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Abstract

The orientational motions of single isolated inertialess microrods are studied in a re-
versible creeping shear flow. In previous work [12, 24, 30] it was observed that rodlike
particles could experience both periodic and quasi-periodic behavior. This work stud-
ies how the orientational motion, including periodic and quasi-periodic motion, depends
upon the orientational initial conditions, for a single microrod. For the purpose of chang-
ing the initial conditions, optical tweezers are installed in the experimental setup. In
order to demonstrate that the microdrods and fluid are inertialess the flow is reversed
and the trajectories before and after the reversal are analyzed. If both the microrod and
the flow are inertialess, the orientational motion of the rod is expected to retrace itself
when the flow is reversed. The experimental results show that if the flow is reversed
smoothly, particles can show this retraceibility. The experimental results also demon-
strate that a single rod may exhibit either periodic or quasi-periodic motion, depending
solely on its orientational initial condition. The observable dynamics show good agree-
ment with Jeffery’s equations of motion for an inertialess ellipsoid in a creeping shear
flow.
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Introduction

HE subject of this thesis, transportation of small particles suspended in a mi-
crochannel shear flow, is part of the general field of fluid mechanics. Under-
standing particle transportation is relevant in a variety of applications. For
instance, the growth of ice crystals in clouds [9], or the motion of microorgan-

isms, such as plankton in viscous flows [17]. Particle transportation in flows also has a
range of industrial and biomedical applications [6, 13, 18, 33, 34].

Jeffery [23] derived equations of motion for inertialess ellipsoids in a linear creeping
shear flow. For axisymmetric ellipsoids he solved the equations and showed that the
solutions are periodic. Bretherton [7] later on showed that Jeffery’s equations are valid for
any axisymmetric particle. Jeffery’s equations have been used to interpret experimental
results and make theoretical predictions in a number of research studies [1, 11, 16,
22, 26, 28, 38]. However, most experimental research of particle motion in flows has
involved axisymmetric particles and only a few experimental studies cover the case of
non-axisymmetric particles.

Both Hinch and Leal [21] and Yarin et al. [41] analysed Jeffery’s equations analytically
and numerically for the case of non-axisymmetric ellipsoids. The main outcome of their
work describes how the orientational motion of non-axisymmetric ellipsoids differs from
that of axisymmetric ones. Hinch and Leal found that the non-axisymmetric ellipsoids
have orientational motions that are doubly periodic. Yarin et al. further showed that a
non-axisymmetric ellipsoid might experience either periodic or doubly periodic motion,
depending solely on its initial orientation. For some ellipsoids they also found that the
motion could be chaotic. Yarin et al. refer to the doubly periodic motion as quasi-
periodic motion.
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1.1 Motivation

In nature, most particles are irregular in shape and therefore their orientational mo-
tion cannot be described by simple equations. This is why experimental studies of the
orientational dynamics of such particles are of paramount importance.

The work of Einarsson et al. [12], the precursor of this study, found empirical evi-
dence for both periodic and quasi-periodic motion of rod-like particles by observing the
motion of polymer microparticles in a microchannel shear flow. The degree of asymme-
try of the particles, however, could not be quantified due to the limited resolution of the
microscope. Another limitation Einarsson et al. faced was that different types of motion
could only be observed using different particles. The question arose as to whether or not
it might be possible to unequivocally demonstrate the dependence of initial orientation
of the rods for periodic and quasi-periodic motion. The motivation of this thesis is to
find an answer to this question.

1.2 Method and disposition of this thesis

The orientational motions of the particles are observed in a shear flow through a rect-
angular microfluidic channel, in the same way as in the work of Einarsson et al. [12].
But the particles used here are different from those used in [12]. Micron-sized glass rods
replace the irregularly shaped polymer particles. Each microrod has a very precisely de-
fined diameter of 3um. But, the level of asymmetry varies as a result of irregularities at
their ends. The rods are manufactured by the Japanese company Nippon Electric Glass
Co., Ltd and the irregularities are likely a consequence of the fabrication method of the
rods. The rods are manufactured by cutting monofilament glass [8] and the cutting is
thought to cause the deformed ends. To change the initial orientation of the rods, optical
tweezers are installed in the present apparatus.

The thesis is divided into two parts. In the first part, theory of optical forces and
the installation of optical tweezers are described. The purpose of the tweezers is to
change the initial conditions of a particle and to position it at a suitable location in the
microchannel. The second part of the thesis includes a brief introduction to the relevant
fluid dynamics and Jeffery’s equations of motion for an ellipsoidal particle. Further, it
covers the experimental data collection and analysis.
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Theory

HE principle of optical manipulation is based on the fact that light carries mo-
mentum. Newton’s second law of motion state that the momentum for an
isolated system is conserved. And whenever a photon is absorbed, reflected
or refracted by an object, its momentum changes. Hence, the change in mo-

mentum experienced by the photon is imparted to the object it interacts with. From
Newton’s laws of motion, this means that both the object and photon exert forces upon
each other. The force exerted by the photon upon the object is called an optical force.
For macroscopic objects optical forces can be neglected. However, using a high-intensity
light source such as a laser, it is possible to achieve a resulting force sufficiently powerful
to manipulate microscopic objects.

This chapter aims at explaining the theory behind optical tweezers. It also explains
how it is possible to use optical tweezers to move and rotate cylindrical particles.

Most available theory of optical manipulation describes applications to spheres but
the principles can easily be applied to cylinders. As opposed to the case of spheres there
are no exact analytical solutions for the optical forces that work on a cylindrical particle
in optical tweezers. However, there are both experimental and numerical studies of the
subject [4, 5]. The second part of this chapter presents the results of the numerical study
by Gauthier [14] that describes the behavior of cylindrical rods in optical tweezers.

2.1 Optical forces

The momentum p for a photon is given by

h
= _ 2.1
p N ( )

where h is Planck’s constant and A is the wavelength of the photon. The direction of
the momentum points in the direction of propagation, i.e. the direction of the wave
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vector k, (|k| = 2w/\). When photons are absorbed, refracted and reflected their linear
momentum is changed according to

Ap = h(k — k), (2.2)

where k and k’ are the wave vectors for a single photon before and after the interaction
and h is the reduced Planks constant.

The functionality of optical tweezers in this section is explained using ray optics.
However, ray optics is only applicable when the illuminated object is much larger than
the wavelength of the light [37]. For particles much smaller than the wavelength, the ray-
optics approximation cannot be used. Such particles are said to belong to the Rayleigh-
regime [19], where electromagnetic theory is used to describe how the optical forces arise.
Due to the large dimensions of the microrods used in the experiments compared to the
wavelength of the laser, the microrods are not in the Rayleigh-regime and the details
for optical forces for particles in that regime are therefore not discussed further in this
thesis. The details of optical forces for particles in the Rayleigh-regime can be found in
[19].

Using ray optics, light rays are considered to move as straight lines. The rays obey the
laws of reflection and refraction at boundaries between two medias of different refractive
index [20]. To describe the principles of optical tweezers a spherical particle is used as
an example.

Consider a transparent spherical bead placed in a collimated laser beam with Gaus-
sian intensity distribution, shown in Figure 2.1. The bead acts as a lens and refracts the
incoming rays, thus changing their direction and hence their k-vector. If the spherical
bead is positioned off-axis from the center of the beam, the intensity distribution over
the bead is unbalanced. One of the sides is exposed to higher intensity and more momen-
tum is therefore transferred on that side. Assuming that the index of refraction of the
sphere is greater than that of the medium, this results in a net force Fy,; on the particle
where the component in the plane perpendicular to the beam direction point towards
the center of the beam as shown in Figure 2.1. A collimated Gaussian beam, however,
only provides a trap in the plane perpendicular to the beam axis, i.e. a two-dimensional
trap.
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Intensity

Figure 2.1: Collimated rays incident on a spherical bead. The bead is positioned off-axis
from the center of the beam which gives rise to an unbalanced intensity distribution. The
light rays are incident in the directions of k; and ks, where the two vectors represent the
sums of all wave vectors that are incident on the right and left side of the center of the bead,
respectively. The rays leave the bead in the directions of k and k5. The intensity is higher
in ray k; and hence the change in momentum from k; to k) is greater than from ky to kb.
This gives rise to an optical force that pushes the bead towards the center of the beam.

In order to trap a particle in three dimensions the incident rays need to be focused.
Three-dimensional trapping of a spherical particle can be explained by decomposing the
total optical force Fy,: into two orthogonal components; the scattering force Fg and the
gradient force Fy. The scattering force points in the direction of propagation of the
incident ray, while the gradient force points perpendicular towards the extended path
of the incident ray (see Figure 2.2). By neglecting absorption, Ashkin [3] derived the
following expressions for the gradient and scattering force, exerted by a single ray on a
sphere:

P
F _m {1+R cos 20; —
C

T?[cos(20; — 26;) + R cos 20;] } (2.30)

1+ R2 + 2R cos 26,
and (2.3b)
P T?[cos (20; — 20;) + R sin 26;] }

F,=——{ R sin20; — 2.3
v ¢ { S 14+ R?+ 2R cos 26, (2:3¢)

Here R and T are the reflection and transmission coefficients, given by Fresnel’s relations,
which specify the proportion of the beam power P that is reflected and transmitted,
respectively. 6; and 6; are the incidence and transmittance angles, ni is the refractive
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index of the surrounding medium, ns is the refractive index of the spherical bead and ¢
is the speed of light in vacuum, see Figure 2.2.

Beam axis| Ray with power P

Figure 2.2: The contribution from a single incoming ray is a calculated from Egs. (2.3).
When a ray reaches the boundary between the sphere and the surrounding media it is
either reflected or transmitted. The proportion of light that is transmitted or reflected is
decided by the transmission and reflection coefficients 7" and R, calculated from Fresnel’s
relations. In order to calculate the optical force for a single ray, the contributions from
all internal reflections R"T?P need to be taken into account, which is done in Eqgs. (2.3).
(This discussion assumes that absorption is neglected). ®,,,, denotes the maximum angle
of convergence.

