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Chapter 1

Introduction

1.1 Investigation of Single Motile Microorganism

Single-celled organisms are the simplest form of life on our planet. Specifically, motile
microorganisms possess interesting biological functions that come in handy in various fields.
In order to utilize these functions, motile microorganisms have been widely studied both on
large population-level and on the single-cell level. The study of large populations can provide
us with statistical knowledge pertaining to the behavior of these organisms as a group without
clarifying the specific behavior of each cell [1]-[5]. On the other hand, it is very critical to
understand and anticipate the behavior of each cell, where the investigation on the single cell-
level is essential [6]-[12]. The investigation of single motile microorganisms is known to have
high potential in the fields of food production [13], bio-fuel [14], and related research seeks to
understand the specific function of mechanoreceptors and growth factor of microorganisms. In
addition, the motility of microorganisms has been actively utilized for delivering drugs to
targeted organs in state-of-the-art nanomedicine applications [15]. Figure 1.1 shows the wide

range of application of investigating the stimulus-response of motile microorganisms.
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Figure 1.1: Applications of stimulus response observation of motile microorganisms in different

fields.

To clarify the characteristics and functions of motile microorganisms, the stimulus-

response is examined by applying external stimulations. In this case, the cell is exposed to an

external stimulus, whether it be a chemical, electrical, photic or mechanical stimulation, and the

response of the cell is then measured and analyzed [16]-[18]. The reaction of the cell to each

type of external stimulation can give us unique information about cell characteristics.

1.2 Classification of Cells

The characteristics of the cell can play an essential role in determining the most appropriate

investigation method. When looking from an investigation point of view, the movement of the

cell is the main factor that affects the difficulties of the investigation process. In fact, we can



divide the cells into three main categories based on their movement in the fluidic environment
as shown in Figure 1.2. These three categories are adhesive cells, floating cells, and motile cells.

As the name suggests, adhesive cells are cells that adhere to the culturing substrate such as
tissue cells [19][20]. Consequently, the observation of this type of cells becomes relatively
easier because they move with a very slow speed, although long-time observations are
technically challenging [21][22]. However, if the target is to observe the stimulus-response of
the cell, such as mechanical stimulation, compensation methods need to be considered in order
to observe the real-time response of the cell for a long time. Ursekar et al. [23] have developed
an equibiaxial stretching system using a stepper motor and a specially modified PDMS
membrane that confines the cell in one area using cylindrical PDMS walls. The walls guarantee
the homogeneity of the strain applied to the cells. Using their system, they succeeded in
observing the effect of equibiaxial strain on cells even for very low magnitudes of strain.
However, the cells could only be observed before and after applying the strain because of the
movement of the membrane in the vertical direction when applying strain.

Floating cells are cells that do not adhere to the substrate and are constantly floating inside
the fluidic environment such as oocytes. Although these cells do not have motility, they are
more difficult to observe and investigate in liquids because of their high susceptibility to fluidic
disturbance, which is easily generated in microfluidics. Furthermore, the fluidic disturbances
could affect the position and the posture of the target cell and would make mechanical
procedures such as manipulation and injection tasks more challenging. A large number of
studies have proposed different ways to deal with the observation and manipulation of floating
cells. For instance, Xie et al. [24] developed a robot-assisted cell manipulation system for

injection tasks in Zebrafish embryos. In their system, a visual tracking system and autofocusing
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Figure 1.2: Cell classification based on movement pattern.

were used to achieve precise injection of embryos. Hagiwara et al. [25] have developed an on-
chip microrobot for cell manipulation. Using the developed microrobot, they have succeeded in
oocyte manipulation and cutting in a closed microfluidic environment. However, the floating
cells’ susceptibility to fluidic disturbance is a remaining obstacle.

Motile cells are cells that possess active motility, which allows them to swim freely in
fluidic environments. In fact, the observation and investigation of motile cells are the most
difficult compared to the previous cell types owing to the high agility, high moving speed, and
the small size of such cells, where the cell easily escapes outside the field of view (FOV) of the
microscope. Moreover, similar to floating cells, motile cells are highly susceptible to fluidic

disturbances that would drastically increase the difficulty of investigation of this type of cells.



1.3 Conventional Investigation Approach of Motile

Microorganisms

Because many aquatic microorganisms have motility and agility, it is quite difficult to
investigate their dynamic behavior and stimulus-response under a microscopic environment.
Therefore, to conduct observations in a highly magnified environment, the motile
microorganisms are conventionally immobilized before the investigation to reduce their activity,
as shown in Figure 1.3.

Different immobilization techniques for motile microorganisms have been proposed in the
literature. For example, adding chemicals to reduce the speed or completely stop the movement
of the cell’s actuators have been widely used [26]—-[28]. However, the main drawback of
chemical immobilization is the toxicity and the effect on the viability of the cells. On the other
hand, mechanical immobilization is another widely used method for microorganism
investigation. Jana et al. [29] have investigated the different swimming modes of Paramecium
in geometrically confined spaces to show the microorganism’s flexibility in active navigation

inside confined spaces. In their work, Paramecium was immobilized mechanically using a

*Continuous motion
*Difficult to investigate

Easyto investigate

Figure 1.3: Conventional approach to investigate motile microorganisms by immobilization.



suction pipette. Mechanical immobilization can also be achieved through a mechanical
microcompressor, which flattens and restricts the movement of cells. Yan et al. [30] have
developed a microcompressor equipped with microfluidics for the immobilization of
microorganisms. Using their device, they have conducted numerous observations of cellular
events in several protozoan species.

Nonetheless, this immobilization acts as an external force that affects the functionality and
response of the microorganism. In order to get the most natural responses to the stimulation
applied to a motile microorganism, there should be no forces exerted on the microorganism
other than the stimulation force. This means that the microorganism should not be immobilized
and it should be allowed to swim freely inside the fluidic environment, but this raises a new
problem. Since the microscope’s FOV is fixed in place and its dimensions are relatively small,
the target microorganism can easily swim outside the FOV where we can no longer apply
stimulation nor observe its response. In order to acquire the most natural stimulus-response of
swimming microorganism, two main procedures should be taken into consideration:

1) Continuous observation of the target microorganism.
2) Applying stimulation to the microorganism without disrupting the continuous observation
to clearly see its specific reaction.
In particular, applying mechanical stimulation to a freely swimming microorganism while
observing it is a very challenging task because of the small size and high agility of such

organisms.



1.4 Continuous Observation

The main task of continuous observation is to keep the target in the FOV of the position
sensing device. For large targets, continuous observation is generally achieved through active
vision systems [31]-[34]. In a controlled active vision, the vision sensor is moved using
actuators to keep the FOV of the camera focused on the target object. On the contrary, thanks
to the small size of the microorganism, it is possible to keep the vision sensor in a stationary
state, while controlling the position of the container of the cell to keep it in the FOV of the
microscope. On the other hand, in case of continuous observation for investigation purposes,
the ability to integrate a stimulation mechanism should be considered in the design of the
observation system.

A very important question when designing observation systems is how much details do we
need to observe? The answer to this question would greatly affect the difficulty of observation,
as shown in Figure 1.4. For instance, if our purpose is to measure the speed of an organism,
spatially large FOVs of the sensing device would be preferable, whereas spatially small FOVs
would be more appropriate if our purpose is to observe the detailed dynamic behavior of the
organism. In the case of single-cell investigation, highly detailed observations are required to
elucidate the specific behavior of the cell when responding to stimulations. Therefore, it is
preferable that the target cell would almost entirely fill the FOV of the observation area. In fact,
there is a strong correlation between the relative speed of the object and the size of the
observation area. In case our purpose is to have detailed observations of the target, high relative

speed should be expected.
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Figure 1.4: The effect of magnification ratio on the level of details and relative speed of the observed
object.

Motile microorganisms are regarded as fast-moving objects when taking their size (few
micrometers ~ hundreds of micrometers) and the required level of observation details into
consideration. Although these organisms might seem to move slowly when using conventional
speed metrics (e.g. mm/s), they actually move very quickly relative to their size. One of the
speed metrics that can be used in this case is the “body length per second” metric. Using this
metric, which is crucial in designing observation systems for detailed observation purposes, the
speed of a motile microorganism (200 um body length and 2 mm/s moving speed) is almost

equivalent to the speed of a car moving at 144 km/h (4 m body length, 40 m/s moving speed).



1.4.1 Trapping

One way to keep the target in the FOV is to trap the motile microorganism in one restricted
area. Confined microchambers and droplets can passively trap motile cells to aid in the
observation of their mobility. Yuya et al. [35] have proposed a method for producing
monodisperse semi-permeable microcapsules for observing encapsulated cells using alginate-
poly-L-lysine (PLL) membrane. These microcapsules were fabricated using a monolithic three-
dimensional (3D) microfluidic axisymmetric flow-focusing device. To produce a soft condition
for the encapsulated cells, an internal gelation method was implemented. The produced
microcapsules were robust and had a uniform size. The microcapsules were used in a bead-
based microfluidic system to observe trapped cells. The main advantage of this work is the semi-
permeable nature of the microcapsules, where trapped cells cannot travel through its membrane
but nutrient and waste can. Although this type of trapping allows for continuous observation of
motile microorganisms, detailed observations cannot be obtained because the size of the FOV
should be equal to the size of the confining area, and reducing the size of the confining area
would immobilize the microorganism. Moreover, applying mechanical stimulation would be
difficult due to the closed nature of the environment.

On the other hand, trapping of motile microorganisms can be achieved using active force.
A large number of studies have been conducted to trap a motile microorganism using different
kinds of applied force. In fact, to trap a motile microorganism, the force generated by the
trapping mechanism should be larger than the force generated by the motility of the cell. Optical
trapping is one of the most studied areas in microobjects manipulation, known as “Optical

tweezers”. The main concept behind optical trapping is to implement a tightly focused laser



beam using a microscope objective with a high numerical aperture, which would trap the target
in 3D. Thalhammer et al. [36] have developed macro-optical tweezers that can trap
comparatively large motile microorganisms by applying counter-propagation beams instead of
tightly focused beams. Nonetheless, the main drawback of optical tweezers is the bio-effects on
the target cell viability even when reducing the strength of the laser beam. Moreover,
comparatively large and fast microorganisms are difficult to trap because of the low trapping
force generated by the optical tweezers.

Because motile microorganisms live in aquatic environments, an apparent way to trap the
cell is through hydrodynamic force by controlling the fluid flow around the cell. This can be
achieved through generating push and pull laminar flows or through fluidic eddies. Barry et al.
[37] have succeeded in trapping a single motile cell by generating fluidic eddies. Their device
mainly consisted of a fixed cylinder inside a microchannel. Low-frequency oscillations were
applied using a piezoelectric diaphragm to generate eddies and trap single cells in four different
positions. This allows for long-time observations of the target cells without affecting the
viability of the cell as much as possible, compared to other trapping techniques. However, the
trapped microorganism would be constantly under the effect of the fluidic force, which would

affect the credibility of the stimulus-response of the cell when stimulation is applied later.

1.4.2 Tracking

Visual tracking systems implement visual servoing to keep the target inside of the FOV.
Visual servoing approach mainly uses a vision sensor to recognize and track the movement of
the target, and an actuator to move the sensor, or the target so that the target is kept inside the

FOV of the vision sensor [38][39]. One of the main parameters that play an essential role in the

10



performance of a visual tracking system is the sampling rate of the vision sensor, which is
measured in frames per second (FPS). In fact, to choose the appropriate speed of the vision
sensor, velocity and size of the target and the required level of observation details should be
taken into consideration. As discussed earlier, the relative speed of motile microorganisms
increases drastically when viewed in high magnifications. For high-speed targets, vision sensors
with the conventional camera frame rate (30 FPS) cannot keep up with their speed. Therefore,
high-frame rate image feedback is highly required.

Recently, the use of high-speed vision sensors has become more common in tracking and
control for robotic systems [40]-[43]. Especially by utilizing high-speed “online” vision sensors
(cameras) that can operate at speeds of hundreds or thousands of frames per second, real-time
feedback control can be achieved with high stability. Specifically, high-speed visual servoing
has the advantage of tracking the target as it is moving in slow motion, which allows for detailed
observation of the target. In fact, one of the main advantages that these online vision sensors
offer is the ability to continuously track a high-speed target even when the trajectory changes
abruptly, which is the case when tracking highly agile organisms such as motile microorganisms.

