place in a smaller channel. This means that the position can no longer be
directly determined, but instead the velocity is determined. Using the ow pro le, and

the particles velocity, the lateral position of the particles can be determined. To visualize
these particles, they are stained by uorescent markers. Different particle populations
are mostly distinguished by uorescence intensity. To measure the particles one at the

2.2 Flow velocimetry
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2.2.2 Flow prole

Since for every pointin z, the v, is measured, it is possible to calculate vy and y from
this using the Poisseule ow pro le. It is desired to have the particles at start in the area

where the velocity is maximal. First, the theoretical values for the ow pro le of the vy
are needed,
2 8 73 3
17y j Y
i ¢ dpi16a? X Qi1 cosh 5= _c€os 5
V2 XY B e (D74 —2 25— (2.8)
Z Y4 m s, cosh =2 )

where the rst factor can be replaced by

~dp 16a2

97 1,8 AVmax® (2.9)

where ° is a factor used to normalize the formula. So the nal equation looks like

2 ST
i ¢ X ji1 cosh % cos 122(
Vz X,¥ AVmax® (i1)z 414 3'1/b,5 3 (2.10)
/L35, cosh Jz_a ]

andisvalidfor ja- x- aandjb- y- bwith a being half the total width of the channel
and b being half the total height of the channel.[14] Visually shown, the equation  (2.10)
looks like Figure 2.12. It can be seen that in the edges in velocity is equal to zero. It can
also be seen that on the x axis, the velocity changes very rapidly, but this is logical due to
the channel having a rectangular shape.

Figure 2.12 : The ow pro le in the channel as given with equation (2.10).

2.3 Algorithm and data collection

The light that the sensor captures has a certain intensity over time. When a particle passes
the slit mask, the intensity will represent that pattern from the mask. The intensity is
converted into an electric voltage. This voltage signal is digitized by an analog-to-digital

Chapter 2 Theory









cytocupy parameters, a threshold is calculated from this signal, shown in Figure 2.19 by
the red curve.

After that, the peak detection identi es portions above the threshold. The are then lItered
using cloaking, a process in which a cloak is put on the largest correlation peak, which
then eliminates all other high correlations under this cloak. This is done to eliminate
the side lobes. Then for every peak that has prevailed, the program goes back to the
correlation signal before the silhouette and cuts a slice from all those signals, this is called
knoll extraction and produces the blue line in Figure 2.16.

The correlations of different velocities are then compared with each other to generate
the red dashed line in Figure 2.16. These are then interpolated to nd the real particle
velocity (Real maximum).

Figure 2.15: Correlation peaks of multiple relative velocities. The middle one shows the
cleanest correlation peak, since the velocities of the signal and the reference
t are exactly equal. This also shows the pulse compression c.gq. one high
correlation value instead of a linearly increasing one.[12]

The interpolation which determines the particles velocity is shown in Figure 2.16 and it

works using a formula
SO VN AL

f(x) £A 1A Xiy

(2.11)

with ¢cg a unimportant tting parameter representing the width, to create the best t.
The best tis shown here with highest correlation value (Absolute maximum). This then
results in a new value which is assumed to be the real particle velocity. [12]

2.3.2 Description of the program cytocupy

The program cytocupy takes these les and tries to nd the pattern in the signal. Figure
2.17(a) shows the settings, 2.17(b) shows the correlation peaks from the signal and 2.17(c)
shows the raw signal.

2.3 Algorithm and data collection
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Since there are a lot of aspects that could affect the quality of the signal, e.g. noise,
parameters affecting the execution of the algorithm must be setup correctly. This is also
visualized in a screenshot of the program, more speci cally the settings are located at
Figure 2.17(a). The in uences of these parameters, will be discussed in more detail.