The total net force acting on a spherical bead is obtained by summing up the contribu-

tions from all incident rays,
Ftot = Z Fg + Z F57 (24)

rays rays

where the forces F, and F, are calculated from Egs. (2.3). In order to trap a particle in
all three dimensions, the contributions to the gradient force must exceed the contribu-
tions to the scattering force along the beam axis. This is achieved in optical tweezers by
a highly focused laser beam, as shown in Figure 2.3. The sharp convergence of the beam
causes a high proportion of the scattering force to act in the plane perpendicular to the
beam axis. The contributions from different rays to the total scattering force that acts
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perpendicular to the beam axis, cancel each other out. The contribution to the total
scattering force that acts along the beam axis for a focused beam is small, which allows
the gradient force to be dominant. When the gradient force is dominant along the the
beam axis the resulting force Fy, points towards the focus of the incoming beam [3].

From Egs. (2.3), it is not obvious how the relative refractive index na/n; between
the surrounding media and the illuminated sphere affects the forces F, and F,. A high
relative refractive index gives a higher angle of refraction but it also means that a higher
proportion of the light is reflected. This in turn gives a higher contribution to the
scattering force. For a sphere, Ashkin [3] found the optimal relative refractive index to
be 1.2.

Figure 2.3: In order to trap a particle in more than two dimensions the gradient force F,
needs to exceed the scattering force F; along the beam axis. The resulting force then points
towards the focus of the incident rays, (the dotted lines).

2.1.1 Trapping cylindrical particles

The principles of optical forces described in the previous section also apply to cylindrical
particles. However, theoretical analysis of the total force Fy.; is more complicated and
numerical analysis is therefore preferred.

In this section a summary of the numerical results obtained by Gauthier [14] is
presented in order to give an understanding of the experimental results presented later
in this thesis. Gauthier’s calculations are based on the ray optics approach, and where
needed, EM-theory was used [14].

The numerical calculations are based on the lowest Gaussian intensity profile, where
the intensity has a single peak located in the center of the beam, the same intensity
distribution as the laser used in the experiments for this thesis.
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Figure 2.4: The figure shows a cylinder with one spherical and one flat end. Gauthier [14]
calculated the forces exerted from optical tweezers for cylinders with both types end faces.

An optical trap is defined as an optical force field in which a particle is in spatial equi-
librium. Compared to the case of spherical particles the geometry of a cylinder makes
it necessary to also consider the torque T in order to find the rotational equilibrium.

Figure 2.4 shows the coordinate system that Gauthier used. The interaction between
the rod and the beam is independent of how the rod is rotated in the z-z-plane. For
simplicity the following discussion assumes the rod to be in the y-z-plane.

When a rod is positioned as in Figure 2.4, Gauthier concluded that the force com-
ponents F, and F, are both zero. For the z-direction, any small displacement induces a
restoring force F}, due to intensity gradient, which brings the rod back to the center of
the beam. This is the same reasoning as for the spherical particles, as described in the
previous section. A restoring force F, is only induced if the beam interacts with one of
the rod ends.

As long as the rod is aligned with the z-axis the torque vanishes, but this is not a
stable position. Any displacement of the rod by an angle 6 in the y-z-plane gives rise
to a torque 7, around the x-axis. The torque works to increase the displacement 6, as
shown in Figure 2.5. As the displacement 6 increases, the torque increase and it rotates
the rod until it is aligned with the y-axis.
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Figure 2.5: A displacement # in the y-z-plane for a rod aligned with the z-axis gives rise
to a torque 7, around the z-axis. According to Gauthier [14], the torque works to increase
the displacement until the rod is aligned with the y-axis.

The only stable orientation of the rod where the torque is at equilibrium is when it is
aligned with the direction of the beam, i.e. along the y-axis.

When a cylinder is aligned with the y-axis, only the radial force F, and the force
along the y-axis F, need to be considered. According to Gauthier [14], the force F, on
the rod is capable only of canceling the gravitational force. Fj, in this case arises due to
radiation pressure from the beam. Matching the density between the fluid and particles
eliminates the gravitational force component for the particles in the experiments for this
thesis. Gauthier does not provide any information about the possibilities of trapping a
cylindrical particle along the beam direction in the absence of a gravitational component.
However, Gauthier concludes the force F, to be stable when a rod is aligned with the
y-axis.

The numerical results by Gauthier are also consistent with experimental observations
made by Sun et al. [36] and Neves et al. [31].

10



Optical setup

HERE are two fundamental components needed when setting up optical tweezers.

Firstly, a powerful light source such as a laser is needed and secondly, a lens is

required to focus the light beam onto the sample. However, with only these two

components it is difficult to get high-precision optical tweezers. In this chapter

the optical setup for the optical tweezers is described. It is also further described how

the optical tweezers are used to change the orientational initial conditions and the center
of mass position of a particle in the experiments.

3.1 Installing optical tweezers

The laser that is used for the optical tweezers has a wavelength in the infrared spectrum
(1060-1064nm). The light from the laser is focused with a microscope objective, the
same objective that is also used to observe the particles. For a microscope objective the
maximum angle of convergence is determined by the numerical aperture (N.A.), defined
by

N.A. = nq sin @4z, (3.1)

where n; is the refractive index of the working medium, see Figure 3.1. The quality of
the optical trap created by the tweezers is highly dependent on the maximum angle of
convergence D4, since it determines the maximum convergence of the incoming beam.

11
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Figure 3.1: The figure shows the definition of the maximum angle of convergence P4,
and the working distance W.D. The working distance describes the distance from the front
end of the lens to the closest part of the sample in focus. The numerical aperture (N.A.) is
calculated with respect to the focal point f and it is a function of ®,,,, and the index of
refraction of the working medium.

The objective used to trap the particles has a numerical aperture (N.A.) of 1.0 and a
working distance (W.D.) of 2mm. The working distance is also shown in Figure 3.1 and
it specifies the distance from the front end of the lens to the image plane. With a high
W.D. it is possible to trap particles deeper into a sample.

In Figure 3.2 a drawing of the optical setup is shown. The figure shows how the
laser is directed into the microscope entry and onto the sample through the microscope
objective.

Inside microscope

Mirror 3 Mirror 2

Apert.ure 1 Apertur; 2

Telescope

S {={—{Taazer ]

------ Mirror 1

Reflected” Dichroic | Microscope entry
Beaa mirror

CCD

Figure 3.2: A schematic of the optical setup. The laser is directed into the microscope
entry using mirrors 1 and 2. Each mirror controls two degrees of freedom and they are
adjusted so that the laser passes through the center of the objective lens. The telescope
is used to magnify the beam radius to make sure the laser overfill the objective entrance
aperture. A small fraction of the laser light is reflected on the cover slip, and eventually
reaches the CCD. The laser light that enters the CCD is however small, since the dichroic
mirror reflects the IR-light of the laser.

12
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3.2 Working medium

The microscope objective used in this work is designed for water immersion. However, it
is not possible to use pure water as the working medium since the density of the medium
needs to be matched to that of the particles. The fluid used is instead a mixture of
water, glycerol and sodium metatungstate monohydrate (SMTS). The last ingredient is
a wolfram-based substance with a high density and it is mixed with the other two liquids
in order to increase the density of the fluid.

As seen in Eq. (3.1) the maximum angle of convergence is affected by the refractive
index of the working medium. Water and glycerol have refractive indices of 1.33 and 1.46,
respectively. SMTS has a refractive index of 1.56, which is the same as the refractive
index of the glass particles. The volume of the mixture consists of 9% glycerol, 16.5%
water and 74.5% SMTS. To calculate the refractive index of the mixture, the Lorentz-
Lorenz formula [29] is used,

2

2
5 5 = wj 5 o (3.2)
Mot + 2 ingredients i 2

where w; denotes the volume fraction for each ingredient in the mixture, n; is the re-
spective index of refraction. Eq. (3.2) gives the mixture a refractive index of 1.51 and
the corresponding maximum angle of convergence is calculated to be 41.47° from Eq.
(3.1).

3.3 Manipulation of particles

The microchannel is mounted on a moveable stage that is used to change the relative
position between the channel and the microscope objective. It turns out to be easier
to move the microchannel than the microscope objective. Thus, instead of moving a
particle the channel is moved and the particle is kept in place by the laser.

The optical tweezers were tested by trapping spherical particles and an example is
shown in Figure 3.3.

13
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(a) (b)

Figure 3.3: The spherical bead is trapped by the optical tweezers and moved around in
the channel. By moving the channel, the bead is "relocated” since it is held fixed by the
tweezers. This is why the bead is kept centered in the two figures whereas the background
moves.

As explained in Section 2.1.1, a cylindrical rod is in its equilibrium position when it is
aligned with the beam axis and the experiments show that the optical tweezers quickly
aligns a rod. An example of this is shown in Figure 3.4.

Figure 3.4: The figure shows the process of trapping a rod. The sequence from left to
right, illustrates how the rod aligns with the direction of the laser, i.e. the beam axis, where
it is in stable spatial equilibrium.

The optical tweezers are found to trap a particle in all three spatial dimensions and it
is hence possible to position it anywhere in the channel. By changing the focus of the
objective a rod can be moved along the beam direction. This is a result that was not
predicted in the work of Gauthier [14], as discussed in Section 2.1.1.

By moving the channel it is possible to change both the position and orientation of
a particle. The repositioning and reorientation of a particle is illustrated and described
in Figure 3.5.