A number of works have been conducted to track fast organisms using high-speed online
visions. For example, Sakakibara et al. [44] have developed a tracking system for flying insects.
Their system implemented a high-speed online camera and galvano mirrors, which reduce the
inertial moment and increase the response time compared to conventional cameras driven by
servomotors, to keep the target insect in inside the FOV of the video recording camera and the
system was successful in continuously tracking a freely flying fly. Ogawa et al. developed a

high-speed tracking system composed of a high-speed online vision sensor and motorized stages

11



[45]. By using high-speed visual servoing technique, they succeeded in the continuous tracking
of single Paramecium under the microscope, even in 3D space.

The main bottleneck in high-speed vision systems is the processing time of the image
processing algorithm. In fact, most of the high-speed vision-based tracking systems have
implemented parallel processors to keep up with high-speed image feedback. Although parallel
processing shows an excellent performance in image processing, its application is quite complex
and costly especially when the resolution of the imaging device is comparatively large.
Additionally, the previously mentioned works in high-speed tracking have not included a
stimulation mechanism, specifically mechanical stimulation, in their designs, which is a
difficult task because of the disturbance it adds to the environment. Moreover, the maximum
tracking time was at the level of tens of seconds, although it is highly desirable to observe the
target organism for a longer time.

On the other hand, to enhance the performance of the tracking systems, predictive
algorithms and filters have been implemented to anticipate the next position of the target. In
fact, Kalman filters are one of the widely used predictive filters in robotic visual tracking
[46][47]. By using a state model of the system and measurements with statistical noise, Kalman
filters can increase the accuracy of the measurements and predict the next state of the system
when needed. Shen et al. [48] have developed an autonomous quadrotor with limited onboard
processing and sensing capabilities, which can travel in complicated environments
autonomously at speeds up to 4 m/s and roll and pitch angles exceeding 20° using only a camera
and an inexpensive inertial measurement unit (IMU) as sensors. In their system, a camera with
20 Hz was used for image feedback. However, the 20 Hz pose estimate from the vision system

alone is not sufficient to control the robot. Therefore, an Unscented Kalman filter (UKF) was

12



employed to increase the pose and velocity estimation frequency of the drone to 100 Hz.
However, in the case of motile microorganism the trajectory is mostly unpredictable and
nonlinear, where the cell interacts with the environment and changes direction suddenly. This
necessitates the use of nonlinear filters, which is computationally expensive and would increase
the complexity of the system.

The use of high-speed online vision sensor is effective in tracking fast objects as if we are
seeing the target in super-slow motion. However, there are instances when we cannot even see
the object, no matter how fast the vision sensor is. Let us assume an ideal situation where we
have an infinitely fast vision sensor and an infinitely fast actuator to track a target. In this case,
the trackability of the target would be irrelevant to its relative speed and size, hence infinitely
fast and small objects could be tracked assuming that a suitable microscope is available.
However, this is not always true. In fact, a very common and challenging problem in the field
of target tracking is the occlusion problem. Occlusion happens when the tracked object is
partially or completely obscured from the view of the camera by another object. A substantial
amount of research has been done to attempt to solve the occlusion problem in target tracking
[49], and a number of solutions have been proposed that are based on deep learning [50][51],
and predictive filters [52][53] to name a few. Nonetheless, most of the currently used algorithms
face a huge difficulty to recover tracking after a full occlusion occurs, especially when the target
is moving [49]. For example, even when using predictive algorithms such as Kalman filters, it
would still be difficult to predict the target trajectory in the case of occlusion. Figure 1.5 shows
an occlusion example where two close-to-identical objects are occluded by an obstacle. The
first scenario shows a case where it is possible to predict the trajectory of each target. On the

other hand, the second scenario shows a more difficult case where the targets change their
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trajectory abruptly, which substantially increases the prediction difficulty. Moreover, as
mentioned above, the occlusion problem is not related to the frame rate of the vision sensors,
and thus using high-speed imaging would not solve the problem. One promising solution for
the occlusion problem is to use a hardware approach to design the tracking environment in a

way that decreases or eliminates the occlusion between objects in the observation field.
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Figure 1.5: Occlusion problem in predictable and unpredictable situations.
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1.5 Applying Stimulation

The stimulation of microorganisms demonstrates a very challenging task. In fact, the
difficulty of stimulation depends highly on its type and the required level of observability of the
stimulus-response. For example, applying chemical or electrical stimulation, which does not
require direct contact with the microorganism, is relatively easier compared to mechanical
stimulation where the stimulation tool should directly touch the target microorganism. A
number of conventional methods and devices have been developed for the purpose of
mechanical stimulation and manipulation of cells. In case of mechanical stimulation, observing
the stimulus-response with a high spatial resolution (high magnification) requires us to pay
much attention to the amount of fluidic disturbance that the stimulation microtool generates

when applying stimulation, where the size of the tool plays a substantial role, as shown in Figure

1.6. Size of tool

Small . Large

Disturbance

Low_ Disturbance to target High

—

Low Fluidic resistance High

Figure 1.6: Effect of stimulation tool size on the generated fluidic disturbance.
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1.5.1 Micromanipulators

Conventionally, mechanical investigation of cells has been achieved through manual
operation or using relatively large micromanipulators. In this case, the sample microorganism
is introduced inside the culture medium in a petri dish under the microscope, and two
micromanipulators, equipped with microtools such as microneedles or microcapillaries, are set
to both sides of the microscope to carry out the investigation. Although these manipulators are
suitable for handling adhesive cells, they are less suitable for floating or motile cells because
they generate a large amount of fluidic flow as a disturbance when actuated, which affects the
position and the visibility of the target cell and drastically increases the difficulty to observe the
stimulus-response. Moreover, micromanipulators cannot be used in closed environments and
are comparatively difficult to operate since they are actuated in 3D. Nonetheless, a number of
works introduced automation techniques to enhance the handling of floating cells such as
embryos using image feedback. For example, Arai et al. [54] have developed a bio-
micromanipulation system for embryos and yeast cells using conventional micromanipulators
together with virtual reality (VR). The system constructs a 3D model of the target in real-time
and allows for 3D actuation of the micromanipulators. Tanikawa et al. [55] have developed a
two-fingered micromanipulators simulating chopsticks, for the handling of micro bio-objects.
However, a common limitation for micromanipulator-based systems is the relatively slow

actuation speed due to the high generation of fluidic disturbance in case of high-speed actuation.

1.5.2 Atomic force microscopy (AFM)
AFM has been widely used for biological applications in the past two decades. The main

part of an AFM is a cantilever beam that scans a specimen in the two-dimensional (2D) plain.
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When the tip of the beam reaches the proximity of the sample, forces such as van der Waals
forces and electrostatic forces attract the tip of the cantilever causing deflection. The resultant
deflection is then measured using a reflected laser beam. Conventionally, AFM has been used
for imaging sub-micrometer biological entities such as viruses and proteins, where optical
microscopes reach their theoretical limits (Abbe diffraction limit). Nonetheless, AFMs have
been recently used for single-cell applications such as stimulation, handling, and mechanical
sensing. Afrin et al. [56] have used AFM to create holes at designated locations on cell
membranes for investigating the cell’s viability, targeted gene delivery into the cell, and
visualization of intracellular structure through the hole. The holes were created using beads
coated with phospholipase A2 (PLA2). The coated beads were attached to the cantilever beam
and actuated to touch the membrane of the cell to create holes. Fluorescent images proved the
creation of holes and the intracellular structure of the cell was confirmed through the hole.

On the other hand, a relatively new modification of AFM called Fluid Force Microscopy
(FluidFM), provides the ability to deliver liquids to the cell through microchannels fabricated
inside the cantilever beam and can be used for cell manipulation, and injection [57]-[59]. Dorig
et al. [60] have utilized FluidFM with pressure controlled microchannels to achieve
displacements of living cells with micrometer precision. Using their system, they succeeded in
the spatial manipulation of S. cerevisiae and E. coli cells. Although AFM can be used for precise
manipulation and handling of static cells or floating cells, it proves not suitable for motile cells
manipulation. The accurate manipulation of the cantilever beam and the force interaction
requires careful and slow manipulation, which is not practical in case of high-speed moving
cells. Moreover, similar to a micromanipulator, AFM can only be used in open spaces because

of its tethered nature.
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1.5.3 Microrobots

Recently, microrobots have been widely developed for biological applications because of
their small size, precision, and ease of manipulation. The small nature of microrobots makes it
difficult to integrate actuators, such as motors, inside the robot. Therefore, microrobots are
mostly actuated using force fields such as magnetic or electrical fields. Microrobots can achieve
relatively high actuation speed with good positioning accuracy suitable for cell applications.
Moreover, because the stimulation tool is completely disconnected from the actuator, the
stimulation and handling experiments can be conducted in a completely closed environment
such as a microfluidic chip. Ye et al. [61] proposed a dynamic trapping mechanism of motile
microorganisms by making use of the rotational flow field generated by a magnetically driven
microrobot. Their approach achieved 2D selective trapping and transportation freely swimming
bacteria successfully. Even though the motile cell could be trapped and transported using fluidic
currents, there is a constant fluidic force exerted on the cell that would make it difficult to
observe a fully natural stimulus-response.

In addition, Hagiwara et al. [25][62] have proposed an on-chip magnetically actuated
microrobot for cell investigation applications. By utilizing ultrasonic vibrations and a 3D
patterned surface, the positioning accuracy, actuation speed, and generated force of the
microrobot were drastically enhanced and were adequate for a wide range of cell manipulation.
Moreover, the small size of the robot helped in reducing the fluidic disturbance generation.
Nonetheless, the fabrication of the patterned surface was relatively complicated and time-
consuming. In addition, the control of the robot for continuous tracking of a motile

microorganism reduced its performance in both speed and accuracy.
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1.6 Objective

Based on the background discussed above, the objective of this research is to; continuously
observe the swimming behavior and the stimulus-response of a single motile microorganism for
a relatively long period. The target is motile microorganisms that are ten to several hundred
micrometers. This size range includes motile microorganisms with maximum speeds of several
millimeters per second (e.g., Euglena, Paramecium, and C. elegans).

As mentioned in Section 1.2, the high motility and the susceptibility to fluidic disturbance
of the motile microorganism along with its small size are the main difficulties that should be
addressed in order to continuously observe and examine the stimulus-response of the target. As
discussed in Section 1.3, two main steps should be considered to observe the stimulus-response
of a motile microorganism, observation, and stimulation.

Figure 1.7 shows an illustration of the objective of this dissertation. First, the continuous
observation is achieved by developing an observation platform that utilizes a high-speed online
vision sensor to tracking the motile microorganism in such a manner that it will constantly keep
the target inside the microscope’s FOV. As a result, the motility problem of the target
microorganism is solved. Next, a stimulation platform that utilizes a microtool with a proper
size that would generate as low fluidic disturbance as possible is then used, and hence the
susceptibility to fluidic disturbance problem is solved. Each of these solutions would participate
in making the stimulus-response of a motile microorganism observable. Finally, the two
platforms are integrated to make a functional platform that drastically reduces the difficulty of
observing the stimulus-response of a motile cell making its observation comparable to an

adhesive cell.
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Figure 1.7: Conceptual image illustrating the objective of the dissertation.
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Figure 1.8: Conceptual image of the proposed approach for motile microorganism investigation.

A conceptual image for the proposed approach of this dissertation is illustrated in Figure
1.8. The microorganism can be observed continuously without immobilizing it, even when
applying stimulation. The applied stimulation will be the only force exerted on the

microorganism, and hence we can observe nearly natural reaction unaffected by external factors.
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1.7 Outline of the Dissertation

The dissertation includes five chapters that are organized as follows:

Chapter 1: background, related works, and the objective of this dissertation are discussed.

Chapter 2: in this chapter, continuous observation, which is the first step for investigating
single motile cell, is discussed. The two subsystems, the magnification system, and the tracking
system that constitutes the platform are presented. First, the platform components and the basic
algorithm for the tracking and the magnification systems are introduced. Next, the design of a
noise elimination algorithm for robust and long-time tracking is shown. Finally, the
performance of both the tracking and the magnification systems is demonstrated through the

basic experiment and the limitation of the platform is confirmed.

Chapter 3: the next step for investigating freely swimming motile cells, which is to apply
stimulation without disrupting the tracking of the cell, is introduced. The reason for choosing
thin microtools and the difficulties in actuating such tools are discussed. Next, a drive method
for deflection compensation of thin microtools actuated inside a fluidic microchip is proposed.
The hydrodynamic drag force acting on the tool is modeled and estimated, and the magnetic
force generated by a number of permanent magnets is used to counteract the drag force. Finally,
basic experiments to design the arrangement of the permanent magnets, and to confirm the

effectiveness of the drive method are conducted.
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Chapter 4: in this chapter, the integration of the observation and stimulation platforms is
described. Next, as a biological application, the final platform performance was verified on an
actual motile cell, the Paramecium. First, the performance of the observation platform was
demonstrated by conducting long-time tracking experiments on Paramecia inside a
microfluidic chip. Next, a number of stimulation experiments, mechanical and electrical

stimulation, were conducted to show the effectiveness of the final developed platform.

