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Optical tweezers (OT) can be viewed as a robot that uses a highlyciased
laser beam for precise manipulation of biological objects and dielactibeads at
micro-scale. Using holographic optical tweezers (HOT) multiple optit traps can
be created to allow several operations in parallel. Moreover, due ttee non-contact
nature of manipulation OT can be potentially integrated with other manipulation
techniques (e.g. micro uidics, acoustics, magnetics etc.) to ensuits high through-
put. However, biological manipulation using OT su ers from two serios draw-
backs: (1) slow manipulation due to manual operation and (2) sewere ects on
cell viability due to direct exposure of laser. This dissertation exples the prob-
lem of autonomous OT based cell manipulation in the light of addressirthe two
aforementioned limitations. Micro uidic devices are well suited for tB study of
biological objects because of their high throughput. Integratingnicro uidics with
OT provides precise position control as well as high throughput. Aautomated,

physics-aware, planning approach is developed for fast transpof cells in OT as-



sisted micro uidic chambers. The heuristic based planner employs @exi ¢ cost
function for searching over a novel state-action space repraes#ion. The e ective-
ness of the planning algorithm is demonstrated using both simulatioméd physical
experiments in micro uidic-optical tweezers hybrid manipulation saip. An indirect
manipulation approach is developed for preventing cells from high imisity laser.
Optically trapped inert microspheres are used for manipulating cells directly ei-
ther by gripping or pushing. A novel planning and control approacts devised to
automate the indirect manipulation of cells. The planning algorithm taks the mo-
tion constraints of the gripper or pushing formation into account @ minimize the
manipulation time. Two di erent types of cells (Saccharomyces cerevisiaeand
Dictyostelium discoideum) are manipulated to demonstrate the e ectiveness of the

indirect manipulation approach.
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Chapter 1
Introduction

1.1 Background

One of the biggest challenges in biological researches in micro and manale
is to understand the change of behavior that occurs with the scafindown in size.
The e ects of forces that are negligible at macroscopic scale maycoene dominant
in micro and nano scale. For example, gravity plays no longer importarole, rather
forces like electrostatic, van der Waals etc. become dominant at macand nano
scale [ANBNO7].

Figure 1.1 illustrates the e ects of scaling in attractive forces betaen a sphere
of radiusr with a cylinder of height & and radius 4 [ANBNO7]. It shows magnetic
force dominates over gravitational force as the radius goes beltwn. The forces like
electrostatic and van der Waals that are generally ignored in desiggimacro-scale
manipulators become dominant over gravitational forces asgoes below 10* m.

Macroscopic techniques that exploit the gravitational forces cano longer be
applicable for manipulation of objects in micro and nano scale. This chge of be-
havior due to the scaling down in size encourages the research@some up with
new manipulation techniques for the biological objects at micro andanoscale. AFM
(Atomic Force Microscope) [RWG 10], electrophoresis [Vol06], magnetic manipula-

tion [SVC* 08], optical tweezers (OT) [ADY87], micro uidic techniques [CSW11],
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Figure 1.1: Scaling of attractive forces [ANBNO7]: For < 1 m, the magnetic force
is su cient to lift the sphere. Below r = 10* m, the electrostatic force dominates
over gravity, and forr < 10’ m, the van der Waals force is higher than the weight
of the sphere

acoustics [DLK 12], use of microfabricated tools [KDG12a, KYY12, KDG12b,
KDG13, KDG11] etc. are some of the well known manipulation technigs at micro
and nano scale. Unlike most of the other manipulation techniques OTrqvides a
non-invasive means of manipulation. OT is particularly suitable for pi@se manip-
ulation. It can apply a force in order of pN with an accuracy of the ater of aN.
Hence, it can provide a position accuracy of the order of angstrom

Targeted cell manipulation is becoming increasingly popular in variouslt
studies, for example, how cells respond to changes in environmeiathb internally
and externally, how do they interact with each other, or how do the undergo
complex processes such as di erentiation etc. Traditionally the stlies listed here

are conducted over a large population or ensemble of cells that leawat various



insights mainly due to the di erence in behavior in individual cell. Targeéd analysis
over a small population will provide more insight into the system levelrpperties
of signaling pathways and their dependence on in individual cell propies, e.g.
cellular age, degree of development, cell cycle progression etc. hHigsition and
force accuracy make OT suitable for targeted manipulation of cellhroughput of
targeted OT manipulation can be signi cantly improved by integratingit with other

gross manipulation techniques e.g. micro uidics, acoustics, magieetc. [MSDO03].

Laser beam

Glass plate

Fluid medium

® ® Trapped
PN @) particle
O O
O

— Objective
lens

Workspace gl

. S B L

Figure 1.2: Schematic illustration of optical trapping: the trapped pé#cle is steered
by the laser beam

The interaction of a particle with an optical trap is schematically depited in
Figure 1.2. Particles move randomly due to Brownian motion in a uid medm. A
strongly focused laser beam is used to exert optical gradient anchttering forces

on a particle, which results in trapping the particle at the focal pointof the laser
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[ADBC86, Ash92]. By controlling the laser beam, the trapped particlean be trans-
ported precisely to the desired location without any physical contd. Holographic
optical tweezers (HOT) uses a spatial light modulator (SLM) that an split the laser
to create multiple traps to facilitate manipulation of multiple particles smultane-
ously. Unfortunately, most of the OT manipulation tasks are condtted manually
and hence it is slow. Slow manual manipulation makes OT hard to carrjubmany
systematic biological studies that need to be properly timed to exhibthe desired
motility. In order to make OT a useful manipulation tool for sophistiated biologi-
cal studies real-time and automated planning approaches need te bdeveloped. In
the following sections we will discuss OT manipulation in the context ofiblogical

studies to identify challenges in developing automated planning algdrmins.

1.2 Motivation

As discussed in previous section, OT is an emerging tool to manipulata-
cro and nonoscale biological objects in uid medium. Although OT is péarcularly
useful for single cell manipulation, throughput can be signi cantly improved by in-
tegrating it with other gross-manipulation techniques e.g. micro uiecs. The hybrid
manipulation techniques will provide high throughput as well as pre@smanipula-
tion control.

An example of such micro uidic device is illustrated in Figure 1.3. This mi-
cro uidic device includes around 10000 net-like structures to capture cells inside
them. However, the number of cells inside the nets cannot be cooited since the

manipulation is solely dependent on the uid ow which subjects to chage with



Net with
multiple cells

Empty *
—_—
net

Net with
single cell

Figure 1.3: Hybrid manipulation comprising of OT and micro uidics (Courtesy:
Dr. John P. Wikswo and Dr. Kevin T. Seale (Vanderbilt Univergy))

the variation in number of cells at inlet. OT can be integrated with micrauidics
to control the equal distribution of cells inside the nets by taking tk cells out from
crowded nets and placing them in empty nets or to the exits of the amber. Manual
cleaning of large number of nets will require large preparation time rfdiological
experiments that may alter the outcome. The automated approhes need to ac-
count for the physics of micro uidic chamber in order to move the dis reliably with

the presence of uid ow. Moreover, the planning environment frguently changes



Dead
cell

Figure 1.4: Dictyostelium discoideum cells arranged in a pattern: cells are killed

due to direct exposure to laser (Image courtesy: Chenlu Waagd Dr. Wolfgang
Losert)

due to the uid ow and random Brownian motion of cells in microscale. Ran-
ning algorithm needs to have fast replanning capability to cope up witbhanging
environment inside micro uidic chamber.

Another big challenge in integrating OT with micro uidics is the workspae
size mismatch. OT can operate in a space of 10th 100 m whereas micro uidic
chamber has a dimension in the range of mm mm. OT has to be facilitated with
long distance transport capability in order to harness the high thnaghput advantage
of micro uidics in a hybrid manipulation setup. The planning strategieshave to be
developed accordingly to accommodate the long distance transpoperation along
with ne manipulation using optical trap planning.

Cells need to be arranged in a certain pattern and observed for aasgnable



time length in order to study the evolving behavior due to their interation with
each other. Cells can also be actively nudged during observation tady the under-
lying mechanism behind their collective behavior. OT can be used to fadi erent
cells and arrange them in pattern. However, direct exposure of &sto the cells
may inict photodamage that can a ect their physiological behavior Vegetative
Dictyostelium discoideum cells are arranged in a pattern of the alphabet \A" in
Figure 1.4 by directly trapping them with OT. Some of the cells are disietgrated
while trapping them due to direct exposure to laser. Rather than &pping directly,
cells can be manipulated indirectly using inert microspheres as gripgerEach mi-
crosphere can be optically trapped to act as a robotic nger to holdnd manipulate
the biological cell indirectly. Figure 1.5 illustrates a gripper which is mas of six
inert silica microspheres directly trapped by multiplexed laser trapsot manipulate
a Saccharomyces cerevisiaecell indirectly. The arrangement of microspheres is
important to ensure robust gripping as well as minimum laser exposato the cell.
A computational synthesis foundation needs to be developed foesigning gripper
con gurations for the cells that will ensure robust gripping as well @ minimum laser
exposure while transporting them towards certain goal locations.

Manual control of multiple laser traps for indirect manipulation of cé us-
ing gripper formations is nearly impossible. Hence, there is a need fartomated
planner that can handle multiple lasers simultaneously. The interactic among
multiple lasers for indirect manipulation of cell using the gripper form#on makes
the planning challenging. The planner also needs to be characteriziedterms of
manipulation speed, laser power, and the resulting exposure of lasgensity to the

7



Figure 1.5: Saccharomyces cerevisiaecell is manipulated indirectly using the
gripper made of inert silica beads directly trapped by laser

manipulated cell.

PolarizedDictyostelium discoideum cells are used as model organism to study
collective migration of cancer cells. Figure 1.6 shows an example of aili® migra-
tion of polarized Dictyostelium discoideum suspended in water under the in uence
of chemotaxis cAMP. In order to understand the underlying migrabn behavior,
cells need to be manipulated individually and arranged in some prede digatterns
to see di erent outcomes. HoweverDictyostelium discoideum are very sensitive to
laser and need to be ensured zero laser exposure in case of OT mdatwn. While
gripper formations can prevent the cell from a large portion of laset cannot elim-
inate entire exposure. Hence, manipulatin@ictyostelium discoideum cells using
gripper formations is not favorable to their viability. A new indirect manipulation
approach needs to be developed that ensures zero exposuren dell. This disser-

tation describes the development of computational tools that cagxploit the physics



Fluorescence

labeled cell »

High concentration
region of cAMP

Figure 1.6: Collective migration of suspende®ictyostelium discoideum cells un-
der the in uence of cAMP (Image courtesy: Chenlu Wang and DiWolfgang Losert)

of the system to automate the cell manipulation using optical tweets.

1.3 Research Issues

This dissertation identi es three fundamental research issues ghallenges in
order to perform autonomous manipulation of cells using optical teeers. Following

is the description of the research issues in details.