14



3.3. MANIPULATION OF PARTICLES CHAPTER 3. OPTICAL SETUP
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Figure 3.5: A rod can be trapped with an optical power of 0.35-0.45W. By moving the
channel with different speeds in the z-z-plane, a rod can be either rotated or repositioned.
In the experiments it was observed that a rod is trapped in the end that is closest to the
objective. When moving the sample, the trapped end is held fixed by the tweezers while the
rest of the rod aligns with the direction of change. In this way it is possible to rotate a rod.
To change its position, the channel needs to be moved slowly. By doing this, the rotation
caused by the movement is counteracted by the torque from the tweezers. The particle stays
aligned and trapped as the channel is moved. A particle can be moved in the y-direction
by changing the focus of the objective. d denotes the distance from the channel floor to the
trapped end of a particle.

In the experiments it was observed that a rod is trapped in the end that is closest to the
objective. Thus, when the channel is moved an additional torque 7 is induced on the rod
around the point where the rod is trapped, by the fluid. If the channel is moved slowly
the induced torque 7y is less than the torque from the optical tweezers. The rod then
stays aligned with the y-axis as the channel is moved and the particle is repositioned.
To change the orientation of a rod, the channel is moved faster, so that the induced
torque 7y exceeds the torque from the tweezers. The rod then aligns with the direction
of movement. With this procedure it is possible to alternate the orientation of the rod
between the beam axis and the direction of the movement.

Ingber and Mondy [22] did a numerical study of the orientational motion of ellipsoids
and rods in a shear flow in proximity of a wall. They found that the orientational
trajectory of the particles is unaffected as close as one particle length from the walls.
The distance from the trapped end of a particle to the bottom of the channel is known
since it is the same as the distance from the focus to the bottom, denoted d in Figure 3.5.
The typical rod length L,,q of the particles used in the experiments is approximately
20pm. Knowing d and L,,q makes it is possible to position a rod on a distance from
channel walls such that it can be assured that the motion is unaffected.

15



Part 11

Particle dynamics

16



Theory

HE objective of this thesis is to study the orientational motion of particles under
the same conditions that were assumed by Jeffery [23]. Jeffery derived equa-
tions of motion for an arbitrary ellipsoid immersed in a linear creeping shear
flow. In order to understand what these conditions mean, a brief summary

of fluid dynamics is needed. The Navier-Stokes equation is introduced, from where the
Reynolds number for a flow is derived. The Reynolds number is a dimensionless number
used to characterize the flow. This thesis focuses on low Reynolds number fluidics and
the difference between a high and low Reynolds number is discussed. At the end of this
chapter, Jeffery’s equations are presented together with numerical and analytical results
that describe the dynamics investigated.

4.1 Fluid dynamics

The character of a flow can be divided into three main types; laminar, transitional or
turbulent. In a laminar flow, the fluid elements move along smooth paths and in separate
layers (Figure 4.1(a)). In a turbulent flow, the fluid elements move along random and
irregular paths with no structure [35] (Figure 4.1(b)). All turbulent flows are chaotic
which means that the dynamics of fluid elements in the flow are very sensitive to their
initial conditions. This makes the motion of a turbulent flow very difficult to predict.
Transitional flows have features of both turbulent and laminar flows, they will not be
discussed further in this thesis.

17
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(a) Laminar flow (b) Turbulent flow

Figure 4.1: Panel a) shows the streamlines of a laminar flow, where the fluid is moving in
layers without mixing. Panel b) shows the streamlines of a turbulent flow. The motion of a
particle of the turbulent fluid is chaotic and it is very difficult to predict.

The difference between the dominating forces in turbulent and laminar flows can help
explain the difference between them. In turbulent flows, inertial forces dominate. Inertial
forces are due to the momentum of the fluid elements. When the momentum of a fluid
element is high it is more resistant to changing its velocity by external forces. In laminar
flows, viscous forces dominate. Viscous forces are analog to friction forces and they
oppose the relative movement between neighboring fluid elements. Which one of these
two forces that is dominant are determined by the Reynolds number for the fluid. The
Reynolds number for a fluid describes the relative ratio between the magnitude of the
inertial and viscous forces. The definition of the Reynolds number Re is

Re — Y0LP. (4.1)

7

where ug denotes a characteristic flow rate and L a characteristic length scale. For the
latter, it is typical to use the smallest dimension of the surroundings that confine the
flow. Finally, u and p are the viscosity and the density of the fluid, respectively. The
Reynolds number derives from the Navier-Stokes equation. For an incompressible fluid
the Navier-Stokes equation is written as

P <8u8(§’t) +u(rt) - Vu(r,t)> = —Vp(r,t) + pVu(r,t), (4.2)

where u(r,t) is the velocity of the flow and p(r,t) is the pressure in the fluid. If the flow
is steady, the time variable ¢ and time derivative of u can be dropped, resulting in the
steady version of the Navier-Stokes equation [32]

pu(r) - Vu(r) = =Vp(r) + uVu(r). (4.3)

The term on the left hand side is the inertial term, which determines the magnitude of
the inertial forces. The diffusion term on the right hand side is the viscosity term. Eq.
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(4.1) is obtained by making Eq. (4.3) dimensionless with, for example, the following
change of variables:
R

=Ll g=1 522
L’ ug b g

With this change of variables Eq. (4.3) get the following appearance:

UQLp
H

a(r) - Va(r) = — Vi) + Va(r). (4.4)

The Reynolds number is here a scalar for the inertial term and for a flow with low
Reynolds number the inertial forces are minimized. A creeping flow, the type of flow
investigated in this thesis, have a Reynolds number that is far less than one (Re < 1)[25].

The Reynolds number for a fluid is not to be confused with the Reynolds number Re,
for a particle. The Reynolds number Re, is defined slightly different than the Reynolds
number for a fluid,

(4.5)

Here p and p are defined as in Eq. (4.1), i.e. as the density and viscosity of the fluid. The
parameter vy is the relative velocity of the particle to the fluid and d), is a characteristic
length scale of the particle, such as the diameter of a sphere [27].

For a fluid with a low Reynolds number the inertial term can be neglected, which
results in Stokes equation

pV2u = Vp. (4.6)

For a linear shear flow, the pressure gradient Vp is equal to zero and equation 4.6 is
reduced to

0 s O
pViu=0, Vu=|9 0 0|, (4.7)
00 0

where s is a constant called the shear strength. The shear strength can be seen as the
slope of the dotted line in Figure 4.2(a).

The flow in the experiments for this thesis is not linear since it is pressure driven by
a syringe pump. This means that the pressure gradient Vp is nonzero and the solution
of uin Eq. (4.6), differs from the flow profile assumed by Jeffery. The solution u(r) for
a pressure driven flow, if it is considered to be between two parallel plates with infinite
extent, is a Poiseuille shear flow. It has a quadratic flow profile, shown in Figure 4.2(b).

For spheroidal and cylindrical particles, Chwang [10] and Ingber and Mondy [22]
have both concluded that the orientional dynamics in a quadratic flow are the same as
in the case of a linear shear flow. There is no evidence, to the knowledge of the author,
to whether or not this is true for the case of non-axisymmetric particles. However, in
the analysis of the experiments, due to the small dimensions of the microrods, the shear
can be assumed to be locally linear. This is motivated by the fact that the lengths of
the microrods are small in comparison to the depth of the channel (Figure 4.2).
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(a) Linear shear flow (b) Poiseuille shear flow profile

Figure 4.2: Panel a) shows a linear shear flow, where the shear is in the y—direction. The
shear strength s is the change in flow rate along the shear direction. It can be seen as the
slope of the dashed line. Panel b) shows the flow profile of a Poiseuille flow. Due to the
small dimensions of a microrod in comparison to the curvature of the Poiseuille flow, the
shear around a rod can be seen as locally linear.

4.2 Aspect ratio and asymmetry

An ellipsoid is usually defined by three semi-axes (a,b,c). However, the orientational
motion of an ellipsoid, determined by Jeffery’s equations, is only dependent on the
relative difference between the three semi-axes. Hence, it is sufficient to know its aspect
ratio and asymmetry. Denoting the major semi-axis of an ellipsoid with a and the minor
semi-axis by b, (a > ¢ > b), the aspect ratio is defined as

e = (4.8)

@
a
Equivalently for a cylindrical rod, denoting the length by L,.q and the diameter by d;oq,

the aspect ratio is defined as
Lrod

drod

Arod = (4.9)

Both relations are illustrated in Figure 4.3.
The asymmetry € for an ellipsoid is defined as the relative difference between the

minor and medium semi-axes,
= % ~1. (4.10)

The asymmetries of the cylindrical microrods used in the experiments are more com-
plex since they originate from random irregularities at the rod ends. A very important
difference between the asymmetry of an ellipsoid and that of a rod is that there are
rarely any axes of symmetry due to these irregularities, as shown in Figure 4.3, while a
non-axisymmetric ellipsoid has three. It is not known how the absence of symmetry-axes
of the rods affects their orientational dynamics.
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Lrod
a

c=b(1+¢)

Figure 4.3: The figure shows how the dimensions of the two types of particles are defined.
The aspect ratio of an ellipsoid is defined as A, = a/b and the asymmetry as € = ¢/b — 1.
Equivalently, the aspect ratio of a cylindrical rod is defined as A\jod = Lyod/droa- The
asymmetry for the cylindrical microrods originates from random irregularities at the rod
ends and it is very difficult to define in mathematical terms. A non-axisymmetric ellipsoid
has three axes of symmetry, while an asymmetric rod rarely has any.

4.3 Jeffery’s equations of motion

Jeffery [23] derived equations of motion for an arbitrary triaxial ellipsoid. Using similar
notation as Yarin et al. [41], Jeffery’s equations take the form:

df

pr =(g2 sin®y + g3 cos)sinb, (4.11a)
dp 1 .