Chapter 5: finally, the contribution of the dissertation is summarized, and the possible future

work is discussed.
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Chapter 2

Observation Platform

In this chapter, the first step in developing an investigation platform for a single motile
microorganism, the observation platform, will be introduced. The required specifications and
the difficulties of observing a freely swimming motile cell will be discussed. An observation
platform with a variable magnification mechanism and a high-speed tracking system will be
developed. The specific design of the observation platform will be described and the limitation

and robustness of the tracking system will be confirmed through basic experiments.

2.1 Required Specifications

An aquatic microorganism swims in all directions inside the water environment. This 3D
movement poses a huge difficulty when tracking a single microorganism, and drastically
increases the overall system complexity. Combined with the high motility and small size of the
microorganism, continuous observation becomes a very challenging task. Specifically,
observing the stimulus-response of the target cell requires a solution that considers the special

characteristics of motile microorganisms. In order to build an observation platform that can
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continuously track the microorganism for a long time and observe its stimulus-response, the
following requirements should be taken into consideration:

1. Reduce the movement dimensions of the microorganism: instead of using a 3D tracking
system, a hardware approach can be used to control the environment of the target cell and reduce
the dimensions of its motion. This can be done by introducing the microorganism inside a
microfluidic chip with an appropriate height that will almost eliminate the movement of the cell
in the vertical axis. Consequently, the cell moves only in the horizontal plane, which would
drastically reduce the complexity of the tracking system. The thickness of the flat space can be
precisely adjusted by using a microfabrication technique. It is worth mentioning that the moving
directions of the motile cell could be further decreased from 2D to 1D by introducing the cell
into a flow path with a microchannel on a microchip. However, in the case of a motile
microorganism, a laborious procedure is required to induce it to the desired position of the
microchannel by fluidic control.

2. Locate a microorganism in a short time: as mentioned earlier, detailed observation of the
target where the cell mostly fills the FOV of the microscope is preferable. Nonetheless, it is
difficult and time-consuming to find the target microorganism in a highly magnified
environment. Therefore, a variable magnification mechanism would drastically reduce the
searching time by changing from low to high magnifications depending on the task being
conducted and would increase the efficiency of the overall experimental conduction. For this
purpose, a number of parameters should be controlled when changing the magnification ratio to
maintain the quality of the observed image. Specifically, both the focal distance and the

illumination of the microscope should be controlled.
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3. Keep the microorganism inside the FOV of the microscope: even in a 2D environment,
motile microorganisms can easily swim outside of the FOV of the microscope. In fact, it is
relatively easy to observe the position and movement of a motile microorganism in a low-
magnification environment. However, a high magnification ratio is preferred to observe specific
behaviors and reactions. Consequently, the relative speed of a motile microorganism increases
with an increasing magnification ratio because the time duration of microorganism in the
observation FOV decreases, and hence tracking the position of a single motile microorganism
continuously becomes difficult. Therefore, to obtain observations with a high magnification
ratio, together with a high spatial resolution, a high-speed visual servoing implementing a high-
speed online vision sensor is required.

4. Enhance the robustness of the tracking system for long-time observation: the fluidic
environment mostly contains debris and bubbles (image noises) that make the extraction of
accurate position information of the target cell using conventional image processing a very
difficult task. On the other hand, when applying stimulation, the stimulation tool might reduce
tracking stability, especially when the tool is in direct contact with the target cell (e.g.,
mechanical stimulation). Moreover, the microorganism behavior must be observed after
applying the stimulation to confirm its stimulus-response. Therefore, to build an effective
tracking system, the position of the target must be recognized regardless of other objects visible
in the FOV that can be considered as noise. In fact, it is possible to eliminate the image noises
using conventional image processing algorithms for object detection and classification.
Nonetheless, when dealing with high-speed online vision sensors, the processing time for each
frame is small and thus it would be difficult to use time-consuming detection algorithms. Hence,

a maximally simplified, robust image processing technique is required.
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2.2 Platform Components

Based on the required specifications, a 2D high-speed tracking platform with variable
magnification mechanism was built. The objective of the tracking platform was to keep the
tracked target at the center of the FOV of the microscope for a long period with high spatial
resolution. The platform mainly consisted of a high-speed online vision sensor and a high-speed
motorized stage. Figure 2.1 shows the basic components of the developed observation platform
and the coordination system of the platform. A high-speed online vision sensor (IDP-
ExpressR2000, Photron Inc., Tokyo, Japan) [19] was implemented into the microscope for high-
speed image capture. The vision sensor can capture images of 512 x 512 pixels at 2000 FPS. A
CCD camera (ZBR2-PGEHD-28S4C-CS, Point Grey Research Inc., Now FLIR Integrated
Imaging Solutions Inc., Richmond, BC, Canada) was also attached to the microscope for
observing the behavior of the microorganism. The CCD camera can capture color images of
1920 x 1080 pixels at 15 FPS. A 140x% lens was installed into the digital microscope (DVM2000,
Leica Microsystems Inc., Buffalo Grove, IL, USA), and the magnification ratio could be
seamlessly changed from 140x to 1400x by rotating the magnification dial attached to the lens
barrel of the microscope. A metal scale was attached to the magnification dial, along with an
optical sensor (VP-90, Keyence Inc., Osaka, Japan) to detect the dial’s position. The microscope
was mounted onto a Z stage (SGSP 26-50, Sigma Koki Inc., Tokyo, Japan), which was
controlled by the PC to maintain the focal length when changing the magnification ratio. The Z
stage was driven by a stepping motor with a positioning accuracy of 3 um and a maximum drive

speed of 30 mm/s. Depending on the change of the magnification ratio, the light source (LA-
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HDF 5010, Hayashi Watch-Works Inc., Tokyo, Japan) was also adjusted to maintain the

consistency of the light intensity.
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Figure 2.1: Main components and coordinates system of the developed observation platform. The
subscripts v, ¢ indicate the high-speed online vision coordinates, and the target coordinates,
respectively.
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The specific control method for the magnification ratio of the microscope will be detailed in
Section 2.3. By obtaining the target position data from the online vision sensor, an Xy stage
(SGTMMO03-065AH20A, Yasukawa Electric Inc., Kitakyushu, Japan) was controlled by the PC
to maintain the microorganism in the FOV of the microscope. It was driven by a linear AC
motor with a positioning accuracy of 200 nm and a maximum drive speed of 1500 mm/s. The
target microorganism was introduced inside a microfluidic chip, made of a glass-PDMS-glass
sandwich.

The complete block diagram of the tracking system is shown in Figure 2.2. The controller
can be mainly divided into two sub-controllers, tracking controller, and magnification controller.
The tracking controller uses an image feedback loop for position control of the xy stage. On the
other hand, the magnification controller uses feedforward control to adjust three components
that are required for achieving a variable magnification mechanism. It is important to note that
there is a linking parameter between the two sub-controllers, which is the pixel pitch p. The
pixel pitch is the distance from the center of a pixel to the center of the next pixel measured in
millimeters, as shown in Figure 2.3. This parameter changes according to the change in the
magnification ratio and is crucial for achieving a stable tracking control with online variable
magnification. The control of the pixel pitch and other parameters required for variable
magnification control will be discussed in the next section. The visual tracking algorithm will

be explained in Section 2.4.
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2.3 Variable Magnification Mechanism

To improve the efficiency of the motile microorganism investigations, it is better to start
the experiment from a low magnification ratio to quickly find a target microorganism. The
magnification ratio of the microscope is then changed seamlessly to a high magnification for
obtaining high-resolution images. It is well known that changing the magnification ratio of the

microscope would affect the quality of the image and could result in highly blurred and dim
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Figure 2.4: Effect of changing the magnification ratio on image quality without feedforward control.
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images, as shown in Figure 2.4, which would also drastically affect the stability of the visual
tracking control in later steps. Therefore, both the image quality and the target tracking control
should be maintained while changing the magnification ratio. To realize this function, three
main factors that affect the image quality and the tracking control continuity should be
considered, as shown in Figure 2.2. These three parameters are the focal length d, the light
intensity /, and the pixel pitch p, where only the pixel pitch has a direct effect on the tracking
control and no effect on the image quality. In the developed system, the magnification ratio can
be changed without replacing the lens by manually rotating a magnification dial on the
microscope to zoom in and out. Because the magnification dial rotational degree & indicates the
currently applied magnification ratio, each of the parameters can be mathematically modeled as

a function of 4 as follows:

r1  [12(0)
[d] =[O 2.1
[0

Therefore, real-time control of the three parameters would be achievable, allowing for a
seamless change of the magnification ratio without affecting the image quality nor the tracking
stability. The modeling functions were obtained by a calibration process for each parameter. To
realize this method, at each calibration point, the pixel pitch was measured, and both the focal
distance and the light intensity were adjusted and measured. At the same time, the rotational
degree at each calibration point was measured using an optical rotation sensor in real-time.
Using the calibration data, the mathematical models of the three parameters were obtained by
fitting curves. The order of each polynomial was determined using the coefficient of

determination (R?), where the order was increased until R? = 0.99. The fitting curves for the
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focal distance, light intensity, and pixel pitch, along with the curve equations are shown in
Figures 2.5, 2.6, and 2.7, respectively.

To seamlessly change the magnification ratio, the optical sensor attached to the microscope
measures the rotational degree 6 of the magnification dial and sends this information to the
controller, where the three parameters (p, d, and /) are calculated using the curve equations. The
controller then sends commands to each of the Z stage and the light source to adjust both the

focal distance and the light intensity. The pixel pitch is also adjusted simultaneously.
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2.4 High-speed Visual Tracking Algorithm

2.4.1 Determining high-speed vision frame rate
In order to track the target, a sufficient number of image frames should be captured while
the target passes through the FOV of the high-speed online vision. To determine the appropriate

frame rate, the equation proposed in [63] was used:

Si/Wrov
FPS=——————v 2.2
1—s;/Wpoy )

where si, wrov,and v are the target size, FOV width, and relative velocity in terms of the body
length per second (v = vsi), respectively. This equation is specific for targets which lengths are
smaller than the observation FOV and does not hold for the other cases where the target is equal
or larger than the FOV. Figure 2.8 shows the results of the numerical simulation based on
Equation (2.2). In this simulation, we set s; = 200 um and according to the FOV of the
microscope, wrov was set from 1.4 to 0.21 mm. When the magnification ratio of the microscope
was increased, Wpo decreased and hence the required frame rate increased towards infinity. In
addition, the speed of the target also affects the required frame rate, where higher speeds require

higher frame rates.
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Figure 2.8: Required FPS for tracking.
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2.4.2 Basic algorithm for tracking

The tracking control objective is to maintain the located swimming microorganism in the
center of the microscope FOV. For this purpose, a visual servoing system was implemented.
The servo system is composed of two components: 1) an online high-speed camera acting as a
visual feedback sensor, and 2) a high-speed linear AC motor xy stage acting as an actuator. The
vision sensor detects the position of the microorganism and feeds this information back to the
Xy stage controller that initiates the appropriate command in order to maintain the target in the
center of the FOV.

In order to detect the target’s position, a grayscale image captured by the vision sensor is
converted into a binary image. In our algorithm, an adaptive thresholding technique [64] is used
to adaptively change the threshold value to compensate for illumination variations in real-time.
Although it requires much processing time compared to other adaptive thresholding algorithms,
it proves to be very robust against sudden illumination changes. The center of gravity (COG) of

the target (X, Y;), as shown in Figure 2.9, can then be calculated from the Oth- and Ist-order

moments of the binary image as follows:

M= ) xiylI(xy) 23)
Xy

X, =—=
9= Mo, 2.4)
MO 1
y, =2
g MO,O (25)

In addition, the posture of the target ¢ can be obtained from the 2nd-order moment,
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where M; ; represents the i,j-order image moment, X, Y, represent the image COG coordinates,
and I(x, y) represents the pixel intensity at the index (x, ). The COG coordinates obtained from
the image moments are represented in pixels. However, in order to feed this information back
to the xy stage, it should be transformed into the metric scale. This will give us the
microorganism coordinates in millimeter with respect to the center of the microscope’s FOV.