1. Utilization of physics of the system for e ective planningMicroparticles im-



mersed in a uid medium exhibit random stochastic motion due to Browian

motion. Moreover, the presence of external uid ow in case of mio uidic

chamber in uences the OT manipulation since particles have a chante get
knocked out of the traps while moving across the uid streamlines. e plan
generated without considering the physics of the system may leaal the path

that is risky in terms of successful manipulation or requires more ksspower
to execute. As mentioned earlier, high laser power will lead to sevepbo-
todamage to the trapped cell. In case of micro uidic cleaning opernain as
mentioned in section 1.2, cells need to be released inside the OT wodp
so that uid ow can take them outside the chamber. The release lations
need to be carefully selected so that cells have higher probability afaching
the exits of the chamber. This dissertation explores the use of digally ac-
curate simulations to estimate the probability of success for the keto reach
one of the exists of the micro uidic chamber with the in uence of uid ow.

The estimated probability can be used to enhance the performancgrealtime
planner. However, the simulations need to be performed at very athtime

intervals (in the order of microseconds). Hence, o ine simulationsan be used
to generate a probability table at discrete points in the OT workspae The
probability table generated by o ine simulations can then be used to iorease

the e ectiveness of the real-time planner.

. Preventing cells from direct exposure of laser during opsicmanipulation: Ex-

posure to laser due to direct trapping during OT manipulation negatiely af-
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fects physiological activities of cells. Cells can be manipulated indiréctwvith
the gripper formations or pushing formations while preventing therfrom dan-
gerous laser. The gripping or pushing formations can be created diectly
trapped inert microspheres. The arrangement of the microsplesr inside the
formations need to be carefully designed so that cells can be rodyshanip-
ulated as well as the laser exposure remains to be minimum. The intetians
of the laser cones among themselves as well as the microspheresl ie be
considered to be able to generate e ective con gurations which is possible to
do manually. Hence, this dissertation develops computational symsis foun-
dations to automatically design the microsphere con gurations th&acilitates

robust manipulation of cell with minimal laser exposure.

. Concurrent grasping and planning for indirect manipulatia of cells: Manip-

ulation of cells using gripper or pushing formations requires moving iple

traps simultaneously which is time consuming to perform manually. Hawer,
automated manipulation using microsphere formations is challengingrfthree
reasons. Firstly, all the particles which are not directly trapped byaser are
constantly moving in the workspace due to Brownian motion. That mans
the actual position, velocity, and acceleration of any particle areat known
in advance. The environment of the OT workspace changes rapidlyel to
the random motion of the particles. Thus, any planning algorithm neds to
have fast replanning capability to handle the dynamic nature of the erkspace

environment. Secondly, the planning has to deal with noisy images.h& po-
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sitions of the particles inside the formations are di cult to estimate. Thirdly,

the trapping power is not uniform all over the workspace and hencthe trap-
ping e ectiveness is not uniform everywhere. The planner has tog@ride more
time for the microparticles to move to the formation where the traping power
is less. The planning algorithm also needs to account for motion corahts
speci ¢ to a particular formation in order to reliably manipulate cells. This
dissertation investigates the use of feedback policy alongside fadanning
algorithm to ensure robust manipulation of cells using gripper or pusig for-
mations. The dynamic model of the laser trap can be utilized during phaing

for better estimation of the positions of microparticles inside the fmations.

1.4 Dissertation scope and Outline

Currently, optical tweezers is used for various cell manipulation @pation rang-
ing from transport to stretching. However, this dissertation foases on challenging
operations that are challenging for a human operator. Hence, cédicalization, ro-
tation, transport, sorting, gripping, pushing, and mechanical pbing are termed as
cell manipulation. Micro uidics is a widely used cell manipulation tools. Hece, OT
assisted micro uidics is demonstrated as an example for hybrid manilation setup
in this dissertation. Similar approaches can be translated to otheryhrid setup
with Optical tweezers e.g. magnetics, electrophoresis, or acaast Automated
cell manipulation is demonstrated using two types of cells namefaccharomyces
cerevisiae and Dictyostelium discoideum. Saccharomyces cerevisiags a Yeast

which is a popular model organism for studying eukaryotic cell biologyt can be
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easily cultivated in the laboratory. The detection of cells is also easynse they
can be approximated with spheresDictyostelium discoideum is used as an impor-
tant model organism for studying cancer cell migration. The dynaiwally changing
shapes during migration poses unique challenge during automated nipaulation.
Amorphous silica microspheres are chosen as material for desigrangper or pusher
formations for indirect manipulation of cells.

The rest of the dissertation are organized as follows. The next gitar surveys
state-of-the-art literature in the related works in optical manipuation of cells, optical
tweezers setups, di erent hybrid manipulation approaches, rolbanotion planning
under uncertainty, robotic grasping, and robotic pushing based amipulation ap-
proaches. Chapter 3 presents the fast real time planning appaafor automated
manipulation of cell inside OT assisted micro uidic chamber. Chapter £xtends
the automated manipulation approach inside OT assisted micro uidiclamber to
enhance the range of transport using automated stage motionh&pter 5 describes
a computational synthesis foundations for designing grippers fordirect manipula-
tion of cells. Chapter 6 describes an automated planning approaclithva feedback
policy for automated indirect manipulation of cells using gripper form#ons. Chap-
ter 7 describes a novel automated pushing based manipulation appch to transport
irregular shaped cells from its current location to the goal. Finally Chater 8 sum-
marizes the intellectual contributions of the current work, highligks anticipated
bene ts of this research in biophysics research community as wels &ealthcare

industry, and outlines for future work.
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Chapter 2
Literature Review

In this chapter!, we survey literature related to the goal and scope we men-
tioned in Chapter 1. Our work is multidisciplinary in nature and falls in theinter-
section of Biophysics and Robotics. We present the more relevamtsearch papers
in this chapter since it is nearly impossible to review all the papers avalike in
literature.

Section 2.1 deals with di erent issues related to optical manipulation sluding
instrumentation, e ects of direct exposure laser to cells, and dieent indirect ma-
nipulation approaches to encounter the problem of direct exposarA chronological
study on the development of modern optical tweezers system isepented. Direct
exposure to high intensity laser a ects the cell viability severely. Wesurvey existing
literature that characterizes the damage in cell health due to high tensity laser
and di erent indirect manipulation approaches proposed by variousesearch groups
to prevent cell from high intensity laser. Indirect manipulation appoaches are not
only important for preventing photodamage but also for some indioct measurement
of physical properties of cell using optical tweezers. Many regentative works take
the advantage of high precision of OT in indirect measurement of pbigal properties
of the cell.

In section 2.2 we present di erent hybrid manipulation setups and thir poten-

tials to improve biological studies. We have mentioned a list of di erentechniques

1 The work in this chapter is partially derived from the published work in [B CLG11].
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available for manipulation of biological studies in chapter 1. Every mapulation
techniques have their own niche domain of application where it can bb& most
e ective. By combining two or more such manipulation systems, we naadd more
capabilities into the same system. That will enable more e cient studie that need
to be properly synchronized and need di erent capabilities that carot be provided
with a single system.

Laser traps can be regarded as robots to draw inspiration from biotics in
automating the cell manipulation process. We survey existing literate on robot
motion planning in section 2.3 that are closely related to our problemnImicroscale
world, the environment changes randomly due to Brownian motion gbarticles.
Actual position, velocity, and acceleration cannot be known in advee. Hence, we
focus mostly into robot motion planning under uncertainty in this seton.

In section 2.4 we draw inspiration from robotic grasping literature talevelop
robust gripper for indirect manipulation of cell. People have develodedi erent
metrics to characterize the performance of a gripper in grasping @bject robustly.
Our problem is unique because of size scale we are operating in.

In section 2.5, we survey another body of literature in the intersgon of indus-
trial manufacturing and robotics to derive another mode of indirégcmanipulation
through pushing. Dynamically changing irregular shaped objectsmaot be manipu-
lated using grippers. We use pushing based techniques to manipul#tese objects.

Our problem is interesting because of the dynamical shape of the miyaulated cell.
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2.1 Optical Manipulation

The idea of optical trapping is based on Newton's particle principle of lid.
Newton postulated in 1704 that light consists of tiny masses. This ptulate con-
tradicts the wave principle proposed by Christian Huygens who belied that light
is made up of waves that can vibrate up and down perpendicular to iirection
of propagation. Einstein later uni ed both the principles by describig light as a
collection of mass-less patrticles, photons, which carry momentaoportional to their
energy. Any change in the direction of propagation due to re ectio or refraction
will result in an associated change in momentum of light. As a conseque, the
object that causes light to re ect or refract will undergo an equikand opposite mo-
mentum change according to the principle of the conservation of mm@ntum. This
change in momentum gives rise to a net force acting on the object.

However, we do not feel that force from sunlight in our everyday &fbecause of
its ultra low intensity. The intensity of sunlight is about 100 W/m?2. This intensity
provides an optical levitation pressure of about 18 Pa, which is negligible compared
with the atmospheric pressure (10Pa approximately). This radiation pressure is
much more profound in the space beyond our atmosphere whereeté is no air
resistance. Kepler in 1600 discovered that comet tails always poinvay from the
sun due to the radiation pressure of sunlight. He named the radiatiopressure
as \Heavenly Breeze". Jules Verne rst envisioned the concept oling radiation
pressure for the propulsion of sailing ships for traveling in space in lEsience ction

novel \From the Earth to Moon" which came out in 1865. However, itwas not
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until 2010, we saw this concept came in live when the scientists of JAXSpace
Exploration Center sent the rst solar sail IKAROS to monitor the atmosphere of
our neighboring planet Venus.

The optical force on our Earth's surface is so small that it did not hae any
application for a long time until the availability of high intensity laser. Usng laser
with intensity million times higher than sunlight on the Earth surface, itis possible
to generate force in the order of pico-newtons that may be su cig to manipulate
objects in the size scale of micro and nano meters. While scientistsrevarguing
about the design of the future gigantic solar sailing ships that coulddansport cargoes
between the Earth and the Mars, some scientists in Bell Laboratpistarted asking
an even simpler question: can we use the powerful lasers to pushects in the
microscale? Ashkin and other colleagues showed that it is, indeed spible leading
to the development of the rst optical tweezers in 1986 [ADY87].

Since its inception optical tweezers have become a popular tools the re-
searchers in physics and biology. Optical tweezes possesses thgue capability of
applying force in the order of pN with a sub-pN resolution. Hence, #hit provides
tremendous position accuracy in the order of micrometers down é&mgstrom. These
unique capabilities make them suitable for variety of nanomechanicaeasurements,
specially in biological applications. Optical tweezers have been sussfelly used for

various cell, DNA, RNA, and motor protein manipulation.
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2.1.1 Optical Tweezers Instrumentation

The most fundamental parts of an optical tweezers are a custebuilt optical
microscope with imaging capabilities, a good objective lens, and a t@pg laser
source. Over the years, optical tweezers have been equippedhwsbphisticated
technologies including sensitive lens, detection system, beam stegrmechanism,
calibration methods transforming it to a powerful experimental Istrument.