2 —5 T 9380y —ga cosy, (4.11b)
dip .

St (g2 cosyp — g3 siny)) cosb, (4.11c)

where t is dimensionless. Here g1, g2, g3 are also functions of 6, ¢ and . They are given
by

-2 1
g1 :2(1927+CC2)[—§(COS2 0 + 1) sin2¢ sin 21) + cos @ cos2¢ cos 29, (4.12a)
c? — a?
92 :m [— cos @ sin2¢ sint) + cos2¢ cos], (4.12b)
a2 _ b2
cosfsin2¢ cos) + cos2¢ sin ). (4.12¢)

g3 :m[

The angles 0, ¢ and ¥ are the Euler angles, where 6 and ¢ describe the orientation of the
major semi-axis of the ellipsoid, shown in Figure 4.4. The angle 1 describes the rotation
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of the ellipsoid around its major semi-axis. The constants a, b and ¢ are the lengths
of the semi-axes of the ellipsoid, shown in Figure 4.3. The axes (Z,7,Z) in Figure 4.4
describe the reference system used by Yarin et al. [41], while the axes (z,y,z) describe
the reference system used in the experiments described in this thesis.

It is worth to notice that the shear strength s of the linear shear flow does not occur
anywhere in Eqs. (4.11) or (4.12). This is because it is included in the dimensionless
time variable ¢ [41].

Z (2)
A

Z (x)

Figure 4.4: The flow points in the direction of the Z-axis (z-axis). The coordinate system
(Z,3,2) denote the frame of reference used by Yarin et al. [41]. (x,y,z) are the frame of
reference used for the experiments. n denotes the orientation-vector of the major semi-axis.
(0,¢6,4) = (0,0,0) corresponds to when the major semi-axis of the ellipsoid is aligned with
the Z-axis and the minor semi-axis is aligned with the g-axis.

4.3.1 Jeffery orbits

Jeffery’s equations are solved with respect to the initial conditions

t=0, 0=06o, =0, Y =1,

where (0,0,1) = (0,0,0) corresponds to the case where the major semi-axis of the ellip-
soid is aligned with the Z-axis and the minor semi-axis is aligned with the g-axis, see
Figure 4.4. For spheriods (a=b=c) and axisymmetric ellipsoids (a>b=c) Eqgs. (4.11)
admit simple analytical solutions that were obtained by Jeffery [23]. In the case of an
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axisymmetric ellipsoid the solution takes the form
tan ¢ = A, tan <a2(fc?t>’ tan @ = Ca(a? cos® ¢ + c*sin” ¢)*1/2, (4.13)

where C'is the orbit constant [41]. The solutions (4.13) form closed trajectories and they
are commonly known as Jeffery orbits. C'is called the orbit constant because it uniquely
determines the orientational trajectory of a particle. Every point on the unit sphere is
associated with a unique orbit. Consequently, there is an infinite number of orbits. A
few examples are shown in Figure 4.5.

Figure 4.5: The colored trajectories are solutions to Jeffery’s equations (4.13), for an
axisymmetric particle. The colors correspond to solutions with different orbit constants,
determined by the initial conditions.

4.3.2 Non-axisymmetric particles and Poincaré maps

The main focus of this thesis is to study the motion of asymmetric particles. For these
particles, simple analytical solutions for the equations of motion do not exist in general.
This is also the case for a non-axisymmetric ellipsoid. The solutions to Egs. (4.11) can
instead be analyzed using numerical methods, see [22, 41].

One way to analyze the orientational trajectory of a particle is by a Poincaré map.
A Poincaré map is commonly used in the analysis of dynamical systems, it reduces the
study of a trajectory to the study of a map of points through a surface in the same
space as the trajectory. This surface is called the Poincaré section and the map of points
obtained is called the Poincaré map. From the Poincaré map for trajectories of a particle
it is possible to see how its orientation changes [39].

For a particle whose motion is governed by Jeffery’s equations, Hinch and Leal [21]
proposed to study the dynamics of the Poincaré map for 6 and . They further suggested
to choose the Poincaré section ¢ = nm since this guarantees that the Poincaré section
covers all possible trajectories.

23



4.3. JEFFERY’S EQUATIONS OF MOTION CHAPTER 4. THEORY

The Poincaré maps in Figure 4.6 were generated by numerically integrating modified
versions of Egs. (4.11) for different initial conditions with ¢ as the integration variable,
(see appendix A). The values of 6 and 1 are sampled at ¢ = nn. Figure 4.6 a) - f)
show how the orientational dynamics for an ellipsoid change with an increase in the

asymmetry parameter €.
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1 1
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Figure 4.6: Different panels show Poincaré maps for different asymmetries €. Each map
contains data from different initial conditions. It is obvious from the figures that an increase
in asymmetry changes the orientational dynamics of a particle. The angle 1) is expressed in
radians and it is mapped to the interval [-7,7] by asin(sin ).
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For axisymmetric ellipsoids cosf is a constant of motion for every initial condition,
(Figure 4.6(a)). Trajectories where cosf is a constant of motion in the Poincaré map
are referred to as periodic trajectories. The angle v, for an axisymmetric particle, is
irrelevant since it describes the orientation around the major semi-axis.

For non-axisymmetric particles tori start to appear in the Poincaré map. Even for
an asymmetry ¢ as small as 0.001 tori appear in the center of the map. With increasing
asymmetry the tori extends from the center towards the edges of the map. Outside the
tori there are traces that are curved. Trajectories that generate tori and traces that are
curved are referred to as quasi-periodic trajectories. It should be noticed that even for
high asymmetries, at the edge of the Poincaré map, cos 8 is still a constant of motion as
in the case of axisymmetric particles.

For ellipsoids with higher asymmetries an additional region arise in the Poincaré
map. In Figure 4.6(e) the region is quite narrow. The points in this region do not have
any noticeable trace. Instead the points look smeared out. The region extends with
higher asymmetries and is more apparent in Figure 4.6(f). This region is a chaotic layer
[41], but it is not discussed in this thesis.

4.3.3 Winding number

The aspect ratio of a particle affects the frequencies of the orientational dynamics. How-
ever, this effect is hard to distinguish in the Poincaré map since it does not noticeably
change its appearance. For an axisymmetric particle the trajectories follow closed orbits
since 6 and ¢ have the same period. The frequency of the dynamics can in this case be
measured by the period of the rotation around this orbit. For non-axisymmetric particle
where the motion is quasi-periodic, the frequencies of the different orientational dynam-
ics differ and it is in this case more convenient to describe the frequency of the system
with the winding number. The winding number is defined as [15]

W= lim 12—70 (4.14)

n—-4o0o n

For the winding number of the orientational motion of an triaxial ellipsoid, n connected
to frequency of the ¢-angle i.e. it is the number of periods nm of ¢. The ~-angle is
connected to the frequencies of the angles 8 and . From a starting point pg in the
Poincaré map, the angle 7 is defined as arg (pg). For the periodic trajectories, where
cos 6 is a constant of motion, the angle v can is described only by . For the tori it equals
arg (1, cos ). Further, if f is the mapping function for the Poincaré map from one point
to the next, p; = f(po), the point p,, is obtained as p, = f(™(po) and ~,, = arg (p,). The
winding number can be seen as the average incremental of the argument for the points
D0, -+, Pn, When n goes to infinity [15]. The difference in frequencies of the orientational
dynamics for two particles with two different aspect ratios is shown in Figure 4.7.
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Figure 4.7: The figure shows how the frequencies of the system change with the aspect
ratio. Both particles have an asymmetry of 0.05 and they are generated from the same initial
condition. As seen the frequency of the amplitude in comparison to the frequency of the
peaks is a lot lower for the particle with the smaller aspect ratio (Panel a)). The winding

number for the trajectory in Panel a) is lower than for the one shown in Panel b).

4.3.4 Analysis of the the orientation-vector components

The Euler angles are difficult to observe directly in the experiments and the angle 1 is
not observable at all. Therefore, the orientational motion of a particle is instead analyzed
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by the components of its orientation-vector

nt) = [ n,@) |, (4.15)

normalized to unity. The relations between the n(t)-components and the Euler angles
are

Nz = sin¢ sin 6,
ny =-cos ¢ sinf, (4.16)

n, = cosb,

as shown in Figure 4.4. The trajectories in Figure 4.5, presented as the times series of
n(t), are shown below in Figure 4.8.
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Figure 4.8: The figure illustrates the Jeffery orbits in Figure 4.5 as time series of n,(t),
ny(t), 2 (t)-

Examples for time series of quasi-periodic motion are shown in Figure 4.9. The
relation between the time series of n(¢) and a Poincaré map can be seen by noticing that
the n, component is calculated as cos#, the same as the vertical axis of the Poincaré
map. Each point in the Poincare map is sampled when ¢ = nxw. From Eq. (4.16) this
means that the values on the vertical axis in the Poincaré map are the values of n,
when n, equals to zero. For small asymmetries ¢, the values on the vertical axis in the
Poincaré map are very close to the peak values of n,.
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Figure 4.9: The figure shows time series for a particle with aspect ratio of A\ = 7 and
an asymmetry of € = 0.1. There is a slight drift in amplitude between each peak. This is
most obvious when looking at the time series for n,, (notice the scale on the n,-axis). The
time series correspond to tori in Figure 4.6(e). Different colors correspond to different initial
conditions.
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Method

HIS chapter describes how the measurements and analysis of the orientational
motion of a particle are carried out. The experiments are a continuation of
the previous work of [12, 24, 30] and most of the experimental setup is the
same. In the previous experiments, polymer fibers were used. Their shapes

were irregular and hard to determine. In the experiments carried out for this thesis,
the polymer fibers are replaced by cylindrical microrods made of glass with a very pre-
cise diameter. However, the new particles have forced some unwanted changes to the
experimental setup. With the polymer fibers it was possible to use pure glycerol as
the surrounding fluid. Glycerol is transparent and highly viscous. The microrods have
a density that is significantly higher than that of the polymers and it is therefore not
possible to use only glycerol as the working medium. A new fluid, consisting of a mix-
ture of water, glycerol and sodium metatungstate monohydrate, is therefore used. The
latter is a substance with high density, for the purpose of compensating for the density
of the microrods. The mixture is less viscous than glycerol and it is also less transparent.