The transformation is expressed as in the following equation:
D X, —W/2
[D;]zp [;;—H//Zl (2.7)
where Dy, D,, represent the distance between the image COG (the microorganism COG) and the
center of the FOV in millimeters, and W, H are the image frame width and height, respectively.
At last, the position information obtained from the vision sensor will be used as feedback
to drive the xy stage to keep the target microorganism in the center of the FOV. Adaptive control
[65] was used in order to control the xy stage to compensate for friction and nonlinearities. The
control law is described in the following equations:
u, = K,e, (2.8)
u, =K,e, (2.9)

where u,, u,, are the control inputs, Ky, K,, are the adaptive gains, and ey, e,, are the error signals.
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Figure 2.9: Basic algorithm for target tracking.
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2.4.3 Noise elimination algorithm

The main difficulty in implementing a visual tracking system for motile microorganisms is
a large number of image noise surrounding the target organism. Because there are many objects
that can cause image noises in actual environments, it is quite difficult to track the target for a
long time because the wrong position of the target COG is obtained. As a result, visual tracking
fails immediately, especially in the case of a highly magnified environment. In fact, a
microfluidic chip includes significant debris and bubbles together with motile microorganisms,
and the edge of the chip recognized as a darker area should be considered as image noise. The
highly magnified environment could aid in reducing the effect of surrounding image noise,
although it does not guarantee a stable tracking in all situations. For instance, when we attempt
to apply stimulation to the target using microtools, the calculated COG is moved from the target
to the microtool, and the platform tracks the tool. This means that we cannot continue the
observation of the target after the stimulation process. Although many effective algorithms to
eliminate surrounding noise have been proposed and implemented in the field of image
processing, the computing cost of their approaches is relatively high [66][67]. To realize a high-
speed tracking system, many images must be processed in real-time, and the control thread must
be maintained in the order of milliseconds by using a simple algorithm.

To overcome this dilemma, a simple visual tracking algorithm with high robustness is
introduced by actively considering the characteristic of a high-speed online vision sensor. Here,
two main assumptions, as shown in Figure 2.10, are taken in mind as follows; (i) because 3D
movement of motile microorganisms is limited by a microfluidic chip, there is no overlap

between each microorganism (no occlusion) during the observation; (ii) because a high-speed

39



online vision sensor is used, the difference between consecutive image frames is very small.
These assumptions contribute to simplifying the image processing algorithm. Moreover, the
shape of the target will be considered in the design of the algorithm. In fact, most shapes of
motile cells range from circular to elliptical or even a simple thread shape. Therefore, the
equation of a circle would make the base of the image processing algorithm. To guarantee a
robust tracking as much as possible, the noise elimination algorithm is initiated when the

magnification ratio is increased to a predefined value while tracking the target under stable

conditions.
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Figure 2.10: Assumptions for the design of a noise elimination algorithm.
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The main concept of the algorithm is to create a region of interest (ROI) that is kept
constantly around the vicinity of the target, as shown in Figure 2.11. As a first step, we can use
the equation of a circle to change the shape of the ROI to a circular shape as follows:

ROL: (x)? + (y)? <r? (2.10)
where 7 is the radius of the ROI circle and should be optimized to the size of the target. This
equation would give us an ROI centered at the center of the FOV of the observation field at all
times. Although this allows for the elimination of noise around the target, it fixes the ROI at the
center of the FOV, which will drastically reduce the stability of the tracking control especially
in case of fast targets. Therefore, instead of fixing the ROI at the center, the previous information

of the target would be used, taking in mind the previously mentioned assumption

(FOV>ROI)

Noise

FOV of high-speed online vision

Figure 2.11: Basic concept of the noise elimination algorithm.

41



(i1), to keep the ROI close to the tracked target as much as possible. This can be achieved by
using the target’s COG information of the previous frame -1, to establish the ROI at k-th image
frame as follows.

ROI®: (x —xf™ )2 + (y —yk 2 < r? (2.11)
where £ — 1 means the target’s information in the previous frame.

As mentioned earlier, the shape of motile cells can range from circular to elliptical. This
means that in order to be able to adjust to any possible shape, the use of the ellipse equation will
give a more general way to establish the ROL. In this case, the COG information of the previous
frame will not be sufficient alone, where we need the orientation information of the target. The
final equation for determining the ROI shape and position is described as follows:

{(x—XLc’]“l)cosqbk‘l+(y—ng‘1)sin¢7k‘1}2 {—(x—Xé“l)sin¢k‘1+(y—Yé“1)cos¢k‘1}2
a? b2

—1 (2.12)

where a and b are the semimajor axis and the semiminor axis of the ellipse, respectively. In fact,
by changing the values of a, b, and ¢, the equation can cover the probable range of shapes for
most motile cells, as shown in Figure 2.12. By using this equation, the ROI for image processing
is shrunk to be around the target cell, as shown in Figure 2.13. In other words, by using the
previous frame’s information (COG and posture of the target) to determine the ROI for the
current frame, we can reduce surrounding image noise and processing cost simultaneously.
Although similar techniques have been used in other works with high-speed vision systems
[68][69], these systems did not have a magnification changing mechanism and did not focus on

long-time target tracking.
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Figure 2.13: Noise elimination approach using an elliptical ROI.
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2.5 Evaluation Experiments

2.5.1 Efficiency of variable magnification on searching time

To clarify the efficiency of the magnification ratio control in reducing the searching time
for the target microorganism, the time required to search for a target has been confirmed. In this
experiment, a number of polystyrene beads were placed on a glass substrate mounted under the
microscope to simulate actual targets. The beads were scattered within a 10 x 10 mm square
around the microscope’s FOV. The xy stage was then moved to find a target bead in a Lissajous
curve trajectory:

Sx

Asin(2nfa) (2.13)

Sy = Asin(2rnfp + m/2) (2.14)
where Sy, S, are the position references for the x-axis and the y-axis of the stage, respectively,
A is the maximum amplitude that matches the searching area length and width, and «, 3 are two
constants. Consequently, the searching was terminated judging by the target area (the number
of black pixels in the binary image). The searching experiment was repeated using several
magnification ratios available in the platform, and the time required for each case was recorded.
The FOV dimensions of the online vision ranged from 1408 x 1408 um to 202 x 202 pum. A
total of five searching experiments (n=5) were done for each magnification ratio and the mean
value for each case was calculated. The polystyrene beads were all steady and had the same
position with respect to the FOV in all cases to have a fair comparison. Figure 2.14 shows the
searching time required for each magnification ratio. As we can see from the figure, it is clear

that using a lower magnification ratio drastically reduces the required searching time, and hence
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Figure 2.14: Magnification ratio control efficiency in reducing the searching time required to find a
target

reducing the total experimental time, which increases the efficiency and repeatability of the

experiment.

2.5.2 Validation of image quality for tracking purposes

The performance of the focal point control and its effect on image quality and image
processing was verified. According to the fitting curve obtained from the measured data, as
shown in Figure 2.5, the position of the microscope (Z stage) was controlled in synchronicity
with the rotation of the magnification dial, which was changed manually. Figures 2.15(a) and
(b) show the images (256 x 256 pixels) captured by the high-speed online vision without and
with the focal point control, respectively. In this experiment, a polystyrene bead with a diameter
of 100 um was used as an artificial marker and placed at the center of the FOV. From this result,
it was confirmed that the system can continuously observe the object at different magnification
ratios in case of the focal point control. The effect of focal point control on image processing

was also confirmed. Figures 2.15(c) and (d) show the binary images of the object obtained as a
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result of the image processing. When changing the magnification ratio, the high-speed online
vision and the CCD camera could not adapt to the intensity change of the illumination, even by
changing the threshold in real-time. Therefore, the light source was controlled to obtain the
same light intensity at every magnification ratio. Figure 2.15(d) clearly shows the effectiveness

of the intensity control of the illumination.

140X 700X 1400X
(a) Gray S(.:ale image Polystyrene bead
without ($100 pm)
focal point control 5
(b) Gray scale image
with
focal point control
]
{c) Binary image
with
focal point control
L
+
(d) Binary image
with :
focal point control
and [+ @
light intensity control

Figure 2.15: Experimental results to confirm effectiveness of focal point control and image
processing with light intensity control.
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Figure 2.16: Evaluation of image processing error using the high-speed online vision.

Figure 2.16 summarizes the estimation error of the COG of the object by the image
processing in Figures 2.15(c) and (d). The estimation error e is the distance in micrometers
between the center of the FOV and the estimated COG of the image. From this result, it was
also confirmed that when the magnification ratio and light intensity are changed, the proposed

method maintains the accuracy of the image processing.

2.5.3 Configurations of high-speed online vision

The tracking system is mostly affected by the high-speed online vision configurations.
Since the captured frames are processed in real-time, it is essential that we carefully choose the
image resolution and FPS in order to select the best trade-off between performance and speed.
For this purpose, the image processing time was investigated in different cases and the
appropriate configurations were determined.

The experimental setup is shown in Figure 2.17. To investigate the camera processing time,

a light emitting diode (LED) was placed under the microscope FOV. The LED was connected
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Figure 2.17: Experimental setup for investigating the processing time.

to a function generator and a voltage pulse train was applied, so the LED would turn on and off
according to the frequency of the applied voltage, which was set to 1 kHz. Therefore, the
illumination of the FOV would have the same frequency. The illumination change was captured
by the high-speed online vision and the images were saved in the PC memory. At the same, the
function generator applying the pulse train was connected to the PC through an analog-digital
converter (ADC), and the applied voltage data was also saved in the PC memory with a sampling
time of 1 msec. The images taken from the high-speed online vison were reconstructed into a
waveform that is similar to the one generated by the function generator. This was achieved by
calculating the mean value of the aggregated grayscale intensity of the total image as in the

following equation:

X2 1))

= _ciay ) 2.13
“TW X H X Ly, 2.13)

where, m,, is the grayscale mean value of frame £, (i, j) is the grayscale pixel intensity at the

index i, j, and I,,,4, 1s the maximum grayscale pixel intensity.
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For comparison purposes, two situations were investigated. The first situation was without
image processing on the high-speed online vision images, and the second situation was with
applying the image processing algorithm explained in Section 2.4.2, and one example of each
situation will be shown. In these two examples, the high-speed online vision configurations
were identical so the only effective factor would be the presence or absence of image processing.
The resolution of the vision was set to 512 % 512 pixels, and the frame rate was set to 500 FPS.
The images mean value is plotted against the function generator voltage, as shown in Figures
2.18 (without image processing) and 2.19 (with image processing). As mentioned earlier, the
sampling time of the PC was | msec and the function generator pulse frequency was 1 kHz,
which implies that 1000 samples of the image mean value should be obtained in each voltage
pulse (i.e. each one second). This is true for the signals in Figure 2.18, where one pulse contains
1000 samples. However, if we look at Figure 2.19, we can clearly see that in one pulse only 150
samples were obtained. This result tells us that, if 512 x 512 image size with 500 FPS were used
the image processing algorithm would take 6 msec, and hence only 150 samples would be
obtained in one second.

By conducting the same experiment and changing the camera’s image resolution and frame
rate, the processing time for each configuration can be confirmed. Figure 2.20 shows the
obtained processing time against the image resolution and the camera’s frame rate. Based on
these results, the image resolution was set to 256 x 256 pixels because increasing it more results
in a drastic increase in the processing time. As for setting the camera’s frame rate, the figure
shows that it does not have a large effect on the processing time, therefore, a high frame rate
can be chosen. However, choosing frame rates higher than 500 FPS required a much stronger

light source, which is not available in the current system, and the frame rate was set to 500 FPS.
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Figure 2.18: Waveform in case of no image processing at 500 FPS.
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Figure 2.19: Waveform in case of applying image processing at 500 FPS.
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Figure 2.20: Image processing time consumption.

2.5.4 Limitations of the tracking system

The maximum tracking performance of the developed visual tracking system was first
evaluated under the ideal (noiseless) condition. In this experiment, another small xy stage was
mounted to simulate the movement of the motile cell, as shown in Figure 2.21(a). A polystyrene
bead with a diameter of 100 um was attached to the tip of the stage under the microscope as a
tracking target and moved in a 2.0 mm circular trajectory at different moving velocities. The
target was then tracked to the center of the microscope’s FOV under the fixed magnification
ratio. The tracking error, which is the distance between the center of the FOV and the target

position, as shown in Figure 2.21(a), was calculated, where each plotted point in Figure
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2.21(b)(c) is the mean value of 1000 samples, and the error bars show the standard deviation of
each 1000 samples. Regarding image processing, two cases were demonstrated. In the first case,
the entire FOV of the microscope was considered as the ROI for the image processing (Figure
2.21(b)). In the second case, a selected ROI as explained in Section 2.4.3 was implemented (a
= b = 20 pixels, ¢=0 in Equation (2.12), circle ROI) and performed (Figure 2.21(c)). The ROI
parameters where determined based on the size of the target, where in this case the ROI is
slightly larger than the polystyrene bead size when viewed under 140x magnification. In both
cases, the computational cost of the image processing was within 3 msec.