Earlier optical tweezers were based on one single laser beam capalblere-
ating a single optical trap and hence can manipulate a single objecto@ people
realize the necessity for manipulating multiple objects simultaneously{fhe simplest
but expensive solution is to use multiple laser source each of them ispensible
for creating a single trap. Visschert al. [VGB96] came up with a new optical
tweezers system which is capable of creating two optical traps bpliting a laser
into two based on polarization. Their optical tweezers system wag@pped with
polarizing beam splitters to split the laser beam into two and x-y-z teteopes that
can independently in X,Y, and Z axes to provide independent relativeggitioning of
the optical traps. However, it has an inherent disadvantage sindbe optical traps
cannot be independently switched on and o . The authors develodex more exible
method of creating multiple optical traps by time sharing of a single l&s beam by
fast scanning among multiple locations. The laser dwells on a single tragration
brie y before moving to the next location. The fast scanning of laganto the traps
gives the capability of manipulating multiple objects simultaneously. Ta time-

sharing optical tweezers system is equipped with acousto-optic eeors (AOD) for
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fast scanning of laser beam which can be computer controlled. Thelative posi-
tions of the trap locations, the laser power strength, and the soaing rate can be
controlled with computer controlled AODs adding to the greater exbility of the
time sharing optical tweezers.

Another method of realizing a optical tweezers system capable akeating
multiple optical traps is to use galvanometer scanning mirrors. Baliplli et al.
[BLGO6] have developed a scanning mirror based optical tweezeystem where
AODs are replaced with scanning mirrors. The trapping laser pass#wough an
isolator to protect the laser head from beam re ections, a rst teescope for beam
expansion and two scanning mirrors for increased scan range anskaond telescope
before reaching the microscopic objective (see Figure 2.1). Thdesxope is used
to provide required magni cation and direct the laser to the objeave lens which
is essential to maximize trapping force. A piezo-electric actuator atached to the
objective to enable scanning in Z-axis. However, all the multiple trapcan only be
created at the same X-Y plane at a time instant using this optical twezers system
providing only planar manipulation of multiple objects. The scanning miors can
also be controlled by computers to provide similar exibility as AOD basg optical
tweezers systems.

Object detection has become a crucial component of the opticaldezers sys-
tems in order to harness the exibility of computer controlled AOD orscanning
mirrors. The users often want to precisely position the optical tq@s to manip-
ulate the desired objects. The positions and orientations of the ets are very
important for accurate manipulation of multiple objects. Dependingon manual
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detection of objects may lead to slower and error-prone manipuiah. Penget al.
[PBGLO6, PBGLO7b, PBGLO7a, PBGL09] were motivated to solve theroblem of
manual detection by its potential application in precise and micro andano assem-
bly operations. In micro and nano assembly operations, objectsatkto be brought
together with certain position and orientation in order to make a sumessful ma-
nipulation. The authors have utilized the piezo-electric actuator aached to the
objective in order to generate a stack of images in di erent crosgctions in Z-axis
for 3D detection of objects. The image processing has three stdp extract regular
shaped objects e.g., spheres. In the rst step, the image is segmeel to isolate
the region of interest mainly to reduce the computational overheaof analyzing
whole image. In the following step, a suitable gradient based algoritheng., Hough
transformation is used to identify the locations in x-y plane. From tk stack of im-
ages generated o ine, a set of signature curves have been gexted for the regular
shaped objects for known z-locations. The current image is compd online with
the library of signature curves to identify the z-location of the olgcts. They later
extend the algorithm by improving the feature extraction technigqe with modi ed
Hough transform in order to nd the position, orientation,and geonetric identity of
irregular shaped object e.g., nanowires.

In order to eliminate the limitation of planar manipulation using scanning
based optical tweezers, Dufresne and Grier [DG98] developed gitical tweezers
where input laser is split into multiples using a di ractive optical element(DOE)
that can create an array of optical traps based on the input paérn (see Figure 2.2).
However, it comes with a sacri ce in exibility since the trap patternsdepend on
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Figure 2.1: Schematic illustration of scanning mirror based optical teezers system
(Image source:[BLGO06])

the input microfabricated DOE. To create a new trap patterns, a ew DOE needs
to be fabricated. Later on, Grier and his colleagues [Gri03, CKG02¢volutionized
the optical trapping by introducing computer-addressable DOE maed as Spatial
Light Modulators (SLMs) made from liquid crystals. The new gener&n of optical

tweezers are popularly named as Holographic optical tweezers (HOThe authors

[DSD* 01] developed algorithm for inverse Fourier transform in order toompute
phase hologram to create dynamically con gurable optical traps. dever, real
time computation of phase hologram has been a major bottle neck flaolographic
optical tweezers. That is the reason, the trap update frequeypof HOT is much lower
as compared to scanner based optical tweezers. Over the yeamerous algorithms
have been proposed for e cient computation of holograms. Recty) Onda and Arai

[OA12] used graphics processing unit (GPU) to accelerate the hotagh computation
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Figure 2.2: Schematic illustration of Di ractive optical element (DOE) based op-
tical tweezers (Image source:[DG98])

and managed to improve the update frequency to 250 Hz as comgedrto 8 Hz using

CPU.
2.1.2 Laser exposure using direct trapping

Optical tweezers were initially used to directly manipulate cells. Howey,
soon it was observed that direct trapping can lead to considerablég@iodamage on
trapped cells, including the death of cells as noted by Ashkin [ADY87]. HE un-
derlying mechanism for photodamage has been proposed to be dodhe creation
of reactive chemical species [SB94, LSBT96], local heating [LSBT9%{p-photon
absorption [KLBT95, KSL* 96] and singlet oxygen through the excitation of a pho-
tosensitizer [NCL" 99].

Many in depth studies that monitored cell health by a variety of metbds
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manipulate cells; (a) (adapted from [LLLLO8]) is useful fostretching red blood cells,
while (b) and (c) (adapted from [KCA 11]) are useful for transporting cells (Note
that the gure is not drawn to scale)
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show optical micromanipulation a ects cell health to some extent. king the cloning
e ciency of CHO cells [LVK " 96], or the rotation rate of the E.coli agella motor

[NCL™ 99], it was found that 830 nm and 970 nm laser wavelengths were sigrantly

less harmful to cells, and that the region from 870 nm to 910 nm waspicularly

harmful. Using the ability to express genes as a measure of cell hbalinother group
found only a weak dependence of cell viability on wavelength (in themge 840 nm
to 930 nm), with the total dose of laser light as dominant parametedetermining
the ability of cells to express genes [MTTO08].

The low light threshold for cell damage is of great concern for the @®f optical
micromanipulation: using 1064 nm, Ayano showed that cell damage Ecoli was
linearly dependent on the total dose received and found that celivision ability
was a ected at a dose of 0.35 J [AWYY06]. Rasmussen, using the imet pH as a
measure of viability, found that the internal pH of bothE.coli and Listeria bacteria
declined at laser intensities as low as 6 mW [ROS08]. These studies cautibat

direct cell trapping may not be desirable.

2.1.3 Indirect Manipulation of Cells

Sleepet al. [SWSG99] studied the elasticity of red blood cell (RBC) membrane
by using two-bead arrangement with optical tweezers. Two aldetig derivatized
polystyrene latex beads, attached to two diametrically opposite s of the cell,
were trapped by optical tweezers. One trap was held stationaryhile moving the
other to induce tension or compression in the cell. The force-exgon pro le was

generated by monitoring the displacement of the bead held in a statiary trap.
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To reduce the inuence of protein cytoskeleton on the force-esmsion curve for
membrane, the red blood cells were prepared by saponlysis, thataracted with
the membrane cholesterol to provide permeability of the membrane

Henon et al. [HLRG99] used optical tweezers to measure the shear modulus
of RBC. RBCs were treated with hypotonic bu er to create the sphrical or near-
spherical shapes. Silica beads were added to RBC solutions to allowrthto adhere
to the cell surface. For the experiment, RBCs having two silica beadn diametrical
position were selected from the solution. The beads were moved gweom each
other by increasing the relative distance between two traps untilre of the beads
escaped from the trap. By analyzing the nal deformed shape aritie associated
force determined from optical trapping, the shear modulus was @sured as 2.5

0.4 N/m which was in an order of magnitude lower than those found in othe
experiments. The authors addressed that discrepancy by arggirthat di erent
experiments examined di erent elasticity regimes.

More recently, Li et al. [LLLLO8] studied the deformation of the erythrocyte
cells by stretching them using optically trapped beads. The force plied through
the bead was calibrated by exposing it to a uid ow of various speedsAt a certain
power level, there existed a maximum ow velocity beyond which the las could not
hold the bead indicating the equilibrium state where trapping force ve&abalanced
by viscous drag force. The cells were stretched in a similar way as désed in
[SWSG99]. The geometry of the deformed shape of the cells was mead with the
help of image processing which was later used to calculate the traesse strain and

lateral strain. The experimental results were compared by usingeuvhanical model
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of liposomes since erythrocytes have very similar phospholipid bilageBy compar-
ing the experimental and numerical results, the shear sti ness dfie phospholipid
membrane, a proper shear sti ness was determined to minimize ther@ between
the two. The average estimated shear stiness agreed with the har published
results.

Fonteset al. [FFDT " 08] recently proposed a new method to measure mechan-
ical (apparent membrane viscosity and adhesion force) and elecal (zeta potential,
thickness of the double layer of charges) using double optical tzees. To measure
the adhesion membrane viscosity, an optically trapped silica bead whsund to a
RBC of a two cell spontaneously formed rouleaux and moved while tla¢ther RBC
was directly held by another optical trap. For the adhesion force easurement, two
silica beads captured by double optical tweezers were used to margie RBCs.
One bead was kept stationary while the other was moved in diametribaopposite
direction. An special chamber with two electrodes were built to meare the elec-
trical properties . An external electrical eld was applied throughthe electrodes.
The double layer thickness was measured by determining the ford¢eat the trapped
bead bound to a RBC experienced due to the external electricallde On the other
hand, The zeta potential was measured using the velocity of the d due to the
applied electrical eld after it was released from trap.

Laurent et al. [LHP* 02] measured the viscoelestic properties of alveolar epithe-
lial cell and compared the experimental and theoretical measuremts using both
magnetic twisting cytometry and optical tweezers technique. A silé&c microbead
attached to a cell was trapped and displaced at a low constant speby moving

26



the trap parallel to the cover slip. The position of the bead, meased by image
processing, was used to calculate the displacement of the bead treéato the trap.
The geometric parameters, i.e. cell sti ness, bead immersion angleere determined
from the microscopic images during laser trapping. The two technigs used same
size beads and the data was analyzed using the same model. Howelike authors
reported some discrepancy between the two results that occed mainly due to the
di erence in experimental conditions.

Wei et al. [WZY " 08] most recently used microrheometer based on oscillatory
optical tweezers to measure both extracellular and intracellular ogplex shear mod-
ulus with the separate measurement of storage and loss modulusnponents for
alveolar epithelial cell. Protein A coated 1.5 m silica beads were used as probe for
exterior shear modulus experiment whereas internal granule wased as probe for
intracellular measurement. To calibrate the system, a trapped bdavas forced to
oscillate along the x-direction by the application of an oscillatory optil force.