The data analysis is performed in Matlab. The data is extracted by the software devel-
oped by Johansson [24] to which only some minor changes are made. Also, additional
software to analyze the reversal and drift of a particle are developed together with a
numerical method to compare the experimental data with the orientational motion of
an ellipsoid, derived from Jeffery’s equations. Previously this comparison was performed
manually by comparing the plots of the experimental data with plots of theoretical tra-
jectories.

5.1 Experimental setup

The flow and particles are studied in a microfluidic channel made of PDMS, which is a
silicon organic-based polymer well recognized for its use in microfluidic systems due to
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its physical properties. The microfluidic channel has the dimensions 40 x 2.5 x 0.14mm.
It has two inlets and it is sealed with a 0.17mm thick cover slip made of glass. A thicker
cover slip makes the channel more stable, however, the microscope objective is calibrated
for the thin cover slip and a thicker one compromises the quality of the optical tweezers.

One of the inlets is connected to a syringe through a PTFE -tubing. The syringe in
turn is connected to a pump. The other inlet is connected to a beaker with a buffer of
the fluid. When setting up the experiment all visible air bubbles are removed from the
microchannel and the tubing. In particular, bubbles in the channel are noticed to affect
the motion of the fluid.

The channel is mounted on a movable stage over the 60x water immersion objective.
The syringe pump has both infusion and withdrawal functionality and it is used to control
the direction and velocity of the flow. A CCD camera is used to record the particles, see
Figure 5.1.

Figure 5.1: The particles are recorded with a CCD camera. When using a high-resolution
objective, the field of view is very small compared to the length of the micro channel. The
channel is therefore mounted on moveable stage to be able to track the particles as their
position change. The black arrows indicate the direction of the flow, while the red arrow
indicates how the position of the channel is changed by the movable stage to follow the
particle for the given flow direction.

Before the flow is started, the optical tweezers position a microrod at a suitable depth
and orientation. When the pump starts the flow, the CCD camera starts to record the
motion of the microrod. When the rod approaches one of the inlets the flow is reversed.
The data obtained between two reversals is said to belong to a stretch. For every initial
condition a number of consecutive stretches are recorded and the collected data for
each initial condition is called a measurement. At the end of a measurement, the flow
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is stopped and the initial conditions of the microrod are changed. For each microrod
several measurements are made with varying initial conditions.
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5.1.1 Microrods

The particles used in the experiments are cylindrical microrods made of glass. They
have a precise diameter of 3um but their length varies. Detailed images of the microrods
were taken using a SEM-microscope! (sweeping electron microscope) to see how their
shape varies. The result is shown in Figure 5.22.

Pressure | ————10.0um
LFD[10.0 kV[8.2 mm|3 0.60 Torr APMT-U

Mag |Det| HV n / 13 | Pressure
0.60 Torr APMT-U

Figure 5.2: The figures show how both the length and asymmetry of the microrods varies.
The mircorods have a very precise diameter of 3um.

'The images were taken with help from Stefan Gustafsson of the Eva Olsson Group at Chalmers

University of Technology.
2Figure b) and c) are the same figures as Figure 3.7b) and 3.7a) in the thesis of Ankardal [2],

respectively.
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As described in Section 4.3.2 the orientational motion of an ellipsoid is highly dependent
on its asymmetry . This is also expected for the motion of cylindrical particles. To
study the different types of orientational motion of cylindrical microrods it was therefore
important to see that the asymmetry varies. As seen in Figure 5.2 there are examples
of microrods with both high and low asymmetry.

5.1.2 Fluid

The fluid is mixture of water, glycerol and sodium metatungstate monohydrate (SMTS).
The SMTS is used to match the density of the fluid to the density of the microrods,
which have a specied density of 2.56g/cm®. SMTS is a wolfram-based substance with a
maximum density of 3.04g/cm?, when dissolved in water. Water has a density around
1.00g/cm?® and glycerol has a density of 1.26g/cm?3. A mixture with volume consisting
of 74.5% SMTS, 16.5% water and 9% glycerol, was found to match the density of the
microrods. The density match is very important, a deviation as small as 1-2% causes
the particles to drift noticeably in the y-direction of the channel.

The glycerol is added to increases the viscosity of the fluid. With the mentioned
concentrations the fluid has a viscosity of 25.0mPa s, (measured with a Rheometer?).
This can be compared to water that has a viscosity of 1.002mPa s and to glycerol with
a viscosity of 1.408Pas. (All mentioned viscosities are valid for 20°C [40], which is the
temperature of the lab).

5.1.3 Reynolds numbers Re and Re,

Jeffery’s equations are valid under the assumption that the particles are inertialess and
the flow is creeping. This means that the Reynolds number is close to zero for both.

With the pump set to run at 7.5ul/min, which equals a maximum velocity of ap-
proximately 0.66mm/s in the center of the microchannel, a depth of the microchannel
of 140um, a density of the fluid of 2.56g/cm?® and viscosity of 25.0mPa s the Reynolds
number for the flow is in the order of

_0.66-1073-140-107%- 2.56 - 10° m/s - m - kg/m®
B 0.025 kg/ms

which sufficiently satisfies the creeping condition for the flow [25].

The Reynolds number for the microrods is calculated using the diameter of the rods
as the length parameter. The diameter is 3um and by making an overestimation of a
microrods relative velocity to the fluid vg, by setting it to the same as the maximum
flow velocity ug, the Reynolds number Re, becomes in the order of

0.66-103-3-107%.2.56- 103
0.025

This means that the inertial effects upon the orientational dynamics of the particles can
be neglected.

Re =9.36-1073,

=2.107%

Re, =

3The viscosity was measured at the Department of Chemistry and Molecular Biology with the help
of Johan Bergenholz
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5.2 Data analysis

The movie recordings from the CCD-camera contain 2D-projections of the microrods
motion in the z-z-plane. To extract the orientational motion of a particle, the analysis
program makes an elliptic fit to the projection in each frame of a recording. From the
elliptic fit an estimated length [ and angle « are obtained, see Figure 5.3.

Figure 5.3: The figure shows the elliptic fit made by the analysis program. An angle « is
extracted as the angle between the z-axis and the major semi-axis of the fitted ellipse. An
estimated length [ and a width d of the projection are also obtained by the semi-axes of the
ellipse.

In order to obtain the unit components n, and n,, the full length of a microrod needs to
be known. Conveniently, Hinch and Leal [21] noted that particles in a linear shear flow
spend most of their time aligned with the flow. Assuming that this is also the case for
cylindrical particles, the most frequently observed length [ from the elliptic fitting should
be the best estimation of the actual microrod length. By establishing a histogram over
the fitted lengths [, see Figure 5.4, an estimated length of the particle L,,q is obtained.
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Figure 5.4: The histogram shows the distribution of the observed particle lengths [ during
a measurement. Since a particle spends most of its time aligned with the flow the most
occurring length is the best approximation of the particle length L,oq.

When the length [ and angle « of the elliptic fit for each frame are known, together with
the estimated particle length L..q, the n, and n, components are calculated as

l sin«
Ny = s
Lrod
[ cosa (5-1)
n, = .
? Lrod

The n, component can be extracted implicitly from the data since the length of the
n(t)-vector equals to one. Since the n,-component is not directly observable it is left
out of the analysis.

5.2.1 Removing the time dependency

When the pump reverts the flow the direction of both the flow rate u and the pressure
gradient Vp change. This reversion is performed smoothly in order to avoid inertial
effects on the particle. Despite this, the flow rarely changes direction without pressure
fluctuations. This in turn leads to fluctuations in the velocity. The syringe pump controls
the velocity and direction of the flow and the reversing of the flow are performed in 4
steps. The first step halves the velocity, the second one turns off the pump completely,
the third one reverts with half of the maximum velocity and the forth and last step set
the velocity of the pump at a maximum in the reverted direction. Each of the steps 1-3
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is performed during 10 seconds. An example of the velocity of a particle is shown in
Figure 5.5.

o Estimation of velocity
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Figure 5.5: The figure shows the magnitude of the velocity in the z-direction of the
microchannel for 4 stretches. At the first and third reversal the pump changes from infusion
to withdrawal, while the second one shows the opposite change.

If the pressure fluctuations are without transients, both the shear strength s and
velocity u scale linear with Vp [12]. By plotting the components of n(t) against the
distance traveled z(t) instead of time the visible effects of the pressure fluctuations are
minimized. Figure 5.6 present the orientational motion of a particle, both as a function
of time, n(t), in Figure 5.6(a), as well as a function of distance, n(z(t)), in Figure 5.6(b).
As shown in the figures the peaks of both n, and n, get a constant period as a function
of distance.
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Figure 5.6: The figures show the difference between plotting the normal components n,
and n, against time versus distance traveled. When the orientation-vector n is plotted
against the distance, small non-transient pressure fluctuations are canceled. Panel a) shows
n, and n, when plotted against time ¢. Panel b) shows them plotted against the distance
traveled x(t).