From these results, it was confirmed that the tracking error increases with increasing target
velocities, and the tracking failed at relatively large magnification ratios with target velocity
greater than 15 mm/s. On the other hand, at target velocity less than 10 mm/s, the tracking
performance was maintained in both cases even if the magnification ratio reached 1400x.
Through the experiment, we confirmed the limitation of the target tracking on the developed
platform. In the case of a noiseless environment, there was a small difference in the tracking
performance between the two cases of the image processing method.

Next, the robustness of the implemented tracking method was evaluated. A noisy image
situation was simulated by adding software-generated noise to the captured image in each frame.
The generated noise had a circular shape with image coordinates and size that were generated
and updated randomly in each frame. In this experiment, the assessment was based on the
duration of tracking with the magnification ratio of 140x. Examples of noisy images are shown
in Figure 2.22(a). Four different noisy situations were tested, each of which had different
numbers of generated noise circles. The four situations were very low noise, low noise, medium

noise,
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Figure 2.21: Tracking performance evaluation of developed platform. (a) Experimental setup; (b)
Tracking error with basic image processing method; and, (c) Tracking error with implemented noise
elimination method.
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Figure 2.22: Robustness evaluation of target tracking in noisy environment. (a) Examples of
four different noisy situations; (b) Total tracking time with basic image processing method (red)
and noise elimination image processing method (green).

and high noise density, where the numbers of circles in each situation were 1, 5, 10, and 15,
respectively. It is important to note that the noise was restricted from being generated in
coordinates that caused it to overlap with the target because this situation is outside the scope
of this work.

Figure 2.22(b) shows the experimental result. For image processing, two cases were
demonstrated with the same conditions as the previous experiment. A total of six tracking

experiments were performed for each noise situation, and the total tracking time was plotted.
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As we can see from the result, when the entire FOV of the microscope was used as ROI (red
line), the tracking time was drastically affected in a negative way by the increment in noise
density. On the other hand, the effect of the noise density was reduced, and the tracking time
was maintained by the implemented approach (green line) even in a highly noisy situation. In
the second case, the implemented approach, the ROI was updated as explained in Section 2.4.3
(a = b =20 pixels, ¢=0 in Equation (2.12), circle ROI) in a noiseless environment. The image
noise was then generated after having a stable tracking situation. This result clearly shows the
robustness of the implemented tracking algorithm, which has high potential to maintain the
target tracking for a long time with a low computational cost. It is worth mentioning that the
tracking time in the first case (red line) can be maintained for a long time when Na=1. This is
due to the COG being located continuously on the line connecting the target and the random

noise object since only one noise object exists.

2.5.,5 Tracking with magnification

Figure 2.23 shows the time response of the target position during the tracking control with
magnification. In this experiment, the target was moved at a velocity of 1 mm/s along a 2.0 mm
circular trajectory. When changing the magnification dial from 140x to 1400% and from 1400x
to 140x by manual operation, the tracking was continued up to 7 sec. The time required to
change from the lowest magnification ratio (140%) to the highest magnification ratio (1400x)
was approximately 500 msec. After that, the tracking target was lost when the magnification
ratio was changed quickly (within 200 msec). Through the experiments, the basic characteristics
of the developed platform were confirmed, which included robust and high-speed image

processing, stage control, and focal point control.
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Figure 2.23: Results of target tracking with magnification control.
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2.6 Concluding Remarks

In this chapter, the design and implementation of the observation platform were explained.
Based on the required specifications, a high-speed tracking system with variable magnification
mechanism was proposed. To realize robust real-time target tracking with variable
magnification, the block diagram of the tracking and magnification controllers were shown,
including the pixel pitch, focal length, and illumination control for the adaptive tracking. To
achieve long-time tracking, the image noise was eliminated using a simple image processing
technique that utilizes the small spatial difference between consecutive frames. Finally, basic
experiments were conducted to evaluate the performance of the variable magnification
mechanism and the high-speed tracking system. The platform could successfully track targets
that move with a velocity of up to 10 mm/s even when using the highest magnification ratio
available in the platform regardless of the presence of image noise, which showed the robustness

of the observation platform.
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Chapter 3
Stimulation Platform

In this chapter, the second step in developing an investigation platform for a single motile
microorganism, the stimulation platform, will be introduced. The difficulties of applying
stimulation to a freely swimming motile cell will be first discussed, and the method to overcome
these difficulties will be introduced. A stimulation platform using thin microtools driven by a
magnetic compensation method will be developed. The specific design of the stimulation
platform will be described and the effectiveness of the new positioning method for the

microtools will be confirmed through both numerical simulation and basic experiments.

3.1 How to Realize Stimulation of a Motile Cell?

There are a number of ways to stimulate a motile microorganism depending on the type of
stimulation. In this work, achieving mechanical stimulation has the highest priority. As
discussed in Chapter 1, the major difficulty in mechanical stimulation is the ability to touch the
target cell. This means that the tool should be actuated inside the environment of the cell, where
many factors come into play, specifically the fluidic disturbance. Conventionally, the target

cells are introduced inside a droplet for observation and investigation, as shown in Figure 3.1(a).
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Although this method is very simple, it does not allow for the control of the thickness of the
environment, which is very crucial for achieving the continuous observation of the cell in a 2D
environment. In this case, the height of the aquatic environment is either very small restricting
the movement of the cell or is very large not limiting the vertical movement.

In order to be able to control the height of the environment, a closed microchip can be used,
as shown in Figure 3.1(b). Consequently, the closed nature of the chip necessitates the use of
untethered microtools (microrobots) controlled by an external force such as magnetic fields. By
carefully designing the microrobot and its driving method, high positioning accuracy with high
output force can be achieved, as proposed by Hagiwara et al. [70]. However, these microrobots
were only used for floating cells applications such as oocytes and were not designed

Open

a Cell
( ) e Droplet

Closed Semi-open

On-chip microtool Semmiopsn
P Microfluidic chip Microtool microfluidic chip
(Untethered) (Tethered)
I ] I |
= @@ | <
I | I |
(b) (c)

Figure 3.1: Different environmental setups for cell investigation. (a) Conventional open environment,
(b) Closed environment using a microfluidic chip, and, (¢) Semi-open environment for the insertion
of tethered microtool.
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for continuously moving targets such as motile cells. In fact, when the microtool is completely
untethered and actuated by an external force, any unexpected noise such as vibrations could
cause a driving failure as the microrobot constantly moves. The recovery from failure would
be problematic even when using electromagnets as driving units, because of the difficulty in
acquiring the position information of the microrobot after failure, especially when using image
feedback for position control of the microrobot in highly magnified environments.

The use of tethered microtools could solve the previous problems. The tethered nature of
the microtool would drastically reduce the probability of a driving failure. However, a
completely closed microchip cannot be used in this case. Therefore, one side of the microchip
should be left unsealed to allow for the insertion of the tethered tool, as shown in Figure 3.1(c).
The main merit of using tethered microtools is that the tool can be directly fixed on the driving
stage. The stage and the microtool would have the same coordinate system and hence the
position information of the tool can be acquired easily. In fact, it is highly advantageous to make
the position information of the tool available at all times, particularly when dealing with
continuously moving targets such as motile cells, which increases the chances of the recovery
from driving failure.

As discussed in Chapter 1, the size of the microtools greatly affects the stimulation
procedure depending on how much fluidic disturbance is generated by the tool. Figure 3.2 shows
a comparison between the fluidic disturbance generated by microtools with different sizes.
When applying stimulation to a motile microorganism using a relatively thick microtool,
generated fluidic disturbance is large and it would drastically affect the position of the target
cell, as shown in Figure 3.2 (a). In contrast, a relatively thin microtool would greatly reduce the

amount of fluidic disturbance generated when applying stimulation, and hence stimulation
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could be applied because the position of the target motile cell would not be affected, as shown
in Figure 3.2 (b).
The stimulation of the motile microorganism will be conducted inside a microfluidic chip.

Therefore, the tool size should be smaller than the height of the microchip with a thickness of
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Figure 3.2: Fluidic disturbance problem when stimulating motile cells. (a) Thick microtool. (b) Thin
microtool.
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Figure 3.3: Conceptual image of the microtools drive method.
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several tens of micrometers. However, as discussed earlier, the microtool would bend easily due
to the hydrodynamic drag force exerted while moving the tool in the fluid, as shown in Figure
3.3(a). In order to overcome this problem, the magnetic force was introduced as an opposing
force to keep the total force on the tool balanced. To do that, a number of permanent magnets
were aligned under the tip of the microtool, as shown in Figure 3.3(b).

To apply stimulation to the target motile microorganism, a microtool is used in a tethered
configuration as shown in Figure 3.4. The tool is attached to a xy motorized stage (Physik
Instrumente Inc.), driven by a piezo-actuator with a positioning accuracy of 200 nm and drive
speed of 400 mm/s, to control the position of the tool by sending commands from the PC. The
stage reference position is sent from the PC and the appropriate position command u, is

initiated from the proportional-integral (PI) controller according to the error signal e, using the

Semi-open
PC microchip
Microtool |
XY stage
Ref _  CrxCry N Urx Ury - XY
| BC) | Plcontroller |[—————% XY stage
+ I

Figure 3.4: Setup of the stimulation system and the control block diagram.
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following equation:

u, = Kye, + K; f er 3.1
where K, K; are the proportional gain and the integral gain, respectively. The design of the
microchip is changed here from completely closed to a semi-open microchip. An aperture is

made on the side of the chip in order to insert the microtool. Thanks to the high water tension

at the aperture, no water leakage was observed during the actuation of the tool.

3.2 Modeling of Microtool

Figure 3.5 (a) shows the forces acting on a free microtool supported from one end and
immersed in a fluid. In this case, gravity and buoyancy act on the tool and they nearly cancel
each other. In fact, gravity depends on the total mass of the tool (the length from the supported
end to the unsupported end) and is insignificant in water as long as the tool’s length is not
extremely long.

When actuating the microtool in the fluid, a hydrodynamic drag force is generated, as
shown in Figure 3.5(a). The drag force would cause the tool to deflect opposite to the actuation
direction, and the deflection quantity depends on the actuation velocity of the tool. In order to
compensate for the tool’s deflections, the hydrodynamic drag force should be first estimated.

The drag force caused by the motion of a body through a fluid is given by the equation:

1
Fh = E CpAmtvrznt (32)

where C is the drag coefficient, p is the density of the fluid, v,,, is the velocity of the body

relative to the fluid, and A4,,; is the cross-sectional area of the body perpendicular to the flow
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direction. To estimate the drag force we need to know the drag coefficient, since it differs from

one fluid to another, and tends to have larger values in fluids with low Reynolds number which

is the case of microfluidics [71]. The drag coefficient is estimated experimentally by calculating

the maximum deflection of the microtool when actuated in the fluidic environment. To do that,

the tool is modeled as a cantilever beam, as shown in Figure 3.5(b).
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Figure 3.5: Modeling of the microtool.
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The maximum bending (deflection at the unsupported end) of the beam is given by the following
equation:

_ Fplye

= _homt 33
8E Ly, (3-3)

VYme

where L.+ is the beam length, E is the modulus of elasticity and 7 is the moment of inertia. We
consider the hydrodynamic drag F,, to be the total uniform load acting on the beam. By

substituting Fj, from Equation (3.2) and then solving for C we get the following equation:

16y,.El
B pAr}rZr:j%’Ltlm?ntt G4
The maximum deflection y,,; is identified experimentally by actuating the microtool in a
microfluidic chip and measuring the maximum deflection at the unsupported end of the
microtool. As for the actuation velocity, it was set to the maximum speed that the tracking
system can reach since it is considered as the platform’s limitation. After confirming the
maximum deflection, the drag coefficient can be calculated using Equation (3.4). Consequently,
the hydrodynamic drag is calculated from Equation (3.2). The drag at the maximum speed
(maximum drag) was confirmed to be in the order of the millinewton. Figure 3.5(c) shows the
estimated deflection of the microtool using a rearranged form of Equation (3.4), where: L,,;; =
27 mm,p =1x 1073 kg/mm’, A, = 1.35 mm?, I, = 120.2 X 1077 kgxmm?, E = 2 X
10° N/mm?, and C = 3.37 x 1073,
In order to compensate for the deflections of the microtool using permanent magnets, the

opposing magnetic force should also be from the same order. The magnetic force generated by

the magnets would have both vertical F,, and horizontal F,, components, as shown in Figure

3.5(d). E,,, would pull the microtool towards the glass of the microchip resulting in a friction
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force Fr opposite to the actuation direction. Our interest is the horizontal component Fp,,,, which
will counteract the hydrodynamic drag Fj, and the friction Fy. In order to balance the horizontal
forces acting on the microtool the following relation should be true:
Eny = Fy + F (3.5)

The hydrodynamic drag force Fj, is mainly the result of the tool’s movement so it cannot
be avoided or reduced unless the shape and dimensions of the tool are changed, which is a
laborious task. On the other hand, the friction force Fy is the result of the tool movement against
the chip surface, caused by the gravity (can be neglected) and by F,,,. Therefore, the friction
force can be reduced by reducing F,,.