Arai et al. [AOF*00] developed a new system for high speed random sepa-
ration of microbes using optical radiation pressure and dielectropletic force in
micro uidic chamber. The system was composed of laser scanning mpulator to
trap the target microbe, electrophoretic manipulator to createlectric eld gradient
for separating the other objects from the target, and nally caplary ow in the mi-
cro channel to extract the isolated target. To avoid the direct gxosure of the target
microbe to the laser some new microtools were used which could beppad by laser
to manipulate the microbes indirectly. In a similar work, Araiet al. [AMS* 03] used
two types of microtools for indirect manipulation of living objects naraly natural
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microtool (e.g., microbe such as bacillus) and arti cial microtool (e.g microbead)
for separation of target bioorganism. An inner installation method as developed
to install the microtools into the manipulation chamber. The target nicrobes was
then transported using the trapped microtool.

In a later work, Arai et al. [AYSF04] used synchronized Laser Micromanipu-
lation (SLM) for indirect force measurement of the microbes. SLMatilitated the
trajectory control of multiple targets by using single laser. Using ISV two mi-
crotools were trapped in a certain distance. When the target micbe was pushed
by one of the microtool while keeping the distance among themselveame, the
microtool experienced a reaction force which was balanced by thapping. Mea-
suring the displacement of the microtool from the optical trap, te reaction force
was determined.

Fall et al. [FSJ* 04] also developed an optical force measurement system for the
calculation of forces in biological object, for instance, E. Coli. Thedhesion force
between E. Coli and galabiose functionalized beads was measuredgipolystyrene
beads as handles for optical tweezers. An immobilized large bead wasught into
contact with E. Coli. A second galabiose functionalized bead, trapgeby optical
tweezers, was brought close to E. Coli. The large bead was movedagvrom the
trapped bead at a constant speed (0.05m/s) until the bonding collapsed. The
maximum displacement of the bead was used to measure the bindingcta The
microscope was modi ed to accommodate a probe laser which alongwé position
detector monitored the position of a bead in the trap.

Sun et al. [SHC" 01] used irregularly shaped diamond as handles for the con-
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trolled rotation and translation of biological object. Diamond microprticles are
transparent at visible and infrared wavelength of light and biologicallynert. The
irregular shape of microparticle induced self rotation in optical trap The rotation
speed and direction of diamond microparticle was controlled by movirtge objec-
tive in the direction of laser propagation. Mesophyl protoplasts we manipulated
by tagging them with diamond micropatrticles. Controlled rotation as wll as pure
translation were achieved using diamond micropatrticles.

Ferrari et al. [FEC* 05] used two di erent setups to create multiple traps for
indirect manipulation of biological objects. One of the setups usedObD (accousto
optics de ectors) to achieve de ection of laser fast enough to nraain multiple traps
by sequential sharing of the laser beam. However, AOD could onlygwide planar
trapping con guration. The second setup used DOE ( di ractive opical elements)
that converts a specied illuminated beam into a beam with desired digbution
of amplitude, phase or polarization. 2 m RGD coated latex beads were trapped
in a circular con guration by using AOD based multi-trapping system.By varying
the diameter of the circular pattern the trapped beads were mogleclose enough
to the cell such that RGD allowed the bead to adhere to the cell. Theett was
shrunk or stretched by varying the circular pattern to investigaeé the cell reaction
to the mechanical stimuli. The same cell was manipulated using an impexd 3D
multitraping system based on DOE.

Ichikawa et al. [IAY * 05, IHE" 06] proposed a new method for manipulation of
biological objects by instant creating and destroying the microtdo The microtool

was formed by local thermal gelation using the laser power. Afteranipulation the
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microtool was dissolved by turning o the laser.

Kress et al. [KSGRO5] investigated the binding mechanism of morphage cell
during phagocytosis using uctuating bead in optical trap as a locaprobe. By
optimizing the numerical aperture of the trap and thereby contrliing the trapping
position of the bead, a stable 3D position detection was achieved. &trapped bead
was moved close to morphage cell. The bead was coated with ligandsrigger the
phagocytic binding process. Four di erent types of ligands were ed: Immunoglob-
ulin G(lgG), complement, bacterial lipopolysaccharide (LPS), andwadin. The dy-
namics of the membrane binding events was monitored using PFM (Pioaic force
microscopy).

Miyata et al. [MRBO02] used optical tweezers to study the e ect of temperatear
and opposing force on the gliding speed dicoplasma mobile 1.1 beads were
attached to gliding M: mobile cells and held into optical trap to apply enough force
to stall their forward movement. The authors found that the glidirg mechanism
is composed of at least two steps. One step generates force while other allows
displacement.

Taka et al. [THMO3] studied the dynamic behavior of swiss 3T3 broblast
membrane by using an optically trapped polystyrene bead as a praob& polystyrene
bead coated with BSA was captured with optical trap and brought ito contact with
cell edge. The image was recorded for 1-2 mins. The experimentsemeonducted
at three trap sti ness (0.024, 0.053, and 0.090 pN/nm). The analys demonstrated
that the protrusion and withdrawal of the cell edge occurred at on-uniform veloc-
ities and dependent on sti ness.
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Most recently Pozzoet al. [PFAT " 09] used optical tweezers to study the
chemotaxis behavior of agellated microorganismL@ashmania amazonensis) by
observing the force response when exposed to a gradient of attive chemical sub-
stance. The propulsion force of the agellum df: amazonensis was measured by at-
taching a polystyrene bead using optical tweezers. The displacarhef polystyrene
bead from the optical trap was used to measure the propulsion éa. The protozoan
responded to the glucose gradient by circular and tumbling motion velneas swam

erratically in the absence of any gradient.

2.1.4 Comparison with Other Approaches for Manipulating Qs

Cell manipulation is an important steps both for medical experimentand
making fundamental advances in biological sciences. Hence di eréachniques have
been developed for manipulating cells over the years. In this sectjome compare
indirect optical manipulation with other well-known techniques for maipulating
cells.

Dielectrophoresis involves manipulation of dielectric particles using tieavarying
electric- elds. This method has been successfully used to manipudatells [AOM 99,
AZ88, WKI* 93, NKHM97, DKB99]. Magnetic manipulation involves tagging cells
by magnetic particles and then using the time varying magnetic eld tanove the
particles and hence the cells [HJB03, dVKvDKO05, WGB03, LHWO04]. Both of these
methods place restrictions on the types of cells that can be maniptéd by these
methods and the environments in which the cells should be manipulatedore-

over, it is very di cult to achieve independent placement control oer multiple cells
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concurrently.

Recent advances in silicon and polymer based micro-electromechahgystems
have been exploited to develop microscale grippers that can hold indival cells
and arrays of cells [JILOO, CL0O5, WUHO04, KCL 03, JIP* 02]. These methods utilize
customized grippers to grasp cell. These grippers are used in caowon with
mechanical micromanipulators to move cells. These grippers are meton gurable
to allow for changes in the cell shapes. Moreover, only limited eld ofiew is
available for imaging while the gripper is holding the cell. Integrating muiple
mechanical manipulators together to perform multiple independenbperations is
challenging due to workspace limitations.

Micro uidics, when combined with e.g. electro-osmotic actuation came a
powerful tool to steer a small number of objects. It has been @lin to be a useful
technology for cell manipulation [WBCO03, ACPSO05, YLJY06, OZDFO08]However,
uids are incompressible and thus harder to focus than optical tygs. Micro uidics
also generally requires a closed system for controlled ows and thomakes further
manipulation of the sample (e.g. insertion of a micropipette or a chemattractant)
di cult unless integrated with the micro uidics device. Micro uidics is a promising
technology for gross motion and can be combined with the optical migulation
techniques for ne motion control.

The existing research clearly shows that cells can be manipulated kysehing
microspheres to them and optically manipulated the microspheres. a\anticipate
that an increasing level of autonomy in the eld of optical tweezerwill enable
manipulation of cells using multiple di erent microspheres without a nee for the
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microspheres to be physically attached to the cells. Such capabilityilwfurther
enhance the eld of indirect manipulation of cells using optical tweere Moreover,
optical tweezers can be combined with gross manipulation technicue.g. micro u-
idics, dielectrophoresis etc. to provide high throughput as well asgxise control of
manipulation.

We have tabulated the di erent optical tweezer set-ups as well abe type of
biological objects, size and type of gripper objects, and the typef manipulation
operations being performed, to bring out the common featuresdahcan be observed
across this research domain. Table 2.1 summarizes the tweezeriget, whereas
the remaining information is presented in Table 2.2. It may be noted he that
we have clustered together all the work published by researchdyslonging to the
same research group in the same row and used certain abbreviasido represent
the tables in a more compact form. NR refers to the fact that the grticular data
is not reported in the cited paper; PS, Sl, Gl, and Lt stand for polystrene, silica,
glass, and latex respectively, gripper object size refers to the diater, and the two
entries in the objective lens parameters column denote magni caticand numerical
aperture values respectively.

It can be seen from Table 2.1 that Nd:YAG and Nd:YVQ are the two most
popular laser types. The lasers are always operated in the infradneegime, although,
the speci ¢ wavelengths may vary from (790-1064) nm. Usually, ¢hlaser power is
kept quite low (mostly below 300 mW), even though in few cases muchgher
values are used. Typically, very high magni cation (100X) and numézal aperture
(1.2-1.4) objective lens are used. Only in few cases, lens having 40,05 63X
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magni cation, and numerical aperture of 1.0 or 0.6 are utilized. Unlikenost of the
tweezer set-up parameters, lot of variation is observed in casetloé gripper object
size (shown in Table 2.2). Although in quite a few cases, bead size withire range
of (1-2.5) -m are selected, in certain cases, beads as small as 75 nm in diamater
used, whereas, in other cases, beads as large as-h0 diameter are utilized. Biotin
and streptavidin are commonly used as coating materials to facilitatdhe binding
of beads with the biological objects. It may also be noted here thatretching or
pulling is the most prevalent form of manipulation as it enables charagtization of
biomechanical properties and provides information on the underlygnmechanisms
behind physiological processes.

Moreover, rotation is never merhed, although

some papers on direct optical manipulation of cells have looked intoish

Table 2.1: Summary of optical tweezer setups

Papers Laser type Laser power Wave Tength Objective Tens pa-
rameters
[AYA * 99, Nd:YAG, Nd: 150 mwW, 1 W 1064nm, 1053nm 100X, 1.3
MYK96, YLF
NMY * 95,
THMO3]
[AYA * 99, Nd:YAG, Nd: 150 mW, 1 W 1064nm, 1053nm 100X, 1.3
MYK96, YLF
NMY * 95,
THMO3]
[BSK¥ 99, Diode laser 200 mW, 500 mW 829 nm, 1064 nm 100X, 1.2
BLL * 01]
[BGS90, Nd:YAG, NR 1064 nm 100X, 1.3
SSSB93, Nd:YVO 4,
WYL * 97, Nd:YLF
VSB99]
[BTER ¥ 02, Nd:YAG, Ti:Sa W 1064 nm 100X, 1.25
MCB * 06]
[CSS05] NR NR NR NR

continued on next page ...
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continued from previous page ...