5.2.2 Correcting the results of image tracking

The tracking program that extracts a particles motion is not flawless and some manual
correction to the extracted data is needed. The tracking can momentarily loose a particle
or overestimate its length due to low contrast difference to the background. This creates
tracking errors that are easy to spot by examining the data in a plot. From the plot
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these errors are corrected manually. An example of this is shown in Figure 5.7. The
data is cross checked with the recorded movies to avoid removal of valid data points.
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x10°° x 107
(a) (b)
1 i y
0.5+
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-0.5
-1 '
0 5 10
x107°

()

Figure 5.7: The figures show how false data points are removed. Panel a) shows the original
data points obtained from the tracking. In panel b) the false data points are marked in red.
Panel c¢) shows the final data where the false data points are removed.

5.2.3 Absence of inertial effects

One of the key assumptions for the experiments is that the flow and particles are inertia-
less. The absence of inertial effects is controlled by analyzing the trajectory of a particle
before and after the reversing of the flow. In absence of inertial effects, it is expected
that the particles retrace their trajectories after the reversal. An example of a particle
that successfully retrace its trajectory after the reversing of the flow and an example of
a particle that does not are shown in Figure 5.8.
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Figure 5.8: The figure shows an example of two trajectories of a particle before and after a
reversal. Panel a) shows a reversal where the trajectory of the particle changes completely.
Panel b) shows a particle that successfully retraces its trajectory after the reversal.

40



5.2. DATA ANALYSIS CHAPTER 5. METHOD

5.2.4 Drift in the channel

The drift of the center of mass of the particles both in the y- and z-directions of the flow
are measured. Drift in the y-direction occurs due to poorly matched densities between
the fluid and particles. This drift is the most frequent problem in the measurements
and it is not completely known how it affects the dynamics of a particle. Therefore,
measurements for particles that drift too much are rejected.

The drift in the y-direction is measured in two ways. First, it is possible to study
how the focus of a particle changes when the fluid is resting. If the focus barely changes
with time it means that the density match is good since the particle stays buoyant. The
second way is by measuring the change in period for n,. According to Jeffery [23], the
period is inversely proportional to the shear strength s,

T x —.
S
The difference in shear strength between different sections of the microchannel is known,
it is zero in the center of channel and reaches its maximum at the walls, see Figure
4.2(b). When a particle drifts along the y-direction, the shear strength s experienced
by the particle, therefore changes. Since the change in shear strength affect the period
of the orientational dynamics and the change in period then gives an indication in what
direction a particle is drifting. However, since the period T is disturbed by pressure
fluctuations as described in Section 5.2.1, the period is calculated in terms of the distance
traveled z(t) instead of time,

Az(t) = zipa(t) — @i(D),

where z;(t) and z;41(t) denote two consecutive points where n, = 0.

Due to the quadratic profile of the flow, the change in period Axz(t) have opposite
interpretation depending on if the particle is located in the upper or lower half of the
channel. An increase of Ax(t) means that the shear strength is decreasing. When a par-
ticle is located in the lower half of the channel this implies that the particle is drifting
towards the center of the channel. If Az(t) decreases it means that the shear strength
is increasing. Again, for a particle in the lower half of the channel, this implies that the
particle is moving towards the bottom wall of the channel. The interpretation of which
direction the particle is drifting due to the change in period Ax(t) is the opposite if the
particle is located on the upper half of the channel. The top panel of Figure 5.10 shows
an example of how the period Ax(t) for a particle changes as a function of time.

Under ideal conditions a particle is expected to move along a straight flowline since
the flow is unidirectional. This is investigated by calculating the drift in the z-direction.
The analysis program obtains the position of a particle and a line that represents the
mean path is selected manually. This is shown in Figure 5.9. The drift in z is calculated
as the deviation from this line.
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Figure 5.9: The figure shows the path of a particle during one measurement. The points
on the blue lines denote the particles position in the channel. The slope of the line is caused
by the fact that the channel is not perfectly aligned along the movable stage. The red and
green dots are selected manually and the line between them is an approximation of the mean
path of the particle. The drift Az is calculated as the deviation from this line.

A drift in z might also affect the dynamics of a particle. Since the width of the channel
is not infinite, there is a small shear s, in the z-direction. Close to the edges, in the
z-direction of the microchannel, the shear s, becomes significant. At the beginning of a
measurement, a particle is placed in the center of the channel with help of the optical
tweezers. Here the shear strength s, is zero, but for a particle that drifts too close to
a channel wall the shear s, will affect its orientational motion. The bottom panel in
Figure 5.10 shows an example of the drift Az of a particle during a measurement.
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Figure 5.10: The figure shows the estimated drift in y and z. The top panel shows how
the period Az(t) changes between flips and it is used to estimate the drift along the y-axis
of the microchannel. The bottom panel shows the drift Az, calculated as the deviation from
the mean path of a particle.

5.2.5 Correction for diffraction effects

The cylindrical particles are made out of glass and they hence act as a lens. (This is
what gives the particles a darker contrast). The observed length and width of a particle
vary depending on the focus of the objective, which is illustrated with an example in
Figure 5.11.
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(c¢) Focused particle with n, = 1. (d) Defocused particle with n, = 1.

Figure 5.11: The figure illustrates how the interpreted length and width of a particle
depends on the focus of the microscope objective. Panel a) and b) show a particle where
ny = 1. Hence, n, and n, are both supposed to be equal to zero. As seen in the images,
even for the focused particle in panel a), an elliptic fit of the contour would have a length
and width significantly greater than zero. As a consequence, at least one of the n, and n,
components gets a value greater than zero. With the particle defocused, as in panel b),
observed size of the contour increases. Panel ¢) and d) show the difference of the interpreted
length and width for a particle where n, = 1. In this case the focus of the microscope
objective has less effect on the interpreted length, but it still has a significant effect of the
interpreted width.

The problems from diffraction errors are most significant when a particle is close to
ny = 1. The projection of a particle lie in the z-z-plane and when n, = 1, both the
length and width of the projection should both be interpreted as zero. As seen in Figure
5.11 a) and b), where n, = 1, it is easy to fit an ellipse to the projection with a width d
and length [ that are both significantly greater than zero.

A modification to the analysis program is made to reduce the problems from misin-
terpretations of the length and width of a particle when n, = 1. When n, equals one,
the projection is very close to a circular disc, which means that | = d. By calculating
the components of n, and n, as

(I —d) sina
" T d
rod —
5.2
. _(I—d) cosa (5:2)
o Lrod_d ’
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instead of as in Egs. (5.1), n, and n, both equal to zero when [ equals d. Since the
width is also subtracted in the denominator, the orientation where n, = 1 is still correctly
recognized. The effect on the data due to this modification is shown in Figure 5.12.

A-B: Plot of consecutive stretches against distance
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(b) Compensated data

Figure 5.12: The figure shows how the modifications to Egs. (5.1) affect the amplitude
of the n,-peaks. The modification is shown in Egs. (5.2). The effect is most significant for
peaks close to n, = 0, where the amplitude of the peaks is reduced. Panel a) shows the n,
and n, components as calculated from Eq. (5.1). Panel b) shows the n, and n, components
as calculated from Eq. (5.2).
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5.2.6 Comparing the experimental data with Jeffery’s equations

In this section a comparison between the experimental results and the equations of
motion for an ellipsoidal particle is presented. As discussed in Section 4.3.2, the ori-
entational dynamics of an ellipsoid is determined by the aspect ratio, asymmetry and
initial conditions. Therefore, for the purpose of comparing the experimental data with
Jeffery’s equations, a database of simulated trajectories for ellipsoids with both varying
aspect ratio \¢, asymmetry € and initial conditions is generated.

The aspect ratio A;oq of a microrod can be determined with high accuracy since the
diameter d,oq is well specified. Together with the rod length L,,q, obtained from the
recordings, the aspect ratio for a rod is given by Eq. (4.9).

The asymmetry of a microrod is more difficult to determine and there is no known
relation to the asymmetry of an ellipsoid. The best match for the asymmetry of a rod,
for a given aspect ratio, is therefore found numerically by fitting the experimental data
from each stretch of a microrod to the theoretical trajectories stored in the database.
Not all the data on a stretch is included in the comparison. The included data is limited
to the data points for n, that corresponds to when n, equals to zero, i.e. the data points
that would be included in the Poincaré map. The best match between the experimental
and theoretical data is selected with the least square method. An example of the result
of matching the trajectory from a single stretch of a microrod to a theoretical trajectory
of an ellipsoid is shown in Figure 5.13.

A: Comparison to theory

1 —
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0.5r + Experimental peaks
s *
N o < ¢ - * 9
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Figure 5.13: The top plot shows the fit of the n,-peaks for a single stretch to the peaks
of a theoretical time series. The peak values of n, are taken as the values where n, = 0.
These are the values that correspond to the values on the vertical axis in a Poincaré map
and the sequence of these points is unique for every orbit. The red section, in the bottom
plot, is the theoretical time series that correspond the matched theoretical n.-values.

The angle 1 for the experimental particles cannot be observed and the comparison is
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therefore only valid for the dynamics of § and ¢.
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Results

HE results that are presented are a selection of the best data from the conducted
experiments. During the process a lot of improvements have been made to the
experimental setup and hence the latest data is the most relevant. In order
to do a proper analysis of the data, it is also necessary that the prevailing

conditions are the same for all measurements.

Data from three different particles are presented. The results for each particle are
grouped into pairs of consecutive stretches, stretch A-B, C-D, etc. and each pair repre-
sent a different initial condition. For each pair, the data of the n, and n,-components are
shown in a plot against the cumulative distance traveled in the microchannel, together
with a plot of the same trajectories as function of position in the channel, the latter
displays how well a particle retrace its trajectories before and after the reversing of the
flow.

The comparison between the experimental data for each particle and theoretical
trajectories of an ellipsoid, derived from Jeffery’s equations is also presented for each
particle. The comparison is presented in the Poincaré map of the matched ellipsoid, in
which the position of the matched theoretical peaks is plotted.