Fr = usFp, (3.6)
where g is the friction coefficient. In fact, increasing Fp, by increasing the flux density
conventionally would also result in increasing F,,, thus increasing the friction force
consequently. One of the possible solutions for this problem is to reduce F by using a number
of permanent magnets with an arrangement that would decrease F,;,, while enhancing F,,,, at the
same time, which would result in better positioning accuracy of the tool. The effect of the
magnet arrangement on the positioning accuracy will be further investigated in the experimental

section of this chapter.
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3.3 Evaluation Experiments

3.3.1 Design and fabrication of microfluidic chip

The microtool will be actuated inside a microfluidic chip to apply stimulation to the target
microorganism. Therefore, a semi-open microchip was fabricated with an aperture on one side
for the insertion of the tool. The thin nature of the microchip increased the water tension on the
side aperture, which prevented water leakages. The microfluidic chip was made of a glass-
PDMS-glass sandwich with a chamber size of [, w,, and h, (length, width, and height). The
fabrication process is shown in Figure 3.6 and is described as follows:

First, a I mm diameter hole is opened in a No. 5 glass substrate (=500 um thick) using an

ultrasonic driller to serve as an inlet. Next, Polydimethylsiloxane (PDMS) adhesive sheets

1. Drill hole 5. Plazma bonding
for tube support
|

0l
| -1

No.1 glass =——

No.5 glass ===

PDMS — 2. Attach sheet
| = | 6. Connect tube

3. Open chamber \
I
[ 1

Side aperture
(Not sealed)

Figure 3.6: Fabrication of microfluidic chip.
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(50, and 100 um thick) were attached to the No.5 glass substrate. The number of attached sheets
depended on the required thickness of the chip. After that, a 30 x 30 mm chamber was cut in
the PDMS layers in a way that left an aperture on one side of the microchip for the later insertion
of a microtool. Next, No.l glass (120~170 pum thick) was used to seal the microchip. Finally,
tube support made of PDMS was bonded to the chip using plasma ponding, and a tube was

connected to the inlet of the microchip. Figure 3.6 shows an example of a fabricated chip.

3.3.2 Determination of the microtool size

After determining the thickness of the microchip, the tool size was determined. In the
following experiment, two microtools with different diameters were actuated inside a
microfluidic chip. Microbeads (diameter: 5 um) were diluted in sterilized water to be used as a
liquid in the microchip. The two microtools were actuated using the same velocity. When
actuating a relatively thick microtool (diameter: 1.1 mm), large fluid flows were generated and
the position of the microbeads inside the fluid was largely changed, as shown in Figure 3.7(a).
In contrast, the microtool with the smaller thickness (diameter: 0.3 mm) generated less flow,
where the position change of the microbeads was much lower, as shown in Figure 3.7(b).
Therefore, the use of a relatively thin microtool is highly required.

On the other hand, because the stimulation of the swimming microorganism was conducted
inside a microfluidic chip, the tool size had to be smaller than the height of the microchip with
a thickness of several tens of micrometers. Consequently, a microtool with a diameter of 50 um
was used for the stimulation platform, as shown in Figure 3.8. The microtool was made of
ferromagnetic stainless steel (SUS 304), and we can clearly see the bending in the tool caused

by gravity alone, which gives some perception of how challenging it is to drive such a tool.
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Microtool (diameter: 1.1 mm) Microtool (diameter: 0.3 mm)

Microbead
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Figure 3.7: The effect of the size of the microtool on the fluidic flow.

Figure 3.8: An overview of the microtool (tubular structure) with a diameter of 50 pm.
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3.3.3 Effect of permanent magnets arrangement

The design of the magnets arrangement in the microtool drive method is very crucial to
achieve higher positioning accuracy. As mentioned earlier in Section 3.2, we are interested in
the horizontal component of the magnetic force to compensate for the microtool deflection.
Therefore, the magnetization axis of the permanent magnets is arranged horizontally with the
magnetization axis parallel to the hydrodynamic drag force, which drastically enhances the
horizontal component of the magnetic force acting on the microtool [70]. In order to design the
magnetic flux and change the resulting force, two or more magnets are used in different
arrangements that will allow for the change in the magnetic flux shape, and hence changing the
horizontal and vertical components.

Numerical simulation was first used to confirm the effect of the magnets arrangement on
the magnetic forces. COMSOL Multiphysics® simulation software was used for the numerical
simulation [72]. Two arrangements were used in simulation, as shown in Figure 3.9(a); in the
arrangement (1), all the magnets had the same orientation of the magnetization axis, whereas, in
the arrangement (2), each magnet had an opposite orientation of the magnetization axis compared
to neighboring magnets (alternating polarity). In the simulation, 1.0x1.0 mm cylindrical magnets
with a magnetization of 300 kA/m along the height of the cylinder were used. Figure 3.9(b)
shows the numerical simulation results for the flux density of each magnets arrangement. In this
simulation, eight magnets were used in each arrangement (n,=8), and the magnetic flux was
measured along the x-axis passing on the side of each magnet in the arrangement. It is clear from
the figure that arrangement (1) produce a larger flux, where the magnets act as one large magnet,

compared to the arrangement (2).
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Figure 3.10 shows the numerical simulation of the magnetic force generated by each
arrangement, mainly the vertical component (z component) and the horizontal component (y
component). The force was measured along the y-axis, as shown in Figure 3.10(a). In

arrangement (1), the z component is approximately 6 times larger than the y component along
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the y-axis, as shown in Figure 3.10(b). As mentioned in Section 3.2, the z component would pull
the microtool towards the glass surface of the microchip and hence the friction force acting on
the tool would be drastically increased in this arrangement. On the other hand, in the arrangement
(2) the z component stars at a large value and then drops in a parabola shape, whereas the y
component forms two peaks, as shown in Figure 3.10(c). The point where the y component
reaches its peak value, shown as point F,,,,, is the point where we have a good driving force on
the horizontal axis and a comparatively small force on the vertical axis (less friction force).

The next step is to confirm the validity of the numerical simulation and the performance of
each magnets arrangement. In the following experiment, the importance of designing the
magnetic flux to achieve higher positioning accuracy was demonstrated. The experimental setup
is shown in Figure 3.11(a), a tesla meter (Kanetec inc.) was placed above a group of cylindrical
neodymium permanent magnets (diameter: 1.0 mm, height: 1.0 mm) and was separated from
the magnets using a 0.12 mm thick glass slide to simulate a microchip. The magnets were
aligned inside a jig which is mounted on a manual xy stage. The xy stage was moved to measure
the magnetic flux around each individual magnet in the group and the number of magnets inside
the jig was changed in each experiment. The magnets arrangements were the same as the
arrangements used in the numerical simulation.

Figure 3.11(b) shows the magnetic flux density at one side of each individual magnet in
case of eight magnets (n»= 8) arrangement for both, arrangement (1) and (2). As we can see,
the flux shape from the actual measurement is similar to the results of the numerical simulation.
In arrangement (1), increasing the number of magnets resulted in a large increment in the

magnetic flux at the end sides of the magnets, where the magnets acted as a one large magnet
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Figure 3.10: Numerical simulation of the magnetic force generated by two permanent magnets
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with one peak flux appearing around the central magnet of the arrangement. When applying this
arrangement to drive the microtool, the microtool was only driven at the end sides of the
magnets and the positioning error was drastically increased to approximately 1 mm, even when
using relatively low actuation speeds. On the other hand, in the arrangement (2), there was no

considerable increment in the magnetic flux when increasing the number of magnets. However,
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Figure 3.11: Actual measurements of the magnetic flux generated by the two permanent magnets
arrangements. (a) Experimental setup, (b) Flux density.
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contrary to the arrangement (1), multiple flux peaks were formed along the end sides of the total
arrangement. When applying this arrangement to drive the microtool, positioning error was
considerably reduced and the maximum error was approximately 200 um, even when using
relatively high actuation speeds, as will be shown in the next section. These results coincide
with the simulation results where the point F,,, is located at 200 um from the edge of the magnet.
Consequently, we can assume that the shape of the flux around the tool is a more effective factor
in regards to the positioning accuracy, compared to the flux density. It is important to note that
arrangement (2) is not an optimal arrangement for driving the microtool, and better arrangements

are possible. Arrangement (2) will be used in all the following experiments.

3.3.4 Positioning accuracy of the microtool

After determining the arrangement of the permanent magnets, the performance of the
microtool actuation method was evaluated. In order to confirm the effectiveness of the driving
method, the positioning errors in case of using magnets and without magnets were compared.
A number of microtools with different thicknesses, ranging from 50 to 700 um, were fixed one
at a time to the xy stage and inserted from the side aperture in microchips with different
thicknesses ranging from 130 um to 1 mm to suit each of the tools thicknesses.

Each microtool was actuated inside the fluidic environment using multiple speeds ranging
from 1~30 mm/s. The hydrodynamic drag force has a minimum effect on the tool’s position in
the x-direction, i.e. in the direction parallel to the tool’s length, due to the small cross-sectional
area and the hollow nature of the tool. Therefore, the actuation was only conducted in the y-
direction, i.e. in the direction perpendicular to the microtool’s length, because the hydrodynamic

drag is strongly active in this direction due to the larger cross-sectional area of the tool. The

75



difference between the tip position of the microtool, measured by a high-speed offline camera
(FASTCAM Mini UX100, Photron Inc., Tokyo, Japan) that can capture images of 1280 x 1024
pixels at 4000 FPS, and the position of the actuating xy stage was considered as the positioning
error in each frame, as shown in Figure 3.12(a). A total of 25 frames were captured in each
experiment and the maximum positioning error was plotted against the microtool’s actuation
velocity, as shown in Figure 3.12(b) and (c). Figure 3.12(b) shows the deflection caused by the
hydrodynamic drag force when no magnets were aligned underneath the microtool. As we can
see from the figure, the deflection in the 50 pm thick microtool was considerably large (mm
order error) compared to the case of relatively thicker ones (tens to hundreds of micrometers
order error). This shows the importance of the tool’s stiffness for precise actuation and clarifies
the difficulty of precisely actuating a thin tool inside the fluidic environment. On the other hand,
as we can see from Figure 3.12(c), which shows the deflection after aligning a number of
magnets underneath a 50 pm thick tool, the positioning error is reduced approximately more
than ten times. This shows the effectiveness of the proposed driving method and makes it
possible to actuate the microtool with higher precision.

It is also relevant to confirm the effect of the microtool’s length on the positioning error
since the tool’s deflection is proportional to its length as shown in Equation (3.3). A longer tool
will allow it to reach longer distances and hence the experimental space can be expanded.
However, since the magnetic force, which counteracts the drag force, only affects the tip of the
tool, and considering that the drag force is acting uniformly on the tool, other sections of the
tool can be vulnerable to deflection. Therefore, increasing the microtool’s length would increase
the total drag force acting on the tool. These deflections along the length of the tool can affect

the tip position of the tool, especially in high velocities where the drag force is larger.
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The microtool’s length effect on the positioning error was confirmed by measuring the
deflection for tools with different lengths. In fact, very short tools (1~10mm) showed less
deflection compared to longer counterparts. However, the actual deflection increment for longer
tools was insignificant and negligible especially within the length and speed range required in

our platform, which ranges from 20~40 mm for a maximum speed that reaches 30 mm/s.

3.4 Concluding Remarks

In this chapter, the development of the stimulation platform for single motile
microorganism was shown. The performance and accuracy of the platform were confirmed
through the basic experiments. The choice of the tool size depending on the amount of generated
fluid flow was first discussed. Next, the magnetic drive method for driving thin microtools in
the fluidic environment was introduced. The hydrodynamic drag force acting on the very thin
tool was significant and the resultant deflection was compensated by utilizing the eight
permanent magnets.