First the general parameters:

Slow limit

Fast limit
¢ Min spread

¢ Max spread

The slow limit and the fast limit are the approximate limits that the program will use
regarding velocity. That means that, it will create reference masks between precision and
calculation time. Since more reference velocities translate to a more precise the velocity
grid. With velocity grid is meant, the velocities for which static correlation masks are
generated. The distance between these velocities is called the spread. The amount of
spread is shown in Figure 2.18. More references however also need more time to correlate.
It will determine at which speed and at which interval the data will be analyzed. The

spread is
Vn

VnA1
and is given as a percentage. This percentage tries to stay as close to min spread as
possible, since this results in a smaller distance between two values and therefor the

il (2.12)

highest precision. The max spread is the maximum allowed spread, and if the spread is
larger than this value, it will actually take a value lower than the min spread, since itis
more desirable to be too precise as it is to be too inaccurate.

The median parameters:

* Median window
* Median offset

* Median factor

The median window is a factor which in uences the shape of the threshold line. It will
take a certain amount of width, and create a threshold line from this by calculating a
moving median using the window parameter as the number of samples that the median
is calculated from. If this window is very small, the threshold line will look very similar
to the signal.This is shown in Figure 2.19. The median offset simply shifts the threshold
line up or down and the median factor multiplies the values of the threshold, so that the
threshold can be used to separate the noise from real peaks.

2.3 Algorithm and data collection
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Design and fabrication of a new
micro uidic chip

3.1 Chip design

In order to research the behavior of the particles close to the inlets, a new chip design has
to be created. This chip design is based on the chip design from [2] in Figure 3.1. Due to
the placement of the chip in its container, the inlets are only allowed to be on one side, so
the design had to be modi ed. This is shown in Figure 3.2.

Figure 3.1 : The chip that was recommended in previous research to increase measurement
accuracy near the inlet of the chips. [2]

The height of the largest layer of the chip is chosen, so that there is enough space for the
ports which are the connecting points for the tubes which feed the uids with particles
into the chip. For the optical system to work as expected, the mask and the channel
should ideally be in the same layer. The smaller layer is 1 mm in height, to leave enough
space for the channel and yet have structural integrity.

3.2 Manufacturing process

As material for the chips, Poly(methyl methacrylate) also known as PMMA, is chosen. This
has mostly to do with the excellent transparency and optical properties of PMMA. [15]

The properties are desired because of the necessary resolution to image the structures
of the mask, these are very essential properties. Apart from that, PMMA is more suited
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3.6 Testing the micro uidic ow behavior of the
chips

To be able to determine the correct volume rates for the experiments, a Comsol model
has been created from the CAD le, to simulate the distribution of the ows. This is
important to know, since it is not desired to get interference from the wall. Therefore

the ow where the particles start, has been determined to have a width of 250 &mand a
height of 15 &m, centered in the channel. This is also visualized in Figure 3.16. The red
area has been chosen as large as possible to maximize the amount of particles that can
be measured in an experiment. It is important to gather information on enough particles

in order to have statistically meaningful results that can be trusted.

125&m 250 &m 125&m

12.5&m
15&m
12.5&m

258&m

15&m

25&m

Figure 3.16 : The channel cross section showing on top the 40 um chip and on the bottom
the 80 um chip. The red area displays the desired starting position of the
particles and the blue area the other ows. The red area has the height of
the originally planned maximum particle size that is used in the experiments
(15 pm).

The combinations of the volume ows in Figure 3.17 have been tried to get the desired
dimensions. Since for small volume ows, relatively small volume ows have bigger
effects, smaller ows are selected to be analyzed compared to the few ows that are
analyzed at higher volume ows. Furthermore should the total ow rate

»
Qtot £ Qn (3.1)
n/A

not exceed much more than 1000 &/min because that can cause damage to the chip.

3.6.1 Comsol simulations

These simulations are ran in a Comsol model created from the modi ed CAD le. This
CAD model only contains the channels and is displayed in Figure 3.18. The ports that are
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For the combinations in Table 3.1 the red area in Figure 3.16, had an approximately
correct size. These values are obtained by varying the values, until the red area is as close
to the desired area as possible. Then if the values are normalized,

Qn
Qtot

(3.2)

it can be seen that those normalized values are really close to each other and a certain
consistency independent of the total ow rate can be discovered. So the average of each
column is taken and put in table 3.2. That means that Q; should have around 12.43% of
Qtot, Q2 and Q3 each 5.98% of Qiot and Q4 and Qs each 37.81% of Q¢ to get the correct
measurement range size, shown by the red area in Figure 3.16.