Papers Laser type Laser power Wave length Objective lens pa-
rameters
[FSS94] Nd:YLF NR 1047nm 63X, 1.4
[KB97, Nd:YAG 1.5W 835 nm, 1064 nm NR,1.2
DWLBO0O,
LOS* 01,
LBTO7,
MWL * 07,
WML * 07]
[STNS™ 05] Ti:Sa 200 mW 830 nm NR
[AMS ¥ 03, Nd:YVO 4 4.98 W, 200 mW 1064 nm, 860 nm 100X, 1.3
IAY * 05,
IHE * 06]
[LHP ¥ 02, Nd:YAG 600 mW 1064 nm 100X, 1.25
HLRG99]
[PFAT ¥ 09] Nd:YAG NR NR 100X, 1.25
[KMHY97] Nd:YAG 300 mW 1064 nm 100X, 1.3
[DGWW97] Nd:YLF 3W 1047 nm 100X, 1.4
[HBMMO2] Nd:YAG 600 mW 1064 nm 100X, 1.3
[JSGF04] NR NR 1064 nm NR
[PQSC94] Nd:YAG 100 mW NR 63X, 1.4
[SWSG99] Nd:YLF NR 1047 nm 63X, 1.4
[VBW * 98] Nd: YAG NR 1064 nm 100X, 1.3
[RHX * 04] Nd:YAG 25 W NR 100X, 1.3
[BVHS09] Nd:YVO 4 NR 1064 nm 100X, 1.3
[CVJ T 05] Nd: YAG NR 1064 nm NR, 1.45
[SL97, SSL9s, Nd:YAG 150 mW 830 nm, 1064 nm 100X, 1.3
SHRS02]
[WSY ¥ 02] Nd:YAG NR NR 100X, 1.35
[WCMF95] NR NR NR 100X, 1.4
[DLP * 07, Nd:YAG 1w 1064 nm 60X,NR
PPM * 05,
PPM * 07]
[FEC ¥ 05] Nd:YAG 15w 1064 nm 100X, 1.3
[FFDT * 08] Nd:YAG 60 mW; 30 mW; 15 | NR 100X, 1.25

mwW

continued on next page ...
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continued from previous page ...

Papers Laser type Laser power Wave length Objective lens pa-
rameters
[KYT ¥ 01] Nd: YAG NR 1064 nm 40X, 1.0
[CLLLO8] Nd: YAG I5W 1064 nm NR
[SHC™ 01] Nd: YVO 4 50-500 mW 790 nm 50X, 0.6
[WZY * 08] Nd: YVO 4 NR 1064 nm 100X, 1.3

Table 2.2: Summary of materials, size, and manipulation type

Papers Biological ob- | Gripper  ob- Gripper coat- Gripper ob- Manipulation type
ject ject ing ject size ( m)
[AYA 799, -Actinin, PS Galsonin, BSA Translation, Stretch-
MYK96, Swiss 3T3 ing, Tying knot
NMY * 95, broblasts,
THMO3] Actin, HMM,
DNA
[BSK* 99, -phage Polystyrene Streptavidin 25 Stretching
BLL * 01] DNA
[BGS90, Kinesin, SI, PS BSA 0.2-0.6 Tracking
SSSB93, DNA
WYL * 97,
VSB99]
[BTER ¥ 02, DNA, Ki- Sl Streptavidin 1 Translation, Stretch-
MCB * 06] nesin ing
[CCO5] Kinesin Sl NR 1 Keeping bead sta-
tionary
[CSS05] DNA of type PS, Au Streptavidin 1 Forming DNA- DNA
A and type B linkage
[FSS94] Actin la- SI, PS NEM 1 Straightening,
ment Pulling
[KB97, RNA  poly- Carboxylated Streptavidin, 2-34 Stretching, Pulling,
DWLBOO, merase, PS, SI T12 antibody, Relaxing
LOS™* 01, Titin, RBC, T51 antibody
LBTO7, P5ab RNA
MWL * 07, and corre-
WML * 07] sponding
DNA
[STNS* 05] Cell organelle | Lipid granules NR 0.075 Moving
[SHCT 01] Type 1 Pro- PS Streptavidin, 217 - 6.7 Stretching
collagen Biotin
[AMS ¥ 03, Yeast, DNA, PS NR 3-10 Pushing, Indirect
IAY * 05, Viruses transportation
IHE * 06]

continued on next page ...
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continued from previous page ...

Papers Biological ob- Gripper  ob- Gripper coat- Gripper ob- Manipulation type
ject ject ing ject size ( m)
[LHP T 02, Fibronectin, Carboxylated RGD 21-5 Application of force
HLRG99] RBC Sl
[PFdT * 09] P. L. amazo- | PS NR 9 Translation
nensis
[KMHY97] Kinesin Lt Kinesin 1 Bead is kept station-
ary
[DGWW097] Actin Polybeads Myosin 1 Stretching
amino
[HBMMOZ] DNA Lt NR 0.2 Stretching
[JSGF04] Kinesin Gl Kinesin 0.430 Allow brownian mo-
tion creating weak
trap
[PQSC94] phage DNA | PS Streptavidin 1 Stretching
[SWSG99] RBC mem- | PS NR 1 Tension
brane
[VBW 7 98] Actin, HMM Lt, Gl NEM myosin 11 Stretching
[BVHS09] Kip3p(His6- PS NertrAvidin 0.528 Friction generation
Kip3p-
EGFP)
[CVJI 7 05] Myosin-V, F- PS Myosin-V 1 Moving
Actin
[SL97, SSL98, phage DNA | Lt, PS Streptavidin 3.2 Grafting, Stretching
SHRS02]
[WSY * 02] Myosin, Polybeads- Myosin 1-3.38 Translation
G-actin amino
[WCMF95] Myosin-V, SI Aminoprofyl 0.3,0.8 Trapping
Actin surface groups
[DLP * 07, Blood cells, | SI Streptavidin 5 Tagging
PPM * 05, T-cells, HL
PPM * 07] 60 cells
[FEC F 05] E. Coli, Eu- Lt, Sl RGD contain- 2 Stretching, Shrinking
karyotic cells ing peptide
[FFDT *08] RBC Sl NR NR Pulling
[KYT ¥ 01] DNA Water droplet No coating 10 Translation
in oil
[LLLLO8] T7 RNA Microspheres Streptavidin, NR Pulling
polymerase Anti-
dioxygenin
antibody
[WZY ¥ 08] Human lung Sl Protein A 15 Oscillating the
epithelial trapped bead
type 2 cells

2.2 Hybrid manipulation systems

There is a growing interest of using hybrid system rather than a siteg ma-
nipulation system for some synchronized biological studies that aret possible
otherwise. An example of such capability is combining gross manipulatiovith

targeted single cell studies. Sotet al. [SEPGO08] show the usefulness of single cell
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Figure 2.5: Schematic illustration of a electromagnetic-micro uidic hybrid cell
manipulation system (Image source: [Lee05])

studies in identifying important physiological phenomena which weredditionally
studied over a population of biological studies. Experiments by usingross ma-
nipulation can only provide the average response over a populatioh aells. This
does not show whether the result is because all the cells respond hie same way
or in a all-or-nothing fashion or in a combination of both. To answer th question,
a targeted manipulation capability needs to be added with the grossanipulation
system. This section presents the literature focused on hybrid migulation systems.
A hybrid system combining micro-electromagnetic and micro uidics is@mon-
strated by Lee [Lee05]. The magnetic peaks can be controlled to direhe cell in
a prede ned path inside a micro uidic channel. A schematic of the hyfid system
is shown in Figure 2.5. The author demonstrates its capability by manipating
magnetotactic bacteria and neutral yeast cells tagged with magte beads.
Schmidt et al. [SYELO7] developed a hybrid opto uidic system to guide the cell

transport in a desired direction. A schematic of a opto uidic trappirg system is
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Figure 2.6: Schematic illustration of a opto- uidic hybrid cell manipuation system
(Image source: [SYELO7])

shown in Figure 2.6. The solid optical guide provides scattering opticéorce to
push the cell in the direction. The optical force can act in a long ramgto provide
targeted manipulation.

Most of micro uidic devices are built from polydimethylsiloxane (PDMS)
which is transparent to laser. That makes it suitable to be combined ith opti-
cal tweezers. Because of its high precision in manipulation optical éezers is a
popular choice where single cell analysis is a necessary step in bioldgitalies. A
schematic of such system is provided in Figure 2.7. Micro uidics prowdgross ma-
nipulation facility to bring the objects in the workspace where rest fathe targeted
manipulation is provided by OT. This hybrid system is particularly important to
study how individual cells respond to di erent environment changem their vicinity.
Multiple channels of micro uidics can be used to supply di erent growh solutions
to change the environments in the vicinity [ESL10]. Umeharaet al. [UWIYO03]
developed a similar system to monitor responses of cells in di erentv@émnment.

Cells are trapped and transported by OT in di erent compartmentsof micro uidic
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Figure 2.7: Schematic illustration of a OT-micro uidic hybrid cell manipulation
system (Image source: [SEPGO08])

chamber representing di erent environments.

MacDonald et al. [MSDO03] use OT-micro uidics hybrid systems to sort rare
cells from a large population. OT is used as a complementary device thmovides
ne manipulation to sort the individual cells in their respective contairers, on the
other hand, micro uidics provide gross manipulation to bring the poplation to the
workspace of OT. A schematic of a hybrid cell sorting system in shovin Figure 2.8.
Wang et al. [WWS10] use robotics technologies to automate the cell sorting incu

a hybrid system.

2.3 Robot Motion Planning and Control

Planning is an essential part for any autonomous robotic system.hé&re is a

huge potential for automated planning and control in the eld of mico manipulation
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Figure 2.8: Schematic illustration of a OT-micro uidic hybrid cell sotting system
(Image source: [MSDO03])

[BG13]. In most of the autonomous systems planning is used as a highelelayer
which splits out the desired waypoints for the robot and an underlymp control layer
is dedicated to ensure that robot is following the path which is knownsatracking.
Control is a vast research eld on its own. This dissertation is only fused on
developing novel planning algorithms to facilitate cell manipulation. Hwece, the
control approaches encountered only in micro-manipulation usingptical tweezers
are discussed.

Robot motion planning problems can be broadly classi ed into two cagmries,
namely, deterministic planning and planning under uncertainty. Inte rst category,
the motion planning algorithms assume that the sensor data precigee ect the
current state of the world and the motion of the robot is always detrministic. In the
second category, these assumptions are not considered andplanning algorithms
explicitly deal with sensor and motion uncertainties. Additional comiication for
robotic motion planning is the inherent latency between the sensomd motion

controller, leading to increased reaction time to new sensory infoation.
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In both the cases, the underlying state space (also known as a gura-
tion space or C-space) is either discretized and then searched gsgraph search
techniques including graph search algorithms [LaV06],decision theticeapproaches
[CTS11], or sampled using the sampling-based planning algorithms [La8]0 The
explicit representations of the state space include, e.g., a visibility @ph [LP83],
road map [LaVO06], Voronoi diagram [GL0O4, LaVO06], or lattice-basedepresenta-
tions [LaVO06].

Some of the most common graph search algorithms include Breadtht search,
Depth- rst, Dynamic programming (Dijkstra), and A* [HNR68]. Oft en time, graph
search is equipped with suitable heuristics to direct the search fonding the op-
timal solution in minimum time. The heuristic function biases the searcho the
required direction. The heuristics are generally developed by the arsbased on
the objective of the planning. Graph search algorithms have to berqwvided with
a graph representing the workspace of the robot. The workspgaor state space is
generally created using on-board or remote sensor information. okever, in the
real world, sensors cannot provide perfect information in most tfie cases due to
the latency between sensors and controller, highly stochastic na¢ of the envi-
ronment, etc. Classical graph search algorithms can be proved lbe ine cient in
dynamic environment where the state space and hence the resultigraph changes
rapidly since the planning has to be started from scratch every timibe state space
is updated. To address the problem of motion planning under uncaitty, Koenig
and Likhachev [KLO5] used heuristic based search with the reuse pafst informa-
tion about the environment for fast replanning in unknown terrain.Fergusonet al.