To achieve the magnetic drive, permanent magnets’ arrangement that reduced the vertical
component and enhanced the horizontal component of the magnetic force was first confirmed
through numerical simulation and actual experiment on the thin microtool with a diameter of
50 um. Finally, the positioning accuracy of the stimulation platform was confirmed through the
basic experiment and the maximum positioning error of the microtool was approximately 200
um. The proposed magnetic drive enhanced the accuracy of the microtools more than ten times

compared to normal actuation without magnets.
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Chapter 4
Application to Actual Motile

Microorganisms

In this chapter, the integration of the tracking and stimulation platforms into one final
platform will be discussed. The performance and practicality of the final integrated platform
will be demonstrated through a number of tracking and stimulation experiments on actual motile

microorganisms.

4.1 Integrated Platform

The final step in building the motile microorganism investigation platform is to integrate
the observation and stimulation platforms into one functional platform. As explained in
Chapters 2 and 3, the two systems have been designed taking in mind the integration step. The
main functionalities that allow for the system integration are summarized as follows:

e Observation: the noise elimination algorithm designed in section 2.4.3, is the core

algorithm in the tracking system that allows for stimulating the target microorganism
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without disrupting the tracking control. Otherwise, the stimulation tool would case a
tracking failure when entering the ROI of the high-speed online vision.

e Stimulation: the low fluidic disturbance generated by the thin microtool is the core
technique that allows for integration with the observation platform. By reducing the
disturbance, the effect of stimulation on the position of the target microorganism is

minimized, and hence the stimulus-response could be observed.

Figure 4.1 shows the final integrated platform and the coordinate system of the platform.
As shown in Figure 4.1, the xy stages (stage 2 and 3) that will actuate the microtools are
mounted on xy stage 1 to reduce vibration effects caused by long jig arms. Consequently, stages
2, and 3 should be actuated to keep track of the target at all times. To achieve that, the controller

reverses the command sent to stage 1 (Dy, D,,) from Equation (2.7), and sends it to drive stages
2, and 3 as follows:
oa) =[oss] =5} @

where, Dyy, Dyy, D3y, D3y, are x and y distance commands for stages 2 and 3, respectively.

Figure 4.2 shows the software architecture of the platform. The main PC (control PC),
executes two control program concurrently in real-time. The first program is responsible for
image grabbing from the high-speed online vision, image processing, motorized stages control,
and data logging. The second program is responsible for controlling the focal distance through
z-direction control, and for controlling the light source intensity. The second program also

communicates with the first program to send the information for the pixel pitch in order to

achieve target tracking in different magnification ratios. A second PC (video recording PC)
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equipped with large disk space, is used to record high-resolution images and videos of the CCD

camera that is fed through an image splitter.
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Figure 4.1: Final integrated platform.
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4.2 The Paramecium

The Paramecium was chosen as a target microorganism. Paramecium is a model organism
and is one of the most studied motile cells because of its characteristics such as a large number
of cilia [73]-[75]. The Paramecium is a unicellular microorganism that belongs to the ciliated
group, it can be found in freshwater like small ponds. As shown in Figure 4.3, the Paramecium
has an ovoid and elongated body shape with a body length of 100200 um [76]. As well known,
Paramecia basically propel themselves by whiplash movements of 10 um long cilia (Figure 4.4
(a)), which give it a moving speed of approximately 1 mm/s. However, the Paramecium speed
can reach up to 10 mm/s if it is stimulated; this is due to another actuator called the trichocyst,
as shown in Figure 4.4 (b). The trichocyst are thin and long threads that are discharged (ejection
speed is within 80 ms) from inside the body for a quick escape when the cell feels stimulation or
danger [77]-[80]. The undischarged trichocysts inside the Paramecium body are approximately
3—4 pum in length, and they elongate by 6-8 times when discharged [80]. This behavior is
remarkable, where one cell exhibits two actuators producing two different gaits. Erxleben et al.
have studied the change in potential in the Paramecium membrane and its effect on trichocyst
discharge through local chemical stimulation [79]. Hamel et al. succeeded in observing the
trichocyst reaction by stimulating the Paramecium with local heat stimulation using a focused
laser beam [78]. Although they found several new gaits of the Paramecium by the trichocysts,
the specific dynamic behavior of swimming Paramecium is still unknown.

For the experiments in this chapter, wild-type Paramecia (P. aurelia) were prepared and

cultivated in a culture medium with an incubator at 25 °C. The medium was made by diluting
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50 pl of soymilk inside 50 ml of sterilized water, 12 ml of the mixture were then inserted in a

culturing flask and 1 ml of Paramecia was finally added.

= e — e e ettt el

Figure 4.3: Paramecium image.
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Figure 4.4: Single Paramecium equipped with two different actuators.
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4.3 Determining the Thickness of Microchip

One of the main motivations to use a microfluidic chip is to eliminate the occlusion between
cells, without affecting their swimming mode as much as possible. This could be achieved by
choosing the appropriate thickness of the chip (h.). Therefore, microfluidic chips with a
workspace thickness of 50, 100, 150, and 200 um each were fabricated. A small number of
Paramecia were then introduced from the inlet of the chip, and the behavior of the Paramecia
was observed by the microscope. In the case of the 50-um chip, as shown in Figure 4.5(a), the
Paramecium frequently touched the upper and/or lower glass substrate, and the swimming mode
was slowed down. On the other hand, the overlap of Paramecia occurred by a thick workspace
with 150 and 200 pum, as shown in Figure 4.5(b). Therefore, in the following experiments, a
microchip with a thickness of 100 um was used, as shown in Figure 4.5(c). The microchip had

no occlusion problem and did not have any noticeable effect on the Paramecium swimming

mode.
Side view
Micm\chip Restricted
(@) he=50 um :I—l - W:
Overlap
[ - ]
(b) h=200um || oo ey o

Close to natural

(c) h=100pm || - |

Figure 4.5: Determining the microchip thickness.
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44 Long-time Tracking

In Chapter 2, it was confirmed from the basic experiment on the tracking system that the
speed limitation is up to more than 10 mm/s. Therefore, the Paramecium maximum speed is
within the limitation of the tracking system. The tracking experiment was done inside a
microchip, where a small number of Paramecia were introduced. The platform started by
searching for a target single Paramecium using the lowest magnification ratio available in the
platform, to quickly find the target. After a target was located, tracking started at the lowest
magnification ratio and was then increased gradually.

Figure 4.6(1-3) shows the searching, tracking, and magnification procedures in the
experiment. By considering the shape and size of the Paramecium, an elliptical ROI (a = 100
pixel, b = 20 pixels in Equation (2.12)) with 840x maximum magnification ratio was used for
all experiments. The tracking was successfully conducted for more than 30 min regardless of
image noises, such as microchip edge, debris, and other cells, as shown in Figure 4.6(4-8).
Figure 4.7 shows the experimental data and we can clearly confirm that the target is maintained
around the center of the FOV for the whole tracking experiment. A total of four experiments
were conducted for different Paramecium, and the average tracking time was approximately 35
min. Figures 4.8—4.11 show examples of Paramecium’s swimming path during the tracking
experiments. The maximum swimming speed of the Paramecia was approximately 2 mm/s in
all the experiments. The Paramecium position information was taken from the xy stage encoders
and the online vision data, where the mean value of the xy stage positioning error (the mean

difference between the reference position and the actual positon taken from the stage encoders)
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was approximately 40 pm. From these experiments, the effectiveness of the combined
magnification control and visual tracking for efficient and long-time tracking was confirmed.

FOV ojonline vision

FOV of CCD camera

Figure 4.6: Results of long-time tracking of single Paramecium in a microfluidic chip. (Experiment

no. 1)
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Figure 4.8: Swimming path of single Paramecium during 31 min and 15 s of target tracking.
(Experiment no. 1)
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Figure 4.9: Swimming path of single Paramecium during 32 min and 9 s of target tracking. Maximum

swimming speed of the Paramecium was approximately 2 mm/s. (Experiment no. 2)
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Figure 4.10: Swimming path of single Paramecium during 44 min and 32 s of target tracking.
Maximum swimming speed of the Paramecium was approximately 2 mm/s. (Experiment no. 3)
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Figure 4.11: Swimming path of single Paramecium during 33 min and 15 s of target tracking.

Maximum swimming speed of the Paramecium was approximately 2 mm/s. (Experiment no. 4)
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4.5 Stimulation

Stimulation to a single Paramecium inside a microchip using microtools was done to
demonstrate the performance of the developed platform. For stimulation, the microchip design
had to be modified to insert the tools from the sides of the chip. The microtools were inserted
from side apertures that were made on the sides of the chip with no water leakage thanks to the
high surface tension. The microtools were driven using the method described in Chapter 3. Two

types of stimulation experiments were conducted; mechanical and electrical stimulations.

4.5.1 Mechanical stimulation

The mechanical stimulation of a single cell is strongly required to determine the cell
functions and mechanical properties. For example, this type of stimulation can reveal the
mechanoreceptors properties and how the cell reacts to external mechanical stimuli [81][82].

Figure 4.12 shows the results for mechanical stimulation on a freely swimming
Paramecium. In this experiment, only one microtool was used to apply stimulation. The system
started by searching for a random target cell as shown in Figure 4.12(a-1). The located cell was
maintained in the center of the FOV by utilizing the tracking system as shown in Figure 4.12(a-
2 to a-3). While tracking, the microtool automatically followed the movement of the cell using
the reference input obtained from Equation (4.1). Consequently, the stimulation was applied by
adding additional value to the reference input of the x-axis using a joystick as shown in Figure
4.12(a-4 to a-6). The slow-motion images during the stimulation procedure were recorded at
200 fps with a spatial resolution of 1.66 um/pixel as shown in Figure 4.12(b-1 to b-3). Figure

4.13 shows the trajectory of the cell.
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(a) Normal speed
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(b) Slow motion

Figure 4.12: Mechanical stimulation of a single freely swimming Paramecium.
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Figure 4.13: Swimming path of single Paramecium during mechanical stimulation.

In the experiments, the mean velocity of the target Paramecium was approximately 2 mm/s,
and the maximum positioning error of the microtool on the y-axis was approximately 200 pm.
Although the stimulation experiment was conducted successfully and the hit of the Paramecium
by the microtool was confirmed, the trichocyst reaction could not be observed, where only the
escaping behavior of the cell was confirmed. In fact, the pressure applied by the stimulation and
the size of the area of stimulation might have an important role in order to initiate the trichocyst
behavior. Therefore, the design and attachment of a needle-like tip to the stimulation tool will
be conducted in future work.

On the other hand, the positioning accuracy of the microtool and the vertical position of the
target cell played an important role in the success ratio of stimulation. The positioning error of
the microtool (approximately 200 um) caused some unsuccessful stimulation attempts, where

the tool thrust behind or in front of the target cell. Moreover, some of the smaller cells were
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able to swim more freely in the vertical direction, which also reduced the success ratio as the
tool thrust below or above the target cell. However, thanks to the high robustness of the tracking
system, the stimulation process could be attempted many times in one experiment until a
successful stimulation is achieved. In fact, almost 70% of the conducted stimulation
experiments had at least one successful stimulation attempt.

One of the reactions to mechanical stimulation of the Paramecium is called the ‘avoiding
reaction’ [82]. This reaction occurs when the anterior side of the cell is mechanically stimulated
and it helps the Paramecium to avoid obstacles. The reaction can be divided into three main
phases as shown in Figure 4.14, these phases are: 1) backward movement, 2) change in direction
(orientation), before finally 3) proceeding in a forward movement. Although the avoiding
reaction could be observed in previous works, it was not possible to quantitatively evaluate this
behavior due to immobilization or area confinement.

Using the developed platform, the first two phases of the avoiding reaction were
quantitatively analyzed using the slow-motion images captured by the high-speed vision at the
stimulation moment.

1) Backward movement: the first phase starts when the stimulation process is completed.
To evaluate the effect of the mechanical stimulation, two parameters were confirmed, the
velocity of the stimulation tool at the moment of stimulation (v;) and the distance that the cell
moves backward after the stimulation (d,,). These two parameters would show the relationship
between the response of the Paramecium and the velocity of the stimulation tool. The backward

movement distance (d,,) was defined as the distance between the center of the cell immediately

after the stimulation and the center of the cell after the backward movement is completed (before
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Figure 4.14: The Paramecium avoiding reaction to mechanical stimulation.
the start of phase 2 as shown in Figure 4.15(a). Figure 4.15(b) shows the experimental results
for two experiments with two different stimulation speeds, 4 mm/s and 40 mm/s. As can be seen
from the figure, d;, approximately increases five times when the velocity of the stimulation tool
is increased. In fact, the results indicate that there is a correlation between the backward
movement distance and the velocity of the stimulation tool. Therefore, nine stimulation
experiments (n=9) were conducted to investigate the correlation between the two parameters as
shown in Figure 4.16. From the figure, the correlation can be clearly observed where lower
velocities of the stimulation tool initiate less backward movements of the cell, and vise versa.