Table 3.1: The di erent ow rates that result in the correct size of Qj, shown by the red
area in Figure 3.16.

Qtot Q1 Q2&Q3 Q4&Qs Vi V2&V3 V4&Vs
[&/min] [ &/min] [ &/min] [ &/min] [mg/s] [mg/s] [mg/s]

150 18 9 57 0.3 0.15 0.95
327 39 18 126 0.65 0.3 21
876 126 57 318 2.1 0.95 5.3
489 57 27 189 0.95 0.45 3.2
609 75 39 228 1.3 0.65 3.8

1266 156 75 480 2.6 1.3 8.0

Table 3.2: The ratios of the di erent ow rates to get the correct size of the particle ow Q.

Flowrate mean minimum maximum median Ya
Q1 0.1243 0.1166 0.1438 0.1216 0.0098
Q, 0.0598 0.0550 0.0651 0.0596 0.0042
Q3 0.0598 0.0550 0.0651 0.0596 0.0042
Qs 0.3781 0.3630 0.3865 0.3796 0.0086
Qs 0.3781 0.3630 0.3865 0.3796 0.0086

3.7 In uences of trapezoidal geometry

The change in curvature of the channel due to fabrication imperfections, also has an

in uence on the ow an the size ofthe Q3 area. This has also been researched so cor-
rections can be made where they are necessary. It can clearly be seen in Figure 3.20 and
Figure 3.21, that there are distinct differences in the location and size of the Q1 area. The
rst thing one notices is that the edges got a different shape are extended longer. This can
however be corrected by using different ratios of ow rates. This means that the ratios as
given 3.6.1 are no longer valid for the manufactured chips.

Therefor simulations have been run with new settings and it has been found that the

values as shown in Table 3.3 renders a particle area that is close to desired measurement
area. It has also been tried to vary the top and the bottom ow, this does change the

Chapter 3 Design and fabrication of a new micro uidic chip









Experiments

4.1 Measurement setup

The measurement setup is displayed in Figure 4.1. The image consists of two parts, the
left part is the complete measurement setup and the right part is a zoomed in part of a
micro uidic chip that was used in previous research. Figure 4.1(a) displays the ve pumps
that can be used to pump uid or uid containing patrticles into the micro uidic chip.
These pumps are controlled by software and can have ow rates of several microliters
per minute. The laser is located at (b) and has a wavelength of 445 nm and a maximum
power of 1.6 Watt, which will not be fully used in the experiments, instead only a certain
percentage of the total laser power is required to get suf cient particle uorescence. [2]

Figure 4.1(c) shows the detection sensor, this is in essence one big pixel with no spatial
resolution. Point (d) shows the chip container, which is shown in more detail on the right
side of the image. There the input ows can be seen (e) which are connected with tubes
to the pumps and the output ow (f) which is connected with a tube to a removable small
cup. Point (g) shows markings which are used to determine the measuring position of
the chip. Using the screws that keep the chip in place, a different chip can be inserted in
the chip container and the measurement position of the chip can be changed. [2]

Figure 4.1 : The measurement setup showing the pumps (a), the laser (b), the detection
sensor(c), the chip container (d) - shown on the right side enlarged and from a
di erent angle, the input ows (e), the output ows (f) and the position markers

(9)- 2]
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Table 4.2: The parameters that are used in the cytocupy program for the Slow and Fast
limit.

Experiment owrate [ &mn/min] Slow limit[mm/s] Fast limit [mm/s]

200 40 200
400 100 500
600 100 500
800 150 650

4.5 Geometry adjusted ow rates

During experiments, it has been noticed that a relatively low amount of particles start at
the maximum velocity. This can be seen in Figure 4.4 on the right. The distribution of the
particles in the experiment was not as expected. So rst the laser has been re-positioned,
and this has helped to increase the amount a little bit, but it was also suspected that
the particles where not all in the middle of the channel, with the fabrication history in
mind. The expected particle distributions have been shown in Figure 4.4. Here the red
box displays the area in which the particles are located in comparison to the ow rate.
The situation on the left is desired, since the particles will be mostly at their maximum
velocity, but the situation at the middle or the right is suspected.