The comparison is only valid for the n(¢)-components and does not take the dynamics
of the angle 1 into account. The -angle describes the rotation of a particle around its
major semi-axis and it is not observable for the experimental microrods. Therefore, this
parameter is not included in the comparison.
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6.1 Particle 1

The experimental results for particle 1 contain 6 pairs of stretches. The particle has an
aspect ratio of A\,,q = 6.6 and it shows both periodic and quasi-periodic motions. The
results for particle 1 are based on the same data as particle B in the work of Ankardal
[2]. Figure 6.2 and 6.4 are based on the same data as Figure 5.6 in [2]. Figure 6.6 is
based on the same data as Figure 5.7 and Figure 6.8 and 6.10 are based on the same
data as Figure 5.8 in [2], respectively.

Rod length = 19.7um
¥ 1

0
o =
S/
(2
(o]

Figure 6.1: The estimated length of the particle is approximately 19.7um. This gives the
particle an aspect ratio of A;oq = 6.6.
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6.1.1 Initial condition 1: Quasi-periodic motion

The data for n, of particle 1 in stretches A-B show that the particle exhibits quasi-
periodic motion where the amplitude of n, varies but do not change sign. The trajec-
tories, before and after the reversing of the flow, match in both phase and amplitude,
shown in Figure 6.3.

A-B: Plot of consecutive stretches against distance
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Figure 6.2: A plot of the amplitude of n, and n,. The amplitude of n, varies but do not
change sign. The variation in amplitude indicates quasi-periodic motion.
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Figure 6.3: A plot of the trajectories from stretches A-B, at the reversing of the flow.
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6.1.2 Initial condition 2: Quasi-periodic motion

The data for n, of particle 1 in stretches C-D show that the particle exhibits quasi-
periodic motion where the amplitude of n, varies and changes sign. For the trajectories,
before and after the reversing of the flow, there is a slight drift in both amplitude and
phase, shown in Figure 6.5. The drift in phase is caused by density mismatch between
the fluid and particle.

C-D: Plot of consecutive stretches against distance
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Figure 6.4: A plot of the amplitude of n, and n,. The amplitude of n, varies and changes
sign. The variation in amplitude indicates quasi-periodic motion.
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Figure 6.5: A plot of the trajectories from stretches C-D at the reversing of the flow.
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6.1.3 Initial condition 3: Periodic motion

The data for n, of particle 1 in stretches E-F show that the particle exhibits motion
The motion resembles the dynamics of the
periodic Jeffery orbits. The trajectories, before and after the reversing of the flow match

where the amplitude of n, is constant.

well in both amplitude and phase, shown in Figure 6.7.

E-F: Plot of consecutive stretches against distance
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Figure 6.6: A plot of the amplitude of n, and n,. The n, peaks keep constant amplitude,

which resembles the dynamics of the Jeffery orbits.
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Figure 6.7: A plot of the trajectories from stretches E-F at the reversing of the flow.
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6.1.4 Initial condition 4: Periodic motion

The data for n, of particle 1 in stretches G-H show that the particle exhibits motion
where the amplitude of n, is constant and very close to one. The trajectories, before
and after the reversing of the flow, match well in amplitude, shown in Figure 6.9. There

is, however, a slight drift in phase due to mismatch in density between the fluid and
particle.

G-H: Plot of consecutive stretches against distance
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Figure 6.8: A plot of the amplitude of n, and n,. The n, peaks keep constant amplitude,
very close to n, = 1.
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Figure 6.9: A plot of the trajectories from stretches G-H at the reversing of the flow.
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6.1.5 Initial condition 5: Quasi-periodic motion

The data for n, of particle 1 in stretches I-J show that the particle exhibits quasi-periodic
motion where the amplitude of n, varies and changes sign. The trajectories, before and
after the reversal for the flow, match well in phase, shown in Figure 6.11. There is
however, a slight drift in amplitude, which gets noticeable at the last part of stretch J.

1-J: Plot of consecutive stretches against distance
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Figure 6.10: A plot of the amplitude of n, and n,. The amplitude of n, varies and changes
sign. The variation in amplitude indicates quasi-periodic motion.
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Figure 6.11: A plot of the trajectories from stretches I-J at the reversing of the flow.
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6.1.6 Initial condition 6: Quasi-periodic motion

The data for n, of particle 1 in stretches K-L show that the particle exhibits quasi-
periodic motion where the amplitude of n, changes sign. There is a slight drift in both
amplitude and phase for the trajectories before and after the reversing of the flow, shown
in Figure 6.13. The drift in phase is caused by mismatch in density between the fluid
and particle.

K-L: Plot of consecutive stretches against distance
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Figure 6.12: A plot of the amplitude of n, and n,. The amplitude of n, varies in both
amplitude and sign. The variation in amplitude indicates quasi-periodic motion.
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Figure 6.13: A plot of the trajectories from stretches K-L at the reversing of the flow.
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6.1.7 Comparison to Jeffery’s equations

Figure 6.14 shows the result of the comparison between the dynamics of particle 1 to the
dynamics of an ellipsoid, derived from Jeffery’s equations. The colored dots correspond
to the position of the theoretical peaks that were matched to each stretch A-L of the
experimental data.
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Figure 6.14: The figure shows a comparison between the data of particle 1 to the dynamics
of an ellipsoid.
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6.2 Particle 2

The experimental results for particle 2 contain 3 pairs of stretches. The particle has an
aspect ratio of A\,,q = 8.1 and it shows both quasi-periodic and periodic motions. The
results for particle 2 are based on the same data as particle A in the work of Ankardal
[2]. Figure 6.18 is based on the same data as Figure 5.2 and Figure 6.20 is based on the
same data as Figure 5.1 in Ankardal [2], respectively.

Figure 6.15: The estimated length of the particle is approximately 24.4um. This gives the
particle an aspect ratio of \,,q = 8.1.
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6.2.1 Initial condition 1: Periodic motion

The data for n, of particle 2 in stretches A-B show that the particle exhibits motion
where n, keeps constant amplitude. The trajectories, before and after the reversing of
the flow, match well in amplitude, while there is a slight drift in phase, shown in Figure
6.17. The drift in phase is caused by mismatch in density between the fluid and particle.

A-B: Plot of consecutive stretches against distance
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Figure 6.16: A plot of the amplitude of n, and n,. The n, peaks keep constant amplitude,
which indicates periodic motion.

A-B: Reversal

. |—Initial
' |- - -Reversed
i | ° Point of reversal

_1 i s Wl Y <) . A B
0 5 10 15
Position in channel [m] x 107
1
— Initial
M0 - --Reversed

e Point of reversal

0 5 10 15
Position in channel [m] %1072

Figure 6.17: A plot of the trajectories from stretches A-B at the reversing of the flow.
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6.2.2 Initial condition 2: Periodic motion

The data for n, of particle 2 in stretches C-D show that the particle exhibits motion
where n, keeps constant amplitude. The trajectories, before and after the reversing of
the flow, match well in amplitude but there is a slight drift in phase, shown in Figure
6.19. The drift in phase is caused by mismatch in density between the fluid and particle.

C-D: Plot of consecutive stretches against distance
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Figure 6.18: A plot of the amplitude of n, and n,. The n, peaks keep constant amplitude,
where n, is close to one. The constant amplitude indicates periodic motion.
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Figure 6.19: A plot of the trajectories from stretches C-D at the reversing of the flow.
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6.2.3 Initial condition 3: Quasi-periodic motion

The data for n, of particle 2 in stretches E-F show that the particle exhibits motion
where the amplitude of n, is close to constant at n, = 0. There is, however, a slight
quasi-periodic behavior for stretch E where n, changes sign. The trajectories before and
after the reversing of the flow match well in phase, shown in Figure 6.21.

E-F: Plot of consecutive stretches against distance
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Figure 6.20: A plot of the amplitude of n, and n,. For stretch E the amplitude of n,
shows slight quasi-periodic motion, where the amplitude changes sign. The amplitude of n,
in stretch F stays close to constant at zero.
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Figure 6.21: A plot of trajectories from stretches E-F at the reversing of the flow.
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6.2.4 Comparison to Jeffery’s equations

Figure 6.22 shows the result of the comparison between the motion dynamics of particle
2 to the motion dynamics of an ellipsoid, derived from Jeffery’s equations. The colored
dots correspond to the position of the theoretical peaks that were matched to each stretch

of the experimental data.

e =0.02

cos(6)

BEC O OR ST ST R
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Figure 6.22: The figure shows a comparison between the experimental data of particle 2 to
the dynamics of an ellipsoid. The peaks in stretch E is matched to a trajectory with higher
amplitude than the peaks in stretch F due to the slight quasi-periodic motion.
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6.3 Particle 3

The experimental results for particle 3 contain 2 pairs of stretches. It has an aspect ratio
of A\roq = 6.9. The particle is included because it shows the two different types of quasi-
periodic motion on the same stretch. This is not in accordance with Jeffery’s theories,
unless it is a chaotic trajectory. The database of theoretical trajectories contains very few
chaotic ones and it was therefore not possible to find a good match to the experimental
data of particle 3.

Rod length = 20.6pm

Figure 6.23: The estimated length of the particle is approximately 20.6pum. This gives the
particle an aspect ratio of A\,,q = 6.9.
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6.3.1 Initial condition 1: Periodic motion

The data for n, of particle 3 in stretches A-B show that the particle exhibits motion
where n, keeps constant amplitude. The trajectories, before and after the reversing of
the flow, match well in amplitude, while there is a slight drift in phase, shown in Figure
6.25. The drift in phase is caused by mismatch in density between the fluid and particles.