The Pearson correlation coefficient (R;,), was confirmed using the following equation:
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Figure 4.15: The backward movement of the Paramecium in response to different mechanical
stimulation velocities.

e I

where t; and p; are the values of the stimulation tool velocity and the backward movement
distance for the i" experiment respectively, u, and o, are the mean and standard deviation of

the stimulation tool velocity respectively, and p, and g,, are the mean and standard deviation of
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the backward movement distance respectively. The coefficient showed a large correlation with
the value of Ry, = 0.9, which clearly shows the effect of the increased velocity of the
stimulation tool on the reaction of the Paramecium. It is important to note that the higher
stimulation velocities are uncommon in the natural environment of the Paramecium compared
to lower stimulation velocities. Moreover, using the developed platform this kind of high
stimulation velocities was achieved for the first time on a freely swimming motile
microorganism.

2) Change in direction: the second phase starts when phase 1 (backward movement) is

completed. In this phase, the change in two parameters, the angle (6,,) and the angular velocity
(ép ), have been confirmed. For comparison, the same parameters were taken in case of

mechanically stimulating the posterior of the cell, where no avoiding reaction is initiated as the

cell proceeds in approximately the same direction. The initial angle (6,, = 0) was considered to
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Figure 4.16: The correlation between the backward movement distance and the stimulation tool
velocity.
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be the angle of the microorganism at the moment when phase 1 was completed, as shown in
Figure 4.17(a). Three experiments were conducted for each case. The number of the taken data
points differed for each experiment depending on the time taken to finish the turning movement

of the Paramecium. Figure 4.17(b) shows the actual data for the angle and the angular velocity
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Figure 4.17: Measured angle and angular velocity of the Paramecium in response to mechanical
stimulation.
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for one of the experiments. Figure 4.18 shows a comparison between the anterior and posterior
mechanical stimulation with regards to the maximum change in angle and angular velocity. The
maximum change in angle and the maximum angular velocity were confirmed from each
experiment and then normalized by the maximum value of all the six experiments. Finally, the
mean value and the standard deviation of the normalized values were obtained and plotted. From
the figures, the second phase (turning) of avoiding behavior when stimulating the anterior of
the cell can be clearly confirmed, where the stimulation of the anterior of the cell caused a large
change in both the angle and the angular velocity compared to the stimulation of the posterior

of the cell.

4.5.2 Electrical stimulation

Electrical stimulation has been widely applied by biologists to investigate the
characteristics of bacteria and motile cells such as growth rate [84][85], which are promoted for
medical applications, essentially for wound healing [86][87]. Our target motile cell, the
Paramecium, reacts to the electric stimulation by a phenomenon called the negative
galvanotaxis. In this phenomena, the Paramecium is forced to swim towards the cathode when
an electrical stimulus is applied. This is due to the changes in the membrane potential, which
controls the ciliary motion, under the electrical field influence [88]. In this experiment, electrical
stimulation is applied to the freely swimming Paramecium inside the microfluidic chip. Two
microtools are inserted from parallel side apertures of the microchips acting as electrodes. The
electrodes are connected to a power supply, which supplies a maximum of 36V and 3A.

Figure 4.19 shows the results of the electrical stimulation on a freely swimming

Paramecium. The system first starts by searching for and tracking a random target cell, as shown
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in Figure 4.19(a-c). While tracking the cell, a 4V DC voltage was applied as electrical
stimulation for multiple times as shown in Figure 4.19(d). Figure 4.19(e) shows the trajectory

of the cell for the whole experiment. In the figure, the red-colored line indicates that electrical

stimulation is applied in this area, whereas the blue colored line indicates no stimulation.

— No stimulation
— Electrical stimulation

iEnd
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-6 -4 -2 0 2
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Figure 4.19: Electrical stimulation of a single freely swimming Paramecium.
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From the figure, we can clearly confirm the galvanotaxis phenomena due to the sudden
reversal in the Paramecium moving direction where the cell starts to swim towards the cathode.
In the experiment, the target paramecium reached a maximum velocity of 2 mm/s and the
maximum positioning error while tracking was around 130 pm. As for the microtools actuation
accuracy, the maximum positioning error on the y-axis was around 150 pum. Moreover, the
accuracy of the gap (the distance on the x-axis) between the two microtools had a maximum
error around 300 um, which is a bit large considering a 250 um initial gap. Since the drag force
is negligible on the horizontal direction, the large gap error is believed to be due to the xy stage

actuation error since the x-axis handles more weight and hence more friction force.

4.6 Concluding Remarks

In this chapter, the final integrated platform for the investigation of a single motile cell has
been shown. The performance and practicality of the platform were confirmed by conducting
experiments on a freely swimming single Paramecium. The height of the microfluidic chip for
actual cell experiment was first confirmed in order to restrict the vertical movement of the cell
while maintaining a close-to-natural swimming mode.

Next, a number of long-time tracking experiments were conducted and the average tracking
time was approximately 35 min. An elliptical ROI was used for noise elimination, as explained
in Section 2.4.3. Thanks to the robustness of the developed tracking platform, the tracking could
be continued regardless of the presence of noise or other cells inside the microchip.

Finally, mechanical and electrical stimulation experiments were conducted. To apply

stimulations to a single cell, microtools with 50 pm thickness were driven using the magnetic
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compensation approach, as proposed in Chapter 3. By virtue of the low fluidic disturbance
generated by the microtools, the stimulation did not cause a tracking failure and the dynamic
reaction of the Paramecium was confirmed without any immobilization manners. The avoiding
reaction in response to mechanical stimulation was quantitatively confirmed by analyzing the
captured image data with a spatial resolution of less than 5 pm and a time resolution of less than

5 ms.
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Chapter 5

Conclusion

5.1 Summary

In summary, a novel microrobotic platform for the investigation of a single motile
microorganism that realizes continuous observation and stimulation inside a microfluidic was
demonstrated.

In Chapter 1, background and categorization for single-cell investigation through
stimulation including motile cells were given. The difficulties and disadvantages of the
conventional approach for observing the natural stimulus-response of motile cells were
discussed. The need for a platform that realizes continuous observation and stimulation to
achieve close-to-natural investigation of a single motile microorganism was proposed. The
related works for the observation and stimulation of cells have been reviewed. Finally, based
on this background, a new approach for the investigation of a single motile microorganism that
utilizes high-speed online vision and actuators was introduced.

In Chapter 2, the design and implementation of the observation platform were explained.
First, the required specifications were discussed, and the need for an observation platform that

realizes robust high-speed tracking with variable magnification was established. To realize
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robust real-time target tracking with variable magnification, the block diagram of the tracking
and magnification controllers were shown, including the pixel pitch, focal length, and
illumination control for the adaptive tracking. Consequently, a simple image processing method,
which utilizes the small spatial difference between two consecutive frames, was implemented.
Finally, the performance of the observation platform was confirmed. The platform could
successfully track targets that move with a velocity of up to 10 mm/s even when using the largest
magnification ratio available in the platform. Moreover, the robustness of the tracking control
was shown through a basic experiment using software-generated image noise.

In Chapter 3, the development of a stimulation platform for single motile microorganism
was shown. First, the stimulation tool size and its relation to the amount of generated fluid flow
was discussed. Next, a magnetic drive method for driving thin microtools in the fluidic
environment was introduced. The deflections when actuating a very thin microtool caused by
the hydrodynamic drag force was compensated by utilizing permanent magnets aligned
underneath the microtool. To achieve the magnetic drive with higher accuracy, permanent
magnets arrangement that reduced the vertical component and enhanced the horizontal
component of the magnetic force was first confirmed through numerical simulation and actual
experiment on a thin microtool with a diameter of 50 pm. Finally, the positioning accuracy of
the stimulation platform was confirmed through the basic experiments and the maximum
positioning error of the microtool was approximately 200 pm, which was ten times lower than
normal actuation without magnetic compensation.

In Chapter 4, the observation and stimulation platforms were combined into one platform
that was used to conduct experiments on the actual motile microorganism. The Paramecium

was chosen as a target of single motile microorganism. First, the tracking capability of the
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platform was demonstrated. The platform achieved long-time tracking of the Paramecium
continuously inside a microfluidic chip for more than 30 minutes, which showed the robustness
of the tracking platform. After that, mechanical and electrical stimulation experiments using
thin microtools driven by a magnetic compensation were conducted on a freely swimming
Paramecium inside the microfluidic chip. The small fluidic flow generated by the microtools
allowed for successful stimulation without disrupting the tracking control, and the Paramecium
escaping behavior could be confirmed. Overall, the platform was successfully able to track and
stimulate a freely swimming motile microorganism with both high-speed and high-

magnification without immobilization.

5.2 Future Work

Tracking: one of the future goals for this work is to be able to observe the lifespan of the
microorganism in real-time, particularly the cell division process. In order to do that, the
developed platform should be able to track the microorganism for approximately one continuous
day, where two main problems should be tackled:

1. The size of the elliptical ROI is fixed before the experiment. Because the platform chooses
the first located cell in the environment (the microfluidic chip) randomly, the ROI
parameters are not optimized for the particular microorganism being tracked, which causes
some tracking failure instances especially when the target microorganism is slightly pushed
by other cells. To solve this problem, the first few frames of the tracking sequence could be

used to determine the parameters of the ROI based on the size of the target microorganism.
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2. When conducting a tracking experiment for a long time, the XY stage was observed to
overheat, which forced the termination of the experiment to guarantee the platform’s safety.
In fact, this problem is common in platforms and systems that operate for a relatively long
time. In order to solve the heating problem, external heatsinks or an air cooling mechanism
could be applied to the stage to maintain its temperature within the operational levels. This
would aid in increasing the overall tracking time.

Stimulation: the currently achieved positioning accuracy of the microtool is sufficient to
successfully apply stimulation to a motile microorganism, although a higher accuracy is desired.
The forces opposing the movement of the microtool, mainly the hydrodynamic drag force and
the friction force caused the positioning error of the microtool. Our target is local area
stimulation of a single motile microorganism, and in this case, we need a positioning accuracy
in the order of micrometers or at least tens of micrometers. To increase the positioning accuracy
of the microtool, a number of ways can be applied individually or in a combined manner. For
example, the magnets arrangement could be further optimally designed to reduce the friction
force induced by the vertical component of the magnetic force as much as possible. Additionally,
high-speed image feedback could be used together with the magnetic driving method proposed
in Chapter 3, to accurately position the tool, which requires the detection of the tool even when
a collision with the target cell occurs. On the other hand, modeling the dynamics of the
microtool inside the microfluidic environment can also be effective. Using a dynamic model we

can estimate the deflection of the microtool and compensate for it using feedforward control.

Analysis of dynamic behavior: after achieving local point stimulation, the final goal of

this research would be to analyze the dynamic behavior of the motile microorganism. For
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instance, the input-output relationship of the response to the mechanical stimulation could be

analyzed to obtain the structural and dynamical mathematical model of the microorganism, such

as the transfer function model. This knowledge can be very useful and inspiring in designing
and fabricating the next-generation robotic sensors and actuators that mimic the dynamic
behavior of motile microorganisms.

Application to various motile microorganisms: In this work, the Paramecium was
chosen as an example motile microorganism to confirm the performance of the platform.
However, the targeted motile microorganism can be extended to many other motile
microorganisms within the limitation of the platform. To do that, a number of parameters need
to be changed according to the size of the microorganism as listed below:

e Parameters of the ROI: a wide variety of motile microorganism’s shapes and sizes exist
from thin to wide and long to short. Therefore, the size and shape of the ROI need to be
adjusted accordingly to achieve stable long-time tracking.

e The thickness of the microfluidic chip: in order to limit the vertical movement of the target
microorganism, the thickness of the microfluidic chip needs to be considered. Thicker or
thinner microchips are needed according to the target size while allowing close-to-natural
movement.

e Size of the microtool: As mentioned before, the currently used microtool in the platform is
50 pum thick. This size might not be suitable to stimulate targets with a body length of less
than 50 pm. On the other hand, smaller motile microorganisms require the use of thinner

microfluidic chips, which can make the insertion of a 50 pm thick microtool not applicable.
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Therefore, smaller or bigger microtools are needed to stimulate microorganisms with

different sizes.
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