Vmax Vmax Vmax

Frequency

\' \' \'

Figure 4.4 : This image displays a Poiseuille ow pro le for the top three images and a
distribution of the velocity against the frequency for the bottom three images.
The red box displays the area in which the particles are present. The image
on the left displays the particles start location. Here the image on the left is
desired, since most particles start at their maximum velocity, therefore also in
the center of the channel. The middle and the right image are both example of
a asymmetric o -center start position, which is not desired as the start position.

To check the start distribution of the particles, an experiment has been conducted in
which the owrates of Q1, Q2 and Q3 have been kept constant, and the ow rates of Qg

Chapter 4 Experiments
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Figure 4.5 : The measured velocity of the particles against the frequency of those particles.

The legend shows the ow rate of Q4 in pl/min. The other ow rates are
Q1 = 54 pl/min, Q; = 52 pl/min, Q3 = 52 yl/min and Qs = 442 - Q4. It can
be seen that for a ow rate of 245 pl/min and 265 pl/min, the particles have
highly frequent distributions at the maximum velocity. The other velocities
have broader distributions. This indicates that the particle ow is centered
somewhere between 245 pl/min and 265 pl/min.
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recognize the particles correctly, because they can no longer be identi ed as separate
particles. The pattern of a single particle is shown in Figure 4.6. The pattern generated by
the uorescent light traveling through the mask can clearly be recognized. This inability
to separate multiple particles if the concentration is too high, is due to the signals of
multiple particles overlapping and interfering with each other, distorting the pattern that

a single particle leaves behind, and making it rather dif cult to determine the particles
velocity.

When there are too few particles, the statistic con dence is too low to say anything

signi cant for a normal measurement time. This is the case since a tis created to

a sum of particles, where each particle is measured individually. This means that to
get an accurate t, a suf cient amount of particles needs to be used. To increase the
amount of particles, it can also be chosen to keep the concentrations low and increase the
measurement time. This however is not possible due to time constrains and the available
sheath ow volume in the syringes, since this will take a lot longer than possible and

necessary if correct concentration ratios are chosen.

Figure 4.6 : Part of the raw signal from a measurement with 1.88 um particles. It displays
the footprint left behind by one particle, in which the di erence in intensity and
the mask pattern can be easily observed. On the x-axis the time and on the

y-axis the intensity.

The concentrations for which the software is able to distinguish different particles and
that provide a good statistical basis, are shown in Table 4.4. These are the concentrations
that have been used for the experiments.

4.6 Concentration measurements
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Analysis

5.1 Post processing

In order to process the data that was generated by the experiments, a program called
cytocupy was used. This program turns the raw signal into a list of particles, each with
information about the velocity, intensity and a timestamp, as described in Chapter 2.
These particles are further analyzed by a program written in LabVIEW. This program plots
the following six Figures 5.1, 5.2, 5.3, 5.4, 5.6 and 5.8. These gures where all created from
a measurement where Q1 108 &l /min with particle diameter 10 .23 &m and the position
is 37.5 mm from the entrance. First, the time against the amplitude of the particles and
the velocity of the particles is analyzed. These are used to see if the measurement went
as it was expected, that means no abnormal uctuations in the signal and uidics are
present.

Figure 5.1 shows the signals amplitude against the time. Here every dot is a measured
and recognized particle. If there were abnormal uctuations in a part of the channel, the
start or the end, can these be Itered out with use of the red lines. The data between the
red lines is the data that is used, so the data outside these parts is ltered away. In Figure
5.1 the rst part of the signal is discarded, since the ow was still accelerating from the
pumps, so the particles were not in the equilibrium yet.