42



[FLSO5] modi ed the same heuristic based search to be able to get@s=ptimal
trajectory in a given time interval.

Graph search algorithms were frequently used for automated mgnlation
using optical tweezers. Wuet al. [WTSH10, WSH11] developed a similar A*
based approach for automated transport of directly trapped tis using OT. In that
approach, the cost function is designed such that smooth pathseacomputed to
ensure reliable transport of cells. Chowdhunet al. [CTW™13] developed A*
based path planner with a novel cost function for gripper-baseditomated indirect
manipulation of cells using OT.

Decision theoretic approaches have been popular particularly besa of their
inherent capability to handle both action and sensor uncertaintiedViost of problems
with uncertainties can be modeled as a Markov decision process whagsumes the
current state of the robot only depends on its previous state andction. If the
uncertainties can be modeled perfectly using the state transition adel, decision
theoretic approaches can be proved to be much useful since unlg@ph search
algorithms they do not need to be recomputed every time the grapthanges. The
solution of a decision theoretic approach is a policy which maps the stanto action.
For a given state the robot can execute the optimal action from thcomputed policy.
The main criticism of decision theoretic approaches is the dimensionairse. The
state space grows exponentially with the increase in dimension. Sinit&eomputes a
policy, the cost function (known as value function for decision theetic approaches)
need to be computed all over the state space. Deahal. [DKKN93] developed an
algorithm by combining depth rst search and MDP. An initial path is computed
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using breadth rst search and corresponding policy is generatecsing MDP by
creating an envelope of states only along the initial path. As the ra starts
executing the plan the planner iteratively update the policy by consiring a bigger
envelope with more states. Although this reduces the planning timet, provides
a sub-optimal solutions since the planner does not consider the idatate space.
For instance, if the two consecutive policies de ne con icting actios, robot may
need to take a much expensive detour to reach the goal. LarocheafQ0] uses an
initial path computed by Dijkstra algorithm and decomposed the pdt into multiple
segments. Each segment is treated as an independent MDP to cantgthe optimal
path in multiple segments. Finally all the paths using multiple MDPs are ambined
to compute the nal path.

A discrete version of the in nite horizon MDP was applied to steer eible
bevel-tip needles inside soft tissues in [AL@5]. Banerjeeet al. [BG08, BPLG10]
developed a partially observable MDP based planner for automatedansport of
a particle in an environment with obstacles. They further extendethe planner in
[BCLG12, BLGO09] for automated transport of multiple particles. Tkey introduced a
time parameter in the convergence loop to enhance the computatal speed and ac-
curacy in deriving the safest paths. In order to incorporate therépping uncertainty
into the MDP framework, they have developed a physically accura@mulation ap-
proach incorporating all the forces acting on a freely di using paitle in a uid
medium [BBGL08, BBGL09, BLGGO09]. The output of the simulation franework is
a trapping probability table at discrete locations of the OT workspae. However,
the timestep of the micro-scale simulation has to be small (in the ordef microsec-
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onds). Hence, they run the simulations o ine and generate a lookutable which is
used for the online planning. Later on, Patreet al. [PDB* 12] used GPU to speed
up the computation of trapping probability and showed a 356 times gedup over
CPU computation performed by Banerjee et al.. Balijepallet al. [BLG10, Balll]
also showed similar speedup over CPU for nano-scale simulations efefy di us-
ing particles in a uid medium. Bista et al. [BCGV12, BCGV13] extends the
simulation approach for real-time prediction of forces due to intecéion of multiple
optical traps in a particle ensemble using GPUs. Chowdhurgt al. [CSW' 11] used
the MDP framework to compute path for manipulating particles insideDT-assisted
micro uidic chamber under the in uence of uid ow.

Sampling based algorithms are particularly useful for planning in highdimen-
sional space since it does not require to explicitly construct con gation space. Two
popular sampling based algorithms are Probabilistic roadmap (PRM) anhRapidly
Exploring Randomized Tree (RRT). PRM planner [CLH 05] samples the workspace
to construct a roadmap which is equivalent to con guration spacera uses a graph
search algorithm to compute path on the roadmap. The e ciency othe algorithm
is lying on the implementation of an e cient collision detection algorithm and a
robust sampling algorithm that can nd feasible path. Ine cient sampling some-
times lead to invalid path in case of narrow spaces. On the other hgndRT based
planner [LaV06] creates the map and the optimal path simultaneolys hence does
not require an additional graph search.

Missiuro and Roy [MRO06] in their Probabilistic Roadmap (PRM) planner mde

the sampling of the state space biased to specic state space ad®y calculating
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the collision probability for certain sampled states. The Rapidly Explang Random
Tree (RRT) algorithm was modi ed by representing the extended ndes by a distri-
bution of states rather than by a single state [MS07] for planning wer uncertainty.
Another extension of RRT was presented in [FSL0O9] in which an anytinalgorithm
was developed that was able to react to changes of the environrhand make ap-
propriate re-planning. The nodes were sampled in [GHKRO09] accordito a suitable
probability distribution and thereby an uncertainty roadmap was deeloped. A sam-
pling RRT based algorithm was developed by Jet al. [JLYS11la, JLYS11b] for
automated OT-based transport of cells in 3D.

Trapping force is zero at the focal point of the laser. Hence, pastes that are
less than 1 m can exhibit Brownian motions inside the traps. Sometim&ownian
motions lead the particles escape the trap. Balijepalket al. [BGGL12] used a
feedback controller that can actively control the position and asgiated laser inten-
sity of the trap to increase the lifetime in trapping nanoparticles. Tk feedback is
achieved by a simple proportional controller to control the laser iensity based on
the location of nanoparticles from the center of the traps. The csed loop controller
actively changes the laser power and position in order to reduce thscaping of the
nanoparticles from the trap. With the controller on, they have seea 26 and 22
times increase in trap lifetime for 100 nm and 350 nm gold particles resgively
without any corresponding increase in laser power. Huaegal. [HZM09, HWC™ 09]
used a similar feedback loop based on proportional control law in @dto control
the Brownian motion of an optically trapped probe. As the probe sizgoes down
to submicrometer or nanometer scale, the di usion rate due to Bvenian forces in-
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creases with a rapid decline in stabilizing force from the optical trapHence, the
probes in submicrometer or nanometer scale used for many biologjiteeasurements
produce noisy data. Although the stabilizing force can be increaséy increasing
the laser power that might in ict photodamge to the biological sampls. The au-
thors by using their feedback control were able to decrease tharaance of their 1.87
m optically trapped probe's Brownian motion. Gormanet al. [GBL12] also used
feedback control for suppressing Brownian motion of micropartes inside optical
trap. Chenet al. [CCWS10, CS11, CS12, CWL13] used a potential eld based
open loop controller to move a collection of optically trapped cells to aedired
region while avoiding collisions with each other as well as freely di usingofects
in the workspace. Liet al. [LWS13] also used a potential eld based controller
with vision feedback for reliable positioning of cell to the desired lodanh in the
workspace with optical tweezers. In another work on manipulationf a swarm of
microparticles Chenet al. [CCS11] developed a multi-step approach for assigning
goal locations to the individual agent to maintain their formation. A @en loop
controller is designed to move the microparticles to their assigned ajdocations
with optical tweezers. Rather than focused on controlling the pdsn of an optical
trap, Li and Cheah [LC12] developed a region based controller to tamatically
transport a cell. The shape and location of the region can be dynaraity changed
to transport the cell precisely. Wanget al. [WYCS12] developed a controller to
automatically move the motorized stage while keeping the optical tps stationary
to move a group of cells to their desired locations inside a micro uidic ember.
In a separate work Wanget al. [WCK™ 11] used optical tweezers to automatically
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move the cell to the desired direction in order to enhance sorting etion inside a
micro uidic chamber. Wu et al. [WSHX13] integrated a proportional-integral (PI)
controller with A* based planner to achieve a stable and precise traport of cells.
Hu and Sun [HS11] developed a closed loop controller to precise positig and
transport of multiple cells while maintaining a certain pattern. Liet al. [LCHS13]
developed closed loop controller based on dynamics of optical trayp S§imultaneous
trapping and manipulation of cells.

A summary of the literature review and the main issues related to thisection

are the following:

Heuristic based planning approaches [WTSH10] are e cient. Howewethe
cost function needs to be chosen carefully based on the planningrsario and
objectives. Correspondingly, the underlying state-action spacepresentation

needs to re ect the requirements of a particular planning domain.

Decision theoretic approaches can incorporate uncertainty intdé planning.
However, they are computationally expensive and not suitable whehere is

a need for fast replanning.

While sampling based algorithms are suitable for planning in high dimensiain
space, they are not suitable for planning in randomly changing dynamenvi-
ronments where the roadmap needs to be constructed again oetplanner has
to be equipped with a reactive planning component that will take coective

action based on the current scenarios.

Planning has to be integrated with feedback control in order to reltay trans-
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port the particles with optical tweezers.

2.4 Robotic grasping

In this section, we will present literature on robotic grasping closelselated to
the problem of automated indirect transport of cells.

The overall problem of nding a suitable gripper con guration is closky related
to the problem of robotic grasping [Mas01]. One of the basic requirents of robotic
grasp is to immobilize the object by preventing its motion due to undé@sble external
forces, which is characterized by form and force closures. A grasn be considered
as form closured if it immobilizes the object based on frictionless poiobntact. On
the other hand, force closured grasp is able to provide the wrenom the grasped
object to balance out any external loads. Hence, the primary disttion between
the form and force closures lies in the type of the contact modeltheen the grasped
object and the restraining mechanism [Bic00].

Mason [Mas01] divides the robotic grasping into three di erent issge The
rst issue concerns the analysis that determines whether closuapplies on an object
with a given set of contact points, and possibly other information. Buleux [Reu76]
showed that the minimum contact necessary to achieve the form slare for a rigid
body in n dimensional space is1 + 1. The second issue concerns the existence
that determines whether a set of allowable contacts exists to prioe closure on an
object. Mishraet al. [MSS87] proved that any object with any kind of rotational
symmetry cannot be fully immobilized with only frictionless point contats. Hence,

only a relative form closure [ZD07] can be achieved. The third issuencerns the
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synthesis that determines a suitable set of contacts to achieve slwe for an object
with a set of allowable contacts. Grasp synthesis is much more chaligmg problem

compared to the other two. Various grasp synthesis algorithms Y& been proposed
[ZW03, ZDO07]. Another stream of research deals with the quality of grasp by

developing di erent metrics [RSCO08].