A-B: Plot of consecutive stretches against distance
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Figure 6.24: A plot of the amplitude of n, and n,. The n, peaks keep constant amplitude,
which indicates periodic motion.
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Figure 6.25: A plot of the trajectories from stretches A-B at the reversing of the flow.
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6.3.2 Initial condition 2

The data for n, of particle 3 in stretches C-D show that the particle exhibits chaotic
motion. The trajectory of a single stretch shows features of quasi-periodic motion, where
n, both changes sign and where it does not. The trajectories before and after the reversal
match well in phase, while there is a small mismatch in amplitude.

C-D: Plot of consecutive stretches against distance
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Figure 6.26: A plot of the amplitude of n, and n,. The last part of stretch C and first part
of stretch D show quasi-periodic motion where the amplitude of the n,-peaks varies without
changing sign. The first part of stretch C and last part of stretch D show quasi-periodic
motion where n, changes sign.
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Figure 6.27: A plot of the trajectories from stretches C-D at the reversing of the flow.
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6.3.3 Comparison to Jeffery’s equations

Figure 6.28 shows the result of the comparison between the motion dynamics of particle
3 to the motion dynamics of an ellipsoid, derived from Jeffery’s equations. The colored

dots correspond to the position of the theoretical peaks that were matched to each stretch
of the experimental data.
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Figure 6.28: The figure shows a comparison between the experimental data of particle 3
to the dynamics of an ellipsoid. The lack of chaotic trajectories in the database results in a
poor match between the experimental data and the theoretical trajectories.
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Discussion

HE success rate of obtaining measurements where a particle successfully retraces
its trajectory after reversing the flow has increased progressively during the
work of this thesis. But improvements that increase the success rate of retraced
trajectories even further, or at least narrow down the possible factors for non-

retracing trajectories after a reversal are of interest.

The results section shows measurements for three different particles where the trajec-
tories of the particles were successfully retraced after the reversing of the flow, for more
than one initial condition. In this section a discussion on the quality of the experimental
results, possible improvements to the experiment and outlook for future experiments is
presented.

7.1 Steadiness of the flow

One obvious improvement to the experiments is to increase the stability of the velocity
of the flow. When changing the direction of the flow, there is a substantial delay until
the velocity of a particle reaches its steady maximum, as seen in Figure 7.1.
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Figure 7.1: The plot shows the magnitude of the velocity of a particle in the z-direction
of the channel. A slow deceleration and acceleration at the reversal is observed for all
measurements. The velocity accelerates over an entire stretch without reaching its steady
maximum. With an incompressible fluid and with both the fluid and the particles close to
inertialess, the particles are expected to reach a steady velocity much faster. In the first
reversal in this figure the pump changes from withdrawal to infusion and the second one
shows the opposite.

The velocity of a particle is approximately equal to the velocity of the flow. Figure
7.1 shows the absolute value of the velocity and the first two steps of the reversal can
easily be distinguished. However, there is a deceleration and acceleration of the flow
velocity between the steps. The fluid is incompressible and both the fluid and particles
are close to inertialess. The change in flow velocity between the steps should then be
instantaneous. A likely explanation to the slow change in velocity is flexibility in the
channel, tubing or syringe or a combination of the three.

The direction of the flow is controlled by adjusting the pressure gradient in the fluid,
since increasing or decreasing the volume amount of fluid in the syringe is equivalent to
an increase or decrease of the pressure applied by the syringe. If the channel, tubing
and syringe had zero flexibility, the only path for the fluid when the pressure changes,
is through the outlet of the channel, i.e. in the z-direction. The change in flow velocity
would then be instantaneous. Since the flow accelerates slowly, even when the pump
is running at maximum speed, this suggests that the pressure-change provided by the
pump after the reversing of the flow, expand or contract the system (depending on if
the pump is running at infusion or withdrawal after the reversal) rather than pushing
the fluid through the channel. Hence, making the mentioned components stiffer could
reduce the delayed change in velocity. A second way to minimize possible expansion
effects is to make the radius of the inlets larger, making it easier for the fluid to enter or
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escape the channel.
Having a more stable flow minimizes the risk of pressure fluctuations to be the cause
of the unsuccessful retracing of trajectories during the reversing of the flow.

7.2 Quality of the results

In the work of [12, 24, 30] both periodic and quasi-periodic of motion of polymer rods
were observed. Unfortunately they did not observe different behaviors for the same
particle. The purpose of this thesis was to investigate the dependence of the initial
conditions for a microrod for its orientational dynamics.

The results shows measurements for three different particles where the trajectories of
the particles were successfully retraced after the reversing of the flow, for more than one
initial condition. The trajectories of the microrods show a lot of similarities to the motion
of ellipsoidal particles. For almost all measurements, where the particles successfully
retrace their trajectory, the trajectories resemble either the periodic or quasi-periodic
motion that are found for ellipsoidal particles with similar initial conditions. But once
again, this comparison is only valid for the time series of the orientation vector n(t),
which only contain information about the 6 and ¢-angle. The results do not contain
information about the angle v that describes the rotation around the major axis of a
rod.

The variety of initial conditions is important to limit the number of possible data
matches in the comparison with ellipsoids. For most asymmetries € of an ellipsoid, cos 6
is a constant of motion for trajectories at the edges of the Poincaré map. Observing
such a trajectory therefore provide minimal information about the features of the rest
of the particle’s Poincaré map. The trajectories that best limit the number of matching
ellipsoids are found in the center of the Poincaré map. This means that, in order to
verify how well Jeffery’s equations describe the orientational motion of the microrods, a
variety of different trajectories for each particle is needed.

Particle 1 stands out when it comes to both quality and quantity of the successful
measurements. This is merely a coincidence. Data from a number of particles with 2-3
successful reversals have been collected. However, the observed trajectories for these
particles do not have enough variety of initial conditions that they are worth presenting.

7.3 Outlook

The outlook for future experiments is promising. With the optical tweezers in place, a
possible continuation of this work is to measure the dynamics of other particle shapes,
such as crosses. The geometry of crosses makes it possible to observe all rotational de-
grees of freedom. However, more results for microrods need to be obtained in order to
verify if their orientational motion can be described by Jeffery’s equations.

There are two important theoretical questions that need to be answered in order to un-
derstand how well Jeffery’s equations can describe the orientational motion of deformed
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cylinders. First, Jeffery’s equations describe the orientational motion of a particle in a
linear shear flow. In the experiments the linear shear flow is approximated by a Poiseuille
flow, where the curvature of the flow is assumed to be negligible due to the small di-
mensions of the particles. Chwang [10], Ingber and Mondy [22] showed that Jeffery’s
equations are valid for a Poiseuille flow in the case for axisymmetric particles but it
has not been verified for the case of non-axisymmetric particles. Second, the cylindrical
particles are usually deformed in a way that they do not possess any axes of symmetry.
An ellipsoidal particle has three axes of symmetry. It is necessary to understand how
the absence of symmetry-axes affects the equations of motion. The experimental results
suggest that in the case of deformed cylinders, if the angle 1 is neglected, the motion
closely resemble the motion of ellipsoids. It is, however, possible that the dynamics of
the -angle differs a lot from that described by Jeffery’s equations, which means that
the equations for § and v also are different.
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Summary

HE orientational motion of cylindrical microrods, immersed in a creeping shear
flow through a microchannel, has been investigated by analyzing the times
series of the orientation-vector n(t) for the major axis of a rod as the rod
rotates in the flow. The experiment is a continuation of the work initiated

by Einarsson et al. [12] and the work has included improvements to the experimental
setup. The polymer fibers that were used in the previous epxeriments were replaced
by more regularly shaped glass microrods. The microrods have a well-defined diameter,
which made it easier to determine their aspect ratio A,,q. However, the asymmetry
of the microrods derives from irregularities on the rod ends, which made it difficult to
determine.

A fluid composed by water, glycerol and sodium metatungstate monohydrate has
been used to match the density of the glass microrods. The new fluid is less viscous than
glycerol, which was previously used, making it more responsive to pressure fluctuations.

Optical tweezers were installed for the purpose of changing the orientational initial
conditions for a single particle. The tweezers made it possible to investigate how the
choice of initial orientation affects the dynamics of a particle. The results show that
by controlling the initial conditions, it was possible to observe either quasi-periodic
or periodic motion for a particle. The results show a lot of similarities with Jeffery’s
equations of motion (4.11), for an arbitrary ellipsoid. Microrods with initial conditions
close to perpendicular to both the flow and shear direction were more likely to show
periodic motion, while particles with initial conditions close to aligned with the shear
direction and perpendicular to the flow were more likely to show quasi-periodic motion.

Analysis of the trajectory of a particle before and after the reversing of the flow
was performed to find out if the particles experience any inertial effects. If a particle
successfully retraces its trajectory after the reversing of the flow, the absence of inertial
effects for the particle is guaranteed. Particles with orientational initial conditions such
that they are close to perpendicular to both the flow and shear direction had a higher
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success rate of retracing their trajectories after the reversing of the flow.

A comparison of the experimental results to trajectories derived from Jeffery’s equa-
tions of motion of ellipsoidal particles with a ranging aspect ratio and asymmetry was
also made. With high number of measurements, from a variety of initial conditions, the
number of possible matching ellipsoids was narrowed down. However, the comparison
is only valid for the normal components n(t). The data do not contain any information
about the rotational angle around the major semi-axis of a rod.
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Change of variable in Jeffery’s
equations

The integrating variable in equations (4.11a) and (4.11c) is changed from ¢ to ¢ by

do _dodt df do (g2siny + g3 cos 1)) sin O
dp —dtdp —dt' dt L+ gssing —gocosyp
dp dypdt dy dp g1+ (g2cosy — gssini) cosd

@ _ayar - . A.lb
dé — dt dop  dt' dt 3+ g3sinth — go costp (A-1b)

(A.1a)

The function d¢/dt is a monotone function [21], it is therefore invertible, which makes
this substitution is allowed. The advantage of doing the substitution is that the time
dependency is eliminated, which reduces the dimensionality of the system.
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