Furthermore can two distinct lines be recognized in Figure 5.1. These are the Tracer
(bottom, lower amplitude) and the regular particles (top, higher amplitude). This is how
the difference between the two different kind of particles is established. This is also
recognizable in Figure 5.2, here the bottom particles are the regular particles and the top,
faster particles are the Tracer particles. A ramp-up of the ow rate is also clearly visible
at the beginning of the measurement, indicated by the increasing particle velocity. This
time range has to be excluded from further analysis until the velocity is stable after about
15 seconds into the measurement

Using Figure 5.1 and 5.2, Figure 5.3 is generated. This gure plots the velocity against the
amplitude, and here two distinct “populations” can be recognized. That means, for each
particle population, the spread in velocity can be recognized. Like indicated earlier, every
particle size has its distinct amplitude, since difference particle sizes may illuminate
stronger or weaker than other particle sizes. From these two populations, which both
have to be analyzed separately, an area can be selected for the more in-depth analysis.
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Figure 5.6 show the time difference between two succeeding particles. The trend in this
graph should be a slope where the frequency decreases as the time difference gets larger,
for it to be physically acceptable. It should follow a Poisson probability distribution

“expli . ]

P(k) A (5.1)

since the amount of events is known (the concentration) and these events occur indepen-
dently of each other and at a constant rate during a xed time interval. This is Poisson
probability distribution is plotted in Figure 5.5 and it can be seen that it is similar to 5.6.
[24]

0.4 :
k .
ex
P (k) /E2 pli.,]
0.3} k! :
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Figure 5.5 : Poisson probability distribution where | =8 and k is varied from 0O to 20.

Due to software artifacts and noise in the signal, this is however rarely the case for the
very small time differences. With the help of a script, these very small time differences
with a lower frequency than their higher time differences counterparts can be ltered out
and ignored in the analysis. This is also visible in Figure 5.6, when one looks closely near
the zero point, it can be seen that the histogram does in fact, not contain any peaks there.
These peaks where non-physical since they had a lower frequency and have therefore

been discarded.

In summary, the program works in the following way: it rst sorts all the recognized
particles in the data le on their detected time. Then it calculates the time difference
between its neighbors and a histogram of time differences between consecutive particles
is created. This shows the frequency of certain ranges of time distributions as should
follow a Poisson probability distribution.

Then the frequency of every box or bar in the histogram is calculated, and the frequency
is being checked from the start. When the frequency decreases, this point is selected as
cut-off point and a safety factor of 20% is used. This means that all peaks with a difference
smaller than the maximum frequency at the start + 20% are discarded. This is the empty
space in the graph. It could be that some of these discarded particles are real, but it is
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Here it can clearly be seen that both the tracer particles and the measured particles have
certain hot-spots for certain velocity ranges. This image uses the same data as Figure 5.3,
but shown as a heatmap. It can be seen that tracer have their highest density at around
420mm /s due to the red color there and the measured particles their maximum density
at just below 300 mm /s . The white color indicates no particles, then it changes to purple
and from purple to green and yellow for increasing particle densities with the maximum
density colored red.
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Figure 5.9 : A heatmap, which displays the amount of particles in a certain velocity range.

5.2 Data analysis

Since itis desired to compare different ows with each other and to reduce the in uence
of variance in the ow velocity at different positions, the normalized velocity

Vpart

Vinorm /E (5.2)

Vtracer

is used. This is also required to make comparisons between different particle sizes and
ow rates possible. The normalized velocity should range between one and zero, since
the tracer particles should not change their lateral position and remain at the maximum
velocity. The larger particles should migrate and become slower in the process. These
measured particles and tracer particles are shown in Figure 5.10 left on the rightin the
same Figure, the velocity of the measured particles is shown normalized.

The error, which is calculated by the program LabVIEW, is made during the determination
of the velocity, as shown in Figure 5.4. This error is equal to the standard deviation,

v
u
Hl(y:; 1)2
3/4,45%J ity (5.3)
jm Ni 1
5.2 Data analysis
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Figure 5.10 : On the left, a Figure displaying the tracer velocity and the particle velocity for
a ow of 400 pl /min and a particle size of 15.08 um and a tracer particle size
of 1.88 um. It can be seen clearly that the measured 15.08 um particle goes to
an equilibrium after a certain distance, here z%15 mm. Then on the right we
can see the normalized velocity with its propagated errors. It can be seen that
it looks a lot like the path of the measured 15.08 um particle, but not exactly.

with
f)(lvj

mAE — (5.4)
ja N

1

where ! 1, is the mean and n is the number of elements in v. [25] In this case, v is the
total amount of velocities over which the gaussian tis created, as seen in Figure 5.4.