The synthesis problem is cast as a multi-objective optimization probie in
[MDS10] where quality metrics are combined with closure propertieQur problem
is challenging due to small size scale involved and the uncertainty in piag the
beads at the correct locations. Moreover, we want to minimize thetansity of the
laser beam experienced by the gripped object resulting from the p&ment of the
con gured gripper silica beads. Finally, we want to transport the whle ensemble
that consists of a gripper and gripped object, against the dragre resulting from
the resistance of surrounding uid medium. Thus, we need additiohaalidation of
robustness that will specify the maximum speed using which the enggle can be

transported without collapsing the gripper con guration.

2.5 Pushing based manipulation

In this section, we will present literature on robotic pushing closelyetated to
the problem of automated indirect transport of cells.

Akella and Mason [AM92] generated open-loop feedback plans to puspolyg-
onal object using a fence. Balorda and Bazd [BB94] reduced motiaoncertainty by
pushing an object rather than using expensive xtures arrangeemts. Lynch and

Mason [LM95, LM96] generated a collision-free path for stable pusfg of a heavy
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object with multiple pusher objects. Abell and Erdmann [AE95] usedhe idea
of stable support to manipulate an object with a known gravitationaforce and a
small uncertainty in its pose. Aiyamaet al. [AII93] used pivoting as a method of
automated non-prehensile manipulation. Erdmann [Erd98] implemestl a planner
that generates a plan for non-prehensile orientation of an objeasing two palms
without the use of ngers to wrap it around. Cappalleriet al. [CFM™ 06] used ran-
domized motion planning techniques for planar micromanipulation taskbased on
guasi-static models. Rezzoug and Gorce [RG99] dynamically contrdllithe multi-
nger pushing operation by considering optimal force distribution ad center of
mass acceleration correction. Goldberg [Gol93] generated a sewpeeof gripping
actions in order to manipulate a part in a sensor-less setup. A similapparoach
was used by [Qia03, BOvdS02] to orient the part in any arbitrary origation. Moll
et al. [MGEFO02] used two manipulation primitives: sequencingand rolling for
sensor-less orientation of a micro-scaled asymmetric part. Thaket al. [TCW* 12]
developed rule-based automated pushing approach for indirectlyampulate a yeast
cell with an optically trapped bead. An optically trapped bead is usedat push an
intermediate bead that is not directly trapped by laser which eventally pushes the
cell to the desired location.

In summary, Objects can be transported by pushing rather thamgrasping.
Transporting a cell by pushing requires a feedback control in ordéo retain the

beads in a formation.
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2.6 Summary

Optical tweezers is a wonderful instrument for precise manipulatioof biolog-
ical objects. It is very popular to the biologists because of its nanvasive nature of
manipulation. However, the slow speed of optical manipulation of cellson nement
to single-cell studies, and lack of widespread usage in cell biology lediories and
clinics indicate that a more systematic approach to design and contrthis complex
system may be valuable for broader implementation. Currently, optal manipula-
tion is limited to a small workspace of 100m 100 m. The workspace limitation
needs to be addressed for comprehensive study on a group of cafimg optical
tweezers. Another big criticism of optical manipulation is the detrimetal e ect of
laser to the biological objects. Novel manipulation approaches ntebe developed
with tight integration of perception, planning, and control in orderto tackle the
problem direct exposure of laser to the cell. Hence, we believe thaete are many
research issues still need be addressed to turn optical tweezats a promising gen-
eralized manipulation technique for objects in micro and nano scale. éMist them

and brie y discuss how they may help in addressing the current chatiges.

Automation: Operation automation is very important since manual interven-
tion and low throughput are major hurdles against wide adaptationfooptical
tweezers. Although some work has been done on automating traost of col-
loidal microspheres [CGD06, BCLG12, BPLG10], signi cant advanc&simage
processing and planning and control are necessary for developiefiable au-

tonomous systems to indirectly manipulate cells. Speci cally, autonti@n will
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tremendously help in re-adjusting trap and gripper positions by copensating
for the constant Brownian motion of the cells, planning optimal tragctories to
transport the cells to desired locations in the assays, and selectiagpropriate

trap intensities and speeds to maximize the operation e ciency.

Hybridization: An alternative to multi-beam tweezer systems for achieving
multi-cell manipulation lies in combining optical traps with other forms @
manipulation techniques, most notably micro uidic, magnetic, and aaustics.
Although many researchers [OPS03, LLHWO07, OCP' 07] have already de-
veloped hybrid systems to pattern cells or separate them, to theebt of our
knowledge this has not been done in the context of automated maniption.
We believe that the combination of micro uidic and optical manipulationsys-
tems holds the greatest promise in providing high speed of operati@md
positional accuracy simultaneously. In such systems, the grosstion will be
imparted by the uid ow, whereas the ne and precise positioning ofcells at

their nal locations will be performed by the optical grippers.

Manipulation without in icting photodamage Direct exposure of laser to the
cell during optical trapping may inict photodamge. Although a number of
indirect manipulation approaches have been reviewed, none of thésrmpartic-
ularly useful for transporting and positioning cell to a desired locain. Most
of the approaches take advantage of adhesive coating to attacklls with op-
tically trapped microparticles to manipulate them indirectly. Howevey that

makes a permanent bonding between cell and micropatrticle that aaot be de-
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tached after manipulation. Hence, these approaches are not fudevhere cells
need be studied for a long time interval after manipulation. A gel miabead
is proposed in [MFAQ9] that can be attached or detached from theelt at will

by UV illumination. However, that requires a UV illumination setup along
with the optical tweezers. Multiple optically trapped microparticles vithout

any coating can be used as robotic ngers to indirectly grip the cell. dv-
ever,manual control of multiple particles is nearly impossible. Novelanning
and control approaches need to be developed to coordinate thetimons of
multiple optically trapped particles to manipulate cells indirectly. After ma-
nipulation, cells can be released from the optical ngers by simply switing

o the laser.
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Chapter 3
Automated Cell Transport in Optical Tweezers-Assisted Mim uidic
Chambers

In this chapter? , we present an automated, physics-aware, planning approach
for transporting cells in an optical tweezers assisted micro uidic eémber. We use
optical tweezers to achieve e cient manipulation of cells with improve precision
inside a micro uidic chamber. The particular application of the developd motion
planning approach concerns making a uniform distribution of the celisiside mi-
croNets of the chamber to study cell signaling. We use computatiahuid dynamics
to model uid forces inside the chamber. The resulting uid forcesr@ incorporated
into the widely used Langevin equation to simulate the motion of cells. he devel-
oped simulator is used to build a look-up table for determining probabiigs of a
cell successfully reaching one of the outlets under the in uencetbe uid ow from
each location inside the chamber. The developed planner generatedlision-free
paths that exploit the uid ow inside the chamber to allow robust cell transport
while minimizing the required laser power and operational time. In adddn, the
planner utilizes the o ine generated simulation data to decide a suitale location
inside the chamber at which to release the cell to be taken by the ui@dw to one of
the outlets. The planner is based on the heuristic D* Lite algorithm tht employs
a speci c cost function for searching over a novel state-actiopace representation.

The e ectiveness of the planning algorithm is demonstrated using bo simulation

2

The work in this chapter is derived from the published work in [CSW* 11] and accepted work
in [CSW™ 13]
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Figure 3.1: A schematic overview of a micro uidic device and sequentialeaning
operation. The cells transported to empty microNets are med as green, the cells
released after moving to the edge of the workspace are maréedyellow, and the

cells released inside workspace to allow them to move towatide outlets with the
in uence of uid ow are marked as red

and physical experiments in micro uidic-optical tweezers hybrid maipulation setup.

3.1 Introduction

Cell localization, transport, sorting, and characterization are ercial in many
emerging medical and biological applications [CDS09]. We will refer todgke types
of operations as cell manipulation. In medicine, for example, diagnestherapy,
and drug delivery can be signi cantly improved by deploying specializetbbotics
technologies for manipulating cells. The ability to manipulate individual ells and
thereby conduct highly discriminating cell and drug interaction stuges will enable
development of new drugs and possibly new diagnostic procedurbattcan detect
the onset of lethal diseases at very early stages.

Micro uidics has emerged as a very promising technology to manipukatcells
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for high throughput screening [WKC 98], cell signaling analysis [FSH)8] etc. due
to its low cost, low power consumption, and ability to handle a large sgvte pop-
ulation simultaneously. However, careful control strategies mubse developed to
provide ne position control over the cells in some micro uidic chambrs (e.g. see
Figure 3.1). Another emerging techniqgue which has become very pbgr over

the last two decades in the eld of micro-manipulation is optical tweears (OT)

[ADBC86, Ash92]. OT have been shown to be a very e ective techniguor trans-

porting cells with high precision; however, throughput signi cantly &pends on the
maximum number of traps that can be created.

The advantages of these two manipulation techniques can be expémt by
combining them into a single hybrid system. In our hybrid system, we iegrated
a micro uidic chamber [FSH"08] (see Figure 3.1) into our OT system. The mi-
cro uidic chamber contains about 10000 microNets [SFCW10] (previously, they
have been termed traps, but to avoid confusion with the laser trap herein we term
them MicroNets or nets) that are created intentionally to direct tre uid ow in a
certain direction and capture cells in each microNet. However, thaumber of cells
captured in the microNets cannot be controlled by solely regulatinghe uid ow.
This results in non-uniform distribution of cells inside the chamber whitis not de-
sirable for certain biological experiments e.g. cell-cell interactionugties [DMK* 12]
in which each microNet should contain a desired number of cells to geéatsstically
accurate results.

The optical tweezers can be useful for providing ne control fomoving the
excess of cells from crowded microNets to the nets with insu cientumber of cells

57



or by releasing the cells in suitable locations to be taken by the uid owto one
of the outlets of the chamber (we will refer to this operation as cleing in this
chapter). However, the following challenges need to be addresseditilize OT in
providing micro uidics with more e cient and reliable manipulation contr ol.

Presence of uid ow  The micro uidic chamber needs to be provided with
continuous uid ow to keep the cells inside the microNets. Hence, OTheeds to
take the uid ow into account during the cleaning operation. Movingthe optically
trapped cells along the streamlines increases the reliability of the ap&on. This
allows using lower laser power to prevent damaging the cells that areambsferred
into microNets. On the other hand, in order to reliably transfer thecells to one
of the outlets of the chamber by the sole use of the uid ow, they eed to be
released by the OT at suitable positions. Although uid ow is laminar insde the
chamber, the streamlines get a ected by the uctuation in ow at the inlet, due to
the presence of clogged cells at the entry to the chamber, and lakeating. This
noise in streamlines need to be characterized to determine suitabkdease points
for the cells.

Operating space OT operates in a much smaller workspace (10&n 60
m in our setup) compared to the micro uidic workspace (see Figure 3.1This re-
quires sequential cleaning of microNets. A cleaning operation demdtin Figure 3.1
consists of moving the excess of cells from crowded microNets topgyrmicroNets
or released at suitable locations. After cleaning all the microNetsheé workspace
needs to be shifted by using motor-controlled stage. The cleaningersation contin-
ues until all the microNets are cleaned. Sometimes, cells (in case axfercells) need
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to be stored in a convanient microNet that can be used to |l empty ats in next
cycle rather than releasing them to reach the outlets of the chareh

Fast operation The cleaning operation needs to be very fast to utilize the
high throughput advantage of the micro uidic chamber. Using hologphic optical
tweezers (HOT) [CKGO02], multiple traps can be created to allow cleargnof multiple
nets in parallel. However, manual handling of multiple traps in parallel isvery
challenging due to the presence of randomly moving cells in the workse as well
as uid ow and hence makes the cleaning process less reliable and shslower.
Exposure to high intensity laser for a longer time due to slow manipul@n process
may cause photo-damage to the cells [NCI99].