Since both the tracer particles and the measured particles have errors, it is important for
the normalized velocities to have the appropriate errors as well. This is done using error
propagation. The total error for the normalized velocity is

T2

u 1
{J U¢ Vpart 2 A H¢ Vtracer

Vpart Vtracer

€ Vhorm AVnorm (5.5)

since the particle velocity and tracer velocity are divided by each other. [26]

Another quantity that is relevant and can be calculated is vy, in other words, how fast
the particles move in the y direction. To calculate this a couple of assumptions have to
be made. The rst assumption that is made is that the velocity pro le looks like the one
shown in Figure 2.12 in Chapter 2. Therefore it looks like Figure 5.11 when y ranges from
0&mto 40 &m at Vimax A£400 mm/s.

Chapter 5 Analysis
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Figure 5.11 : The velocity in z over height of the channel y, shown for x £0. This is in the
middle of the channel. The equation used is (2.10) and vimax £1 mm /s. It can
be seen that the velocity in the center of the channel is equal to vy Or 1
mm /s and it decreases the more it moves away from the center, until at the
walls where the velocity is 0 mm /s.

The velocity in y, vy also needs to be calculated. The vy is calculated between two
measurement points, since the difference between two points and two velocities is
required for the calculation. First off, the difference in velocity in the z direction

*V,j AV tALi Vit (5.6)

is calculated. This is done for all the measurement points for each speci ¢ ow rate and
particle size. Then the corresponding new z

z»ﬁEiﬂAz 5.7
i B t (5.7)

is calculated as well, with
*+7j FBZiALi Zt (5.8)

In the case shown in Figure 5.12, +z; would be equalto 1.5 mm and z; would be equal to
3.75mm, the average value of z; and z;4;. To calculate vy, the assumption is made that
the velocity changes linearly between two points, as depicted by the black line in Figure
5.12. Therefore the average velocity can be used as the velocity between those two points.
This means that the time it took to get from the rst point, here z /23 mm, to the second
point, here z 4.5 mm, is

itj A (5.9)

+V,
Vz,tA ZZ'J

Also this implies that the assumption is made that the velocity can be depicted as the red
line, a constant velocity between two points.

The calculation of the y coordinate that belongs to the z coordinate, is calculated sepa-
rately from each vy. First, the data from that speci ¢  z point experiment is taken. From

5.2 Data analysis
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Figure 5.12 : This Figure displays two example measurement points and their velocities in
z and their positions in z. One at (3,360) and one at (4.5,330). The red line
shows the assumed velocity path for the calculation of the time di erence.
This is a constant velocity between the points (3,345) and one at (4.5,345) and
has a v, of 345 mm /s. Furthermore are the variables at the rst coordinate t
and the second coordinate t A 1 shown, as are their averages, indicated by j.

this the vihax is used to create the coordinates of Figure 5.11. This means, that for every
y, the theoretical velocity in  z is known.

Another thing that is known for this specic  vihax and experiment, is that the measured
particle velocity in z for a certain z position is known. The vy position corresponding
to this z position found by comparing the velocities v, of the experiment, where the
z is known. This is compared with the theoretical velocity, where the  y is known, and
checking where the difference of the two is the closest.

V7 A Vzexp(Z)i Vztheo(Y) (5.10)

The absolute value of the difference z*v, is necessary, because it takes the difference of
the two, so if it would surpass the measurement point, it would get negative and therefore
even smaller. Wat instead is desired is a difference as close to 0 as possible. Then if the
difference zv; is the smallest, the z coordinate of the experiment is associated with the y
coordinate. The theoretical graph uses 2501 vy points over a length of 40 &m.

In Figure 5.13 on the left side, it can be seen how the interpolation of equation (5.10)
looks graphically. Here the blue line indicates the point where  *v; is the smallest. In
Figure 5.13 on the right side, it can be seen that the particles migrate to a certain height.
The point where there are a lot of particles, is the equilibrium position.

The time between two particles, *t;j, is known. The distance traveled in vy,

tyj AEYiAri Vi (5.11)
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Figure 5.13: On the left: the tting of the v, of experimental data point to the theoretical v,
over y, with the data point based on z displayed in black and the theoretical
curve based on y inred. The blue lines indicate the point where the t it closest
to the data point and the position y that the data point will receive. On the
right: all the particles with a diameter of 10.23 um are normalized by dividing
their regular particles' vmax by its tracer vinax. These points are displayed in
black. The red theoretical curve just uses a vhax Of 1. Both are using a ow
of 600 pl /min.

can also be calculated. Using #tj and +yj, the velocity in vy,

vy E— (5.12)

can be calculated. Since this value is based on a time difference, and assuming that the
acceleration is constantin v, as shown in Figure 5.12, this vy is located at z; or the blue
dot in Figure 5.12.

5.2 Data analysis
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Results

In this chapter the results per particle size are displayed and discussed in context of the
Segré-Silberberg effect. Subsequently, comparisons between the results are made in
particle size and ow rates. the data provide insight in migration behavior.

6.1 Particles with a size of 5.19 um

For the particles with a size of 5.19 &m, a couple of different ow rates have been analyzed.
The normalized velocity against the position in the channel length,  z, is shown in Figure
6.1. It can be seen that for the total ow rate of 600 & /min , the particles migrate the
fastest to the equilibrium position, which is approximately 0.7 times the normalized
velocity here. The migration follows the expected path from literature.

The line for the total ow rate of 400 & /min also follows the same trend as the one in the
total ow rate of 600 & /min . Itis however unclear if the particles are in their equilibrium
position at 37.5 mm . This can be solved in the future by doing another experiment where

a position at an even higher z of 50 mm is measured. For the ow rate of 400 &l /min , the
pointat z of 4.5 mm has been excluded from the line since it decreases when it should
increase, and this is not physically possible.

The particles have also been plotted against their position in the channel height vy in
Figure 6.2. Here it can also be seen that the particles in the faster ow, the ow rate of
600 & /min , migrate faster to their equilibrium position. It appears in this Figure that the
particles ina ow rate of 400 & /min are also in equilibrium. Once again the same point,
ow rate of 400 & /min and z of 4.5 mm, has been excluded. Measurements ata ow rate
of 200 & /min have also been performed, but no suitable results came from this.

Keeping all this in mind, it has been decided to do a second round of experiments for the
5.19 &m particles. It has been decided to change the concentration to get more particles
and therefore more trustful results. It has also been decided to decrease the width of Q1
to a third of its original size, to make sure that these particles start at the maximum ow
velocity, since they are smaller. Apart from that, it has been decided to measure a lot
more positions in z and to also experiment with a even higher ow rate of 800 & /min .

Unfortunately, these experiments did not give any better insight. Here, two examples
are given that display this. The rst Figure, Figure 6.3, shows the particle frequency for

63




























































Conclusions and
recommendations

The Segré-Silberberg effect is an effect where randomly distributed particles in a tube
migrate to a equilibrium position after a certain tube length. This can be researched in
two ways, letting particles start from the channel wall and start from the center of the
channel. It has previously been researched for the tube wall start. This thesis researched
the migration for the centered start.

To conduct these experiments, a micro uidic chip has been designed and fabricated. To
let the particles start in the middle, speci ¢ ow rate ratios have been chosen. After that,
the Segré-Silberberg effect has been measured using particles on which the migration
will be observable. In order to compare the results of different ow velocities with each
other, smaller particles, so-called tracer particles, have been used as well, to determine
the maximum ow velocity.

The experimental setup uses the uorescent property of the particles, in order to generate
a signal using a laser light. This light travels through a specially designed mask, which
enables detection as well as velocity and intensity measurements for each individual
particle. The object recognition software then takes the signal and retrieves the amplitude
and the velocity of the patrticles.

After that, the particles have been plotted in a separate software, where the maximum
velocity and the particle velocity have been determined. These were then used to nd the
normalized velocity and the position of the particles in the channel height in respect to
the channel length.

From this can be learned that bigger particles migrate faster to their equilibrium position,
until the particle size is equal to 1/3 of the channel height. Prior research has shown that
the at a 1/3 channel height particle diameter ratio, the particles are at their maximum
transport velocity. [13]

It has also been con rmed that particles migrate faster with increasing ow rates, but
after a certain ow rate, the migration velocity does not increase anymore.

Itis recommended that the unsuccessful experiments are redone, in order to get a more
complete image of the migration effect. To make these experiments successful, it is
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The values of the constant for
di erent heights

Table A.1: The values for the constants G; and G, for the di erent y positions. [7]

y Gy G2 y Gy G2 y Gy G2
0.50 0.0 1.072| 0.32 0.691 0.882| 0.14 0.971 0.393
0.49 0.0419 1.070| 0.31 0.723 0.861| 0.13 0.957 0.368
0.48 0.0837 1.088| 0.30 0.753 0.838| 0.12 0.943 0.345
0.47 0.1254 1.066| 0.29 0.782 0.815| 0.11 0.931 0.324
0.46 0.1669 1.062| 0.28 0.810 0.790| 0.10 0.927 0.306
0.45 0.2080 1.056| 0.27 0.836 0.765| 0.09 0.940 0.292
0.44 0.2489 1.050| 0.26 0.861 0.738| 0.08 0.982 0.282
0.43 0.2894 1.042| 0.25 0.885 0.711,| 0.07 1.07 0.278
0.42 0.3293 1.033| 0.24 0.907 0.683]| 0.06 1.23 0.280
0.41 0.3688 1.023| 0.23 0.927 0.654| 0.05 1.50 0.291
0.40 0.4077 1.012| 0.22 0.945 0.625| 0.04 1.93 0.315
0.39 0.4459 1.000| 0.21 0.960 0.596| 0.03 2.58 0.354
0.38 0.4834 0.987| 0.20 0.973 0.566| 0.02 359 0414
0.37 0.520 0.972| 0.19 0.982 0.536| 0.01 5.33 0.505
0.36 0.556 0.956| 0.18 0.988 0.506
0.35 0.591 0.940| 0.17 0.990 0.477
0.34 0.626 0.922| 0.16 0.988 0.448
0.33 0.659 0.902| 0.15 0.981 0.420
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Building plans

This page shows the concept for the building plans of the newly designed chip for the
central particle start.
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Scripts

Listing C.1 : CuttDt.py

1import 0s
2 Import csv
3 Import numpyas np

4
B e e e e e e
6 # List files
e
8
9 path = os.environ[ "cwd']

10 0s.chdir(path + "/results ")

11
12 textfiles = os.listdir( )

13 textfiles_fixed = []

1 for filen in textfiles:

15 it "FLTR not in filen and"Tikz" not in filen:

16 textfiles_fixed.append(filen)

17
18 S e e e e e s s e
19 # Get data from files

20 T e e

21

22 for filename in textfiles_fixed:

23 print (filename)

24 max_rows = 0

25 original_data = []

26 with oper(filename) as csv_filel11:

27 csv_readerll = csv.reader(csv_filell, delimiter= )
28 for row in csv_readerll:

29 max_rows = max_rows + 1

30 original_data.append(row[0])

31

g2 SR S A L S D G L g L L G L L
a3 # Settings

g4 S S G D G S B S L S L T L G L L
35

36 with oper(filename) as csv_file:

37 csv_reader = csv.reader(csv_file, delimiter= )
38 line_count = 0

39 newlines = []

40 new_filename ='FLTR' + filename

a1 compare_to =[]

42 i=0

43 front_end = original_data[:28]

44 back_end = original_data[-4:]

45 original_data.sort()

46 newdataset = []

a7 vel_list = ]

48 mask_size = 1.3 # mm

49 dt_list = ]

50 bins_nr = 99

51 factor = 20 # %

52 counter = [0] * (bins_nr-1)

53 checklist = original_data[:-33]

54 for row in checklist:

55 newrow = row.split()

56 newdataset.append(float (newrow[0]))
57 vel_list.append( float (newrow[1]))
58 newdataset.sort()

59 vel_list.sort()

60 v_min = min(vel_list)

61

62 S L L D A L G G L L
63 # Checktime difference particles

e
65

66 for particle in range(len(newdataset[1:])):
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Excel sheets

In this appendix different excel sheets used will be shown. On the rst two pages, the
measurement results. The two pages following show an example measurement sheet.
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