In this chapter, we have developed an automated, physics-awasgmulation-
assisted planning approach for transporting cells in an environmentith obstacles
and the presence of uid ow that enables fast cleaning of microNstinside a mi-
cro uidic chamber using OT. This involves trapping of desired cells inse@lmicroNets,
transporting them to other microNets or releasing them at suitabléocations from
which the cells can be taken by the uid ow to one of the outlets of tle chamber.

In order to maximize the cleaning e ciency, we utilize o ine simulation of cells
moving with the in uence of uid ow inside the chamber to generate sipporting
data represented as ow vectors and probabilities of the cells swssfully reaching
the outlets of the chamber from all its discrete locations. We thense the generated
simulation data in online planning as opposed to using manually constitied rules.

The developed planning approach is similar to a physics-aware robobtion

planning problem where the traps themselves can be regarded abats. Our de-
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veloped approach is independent of microNet arrangements, hentan be applied
to a wide variety of micro uidic designs that focus on immobilizing cells inde the
chamber and a secondary manipulation tool (e.g. OT) can be intedeal to provide

better handle on controlling the cell population.

3.2 Simulations of cell motion in micro uidic chamber

3.2.1 Overview

Given a cellC located in the statex = [x;y]" in a micro uidic chamber under

the in uence of uid ow, compute:

all external forces exerted on the cell at the state x.

the probability preach @and the required timet,e,ch for the cell C to successfully
reach one of the outlets Xz = [X;y]" g%, of the chamber (see Figure 3.1).

Here, N is the total number of outlets.
We adopt following approach to simulate the cell motion

We use a commercial CFD package FLUENT (ANSYS, Inc. Version 130) to
model the uid ow inside the micro uidic chamber [KWLTO08]. The quality

of the uid ow vectors are tested using experiments.

We use a open source collision engine Box2D [box] to model the collisiorcé

of cells with other cells and microNets inside the chamber.

We incorporate all the external forces into Langevin dynamics egtion and
solve the ordinary di erential equation using Verlet integration sckme to get
the trajectories of the cells.
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We run the simulations for 100 times introducing a random Gaussian ise to
the uid force vectors to calculate the probability preach @and the required time
treach fOr the cell to reach one of the outletsqzi: from every location inside

the micro uidic chamber.

3.2.2 Simulation of cell motion

A cell can be considered as a particle of a spherical shape. A partiohev-
ing in a uid undergoes the e ect of a rapidly uctuating force due to random
collisions with the surrounding liquid molecules, as well as a hydrodynamndrag
force [BLG10]. These forces are closely related to each other amd enodeled using

Langevin's equation [Wei89] as follows:

V() _
St

EV(t) + p- (t) (3.1)
whereV (t) is the velocity of a particle with massm and radiusR, at time t. This
equation assumes a uid with viscosity , which is a function of temperatureT. The
drag coe cient  for a spherical particle is given by Stokes' law as ® ,,where
R, is the radius of the spherical particle. The scaling constant = pm in
Equation 3.1 is obtained by applying requirements of the uctuatiordissipation
theorem [AT99], wherekg is the Boltzman's constant. The acceleration of the

particle at the end of a uniform time stept can be written in the nite di erence

form [PDB* 12, BBGL09, BLG10] as shown in Equation 3.2.

r
At+ t)= EV(t)+ %

2 k BT Fext
m

n N(0;1) + (3.2)
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Here, the stochastic term in Equation 3.1 is replaced by normal digbution N (0;1)
and the scaling constant includes the time stept. The external force termFey
allows us to include the collision force and force due to the in uence afid ow.
Once we calculate the acceleratiod(t + t) at the end of the time step t, we
can use the velocity form of the second order Verlet integrator [¥&7] to calculate
the position (R) and velocity (V) of the particle at the end of each time [PDB 12,
BBGL09, BLG10]. The simulation time step is taken as the closest multip of
10 smaller than™ as described in [BLG10]. Before modeling the external forces
(collision, and uid force), we test the Brownian motion behavior of dreely di using
particle by excluding theF.y term from Equation 3.2. We run the simulation for 300
s without the presence of any external force and recorded thegtions of the particle
along X axis at di erent time intervals. Then we plot the distribution of change in
positions of the particles at those respective intervals. The distrition resembles
the Gaussian distribution with zero mean, which agrees with the Bravian motion
model. Then we check the standard deviation of the position-chaaglistribution
with the increasing time interval. The standard deviation increasesrgdually with
the increase of time interval, which agrees with the Brownian motionhysics. The
change in the position of the particle along Y axis at di erent time intevals follows

the same distribution as well.

3.2.3 Modeling of collision forces

We use the open source collision detection library Box2D [box] to chefor a

collision of the cell with other suspended cells and static nets. Sindgetsimulation
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time step is very small, the cell does not move much in a single time stepo we do
not need to go through any sophisticated collision force calculationg/e use Box2D
only for detecting a collision, and if a collision occurred we applied a statforce
in the normal direction of the collision point. However, checking foratlisions for
all individual cell-cell pairs and cell-net pairs would be computationally>@ensive.
Therefore, we restrict the collision checking to the vicinity of each dividual cell.
The collision engine checks for collisions of the cells and nets that lie irRLdistance

of the interested cell.

3.2.4 Modeling of uid ow

The uid ow in a micro uidic chamber is laminar since viscosity dominates
over inertia in reduced dimension [AB05]. We carried out computatiohauid dy-
namics (CFD) simulations using a commercial package FLUENT (ANSYSnc.
Version 13.0.0). We used water ¢ = 998:2 kg=m?®) as working uid. Hence, uid
ow elds are Newtonian and incompressible in nature. We used the B&n Modeler
of ANSYS to create the 2D geometry of the micro uidic chamber. Fomeshing, we
used patch conforming method which is suitable for small features the geometry.
The momentum and continuity equations are solved using the semi it method
for pressure linked equation (SIMPLE) algorithm. First order upwid scheme is
chosen for spatial discretization of momentum. A at velocity prole is imposed at
a uniform ow rate of 1200 nl/min and a constant pressure® = Pmn) boundary
condition is imposed at the outlet. FLUENT computes the uid velocity at every

node of the mesh element.
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Figure 3.2: Measurement of ow vectors: (a) Solution of 0.98 m silica beads
is pumped into a micro uidic chamber with a constant ow rate (b) Detecting the
beads from a thresholded image, (c) Tracking the beads to gate streamlines, (d)
Con ning all the trajectories into the representative patrn element (RPE) of the
micro uidic chamber, (e) Calculating the velocity vectordrom the streamlines over
the RPE, (f) Mapping the ow vectors to the workspace of the OT
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We developed an experimental procedure to qualitatively verify theelocity
derived from CFD. We pump 098 m sized silica beads into the micro uidic cham-
ber at a low enough volume rate so that we can track them using a higpeed
camera and 40X objective lens. By tracking the positions of the béswe get the
streamlines inside the chamber. To measure the velocity vector dfet beads in dif-
ferent positions of the chamber we record the images to capturkeet owing beads
(see Figure 3.2a) using a high-speed camera (at a frame rate of @) f Then we de-
veloped a MATLAB script (The MathWorks, Inc. Version 7.10.0.499 (R010a)) to
generate the trajectories followed by individual beads based onetiparticle tracking
algorithm described in [CG96]. The MATLAB script applies a thresholdingscheme
(see Figure 3.2b) to detect the beads, track them in each framedgenerates the
trajectories by plotting the positions of the beads in subsequentames (see Fig-
ure 3.2c). We used the generated trajectories to calculate theloeity of the beads
in di erent positions inside the chamber.

However, due to the small size scale, motion o8 m beads is in uenced by a
signi cant Brownian motion while following the trajectories. Hence, w need to lter
out the noise due to Brownian motion from the trajectories to retim the monotonic
behavior of the streamlines. The appearance of the net struces in our micro uidic
chamber is repetitive in nature. We de ne a representative patter element (RPE)
(see Figure 3.2d) which appears repetitively in the whole chamber. & uid ow
is dominated by the uid viscosity (laminar ow), the relative positions of RPEs
do not have much e ect on the ow. Therefore, the streamlines aund the RPEs

are assumed to be similar regardless of their relative positions insideetchamber.
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We represent all the trajectories found in Figure 3.2c with respedb the RPE
coordinates (see Figure 3.2d). In that way, we have enough trajeries that can
be averaged to Iter out the Brownian motion and retain the monotaic behavior
of the streamlines. We apply ne gridlines over the RPE to take the arage of all
velocities of the beads in each grid to remove the Brownian motion eefrom the
velocity vectors (see Figure 3.2e). For our automatic cleaning oadion we use 60X
objective lens with the uEye camera (IDS, Inc., Cambridge, MA) thiahas a smaller
eld of view. By applying the concept of repetitive patterns we mapie ow vectors
to the workspace of the OT (see Figure 3.2f).

The uid vectors computed experimentally qualitatively match with that com-
puted by FLUENT. Due to their laminar nature, the ow of 0:98 m beads is caused

by only a drag force that can be modeled as Stokes' law given by Edoa 3.3.

F = Vf (33)

This equation assumes the uid viscosity as a function of temperatureT ( =

1.002 10 2 Pa-s andT=293 K for water). The drag coe cient for a spherical
particle is given by Stokes' law as 6R ,, where R, is the radius of the spherical
particle. The uid force F causes the beads to ow and/ is the velocity of the
beads. Since we have calculated the force of the uid at each positim the chamber,
we use Equation 3.3 to develop a look-up table for all the forces adinn the
corresponding positions. The uid force acts in the direction of theuid ow which

is computed from the streamlines in Figure 3.2e. The forces at di anepositions

in the chamber are plugged intd=¢ term in Equation 3.2 for simulation.
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Although we use a at inlet velocity pro le for our uid force computation,
the uid ow velocity is a ected by ow uctuation at inlet, clogged ce lIs at the
entrance to the chamber, and the evaporation due to exposed das Since there is
no suitable way to measure these uncertainties, we apply a Gaussiamise to the
uid force at every discrete location to introduce uncertainty. Atevery location
we change the uid force from FLUENT by perturbing its direction with a random
Gaussian with mean 0 and standard deviation 5 degrees. The standlaeviation
of 5 degrees is determined by running some initial experiments by ratng a cell
at certain location of the chamber and recording its nal locations.We ran the
simulations for similar location with di erent standard deviation and close the one
that gives similar distribution of nal locations. The standard deviaion varies with
the inlet uid ow rate. To maintain the monotonic ow of streamlines we did
not change the uid force at every simulation time stept rather at every discrete

location of the chamber.

3.2.5 Workspace simulator design

In each time step t, the position, velocity, and acceleration of each cell are
advanced in the system. The acceleration of the cell at the next tenstept+ t
is calculated using Equation 3.2. Next, the position of the cell is updad using
the previous velocity and acceleration [PDB12, BBGL09, BLG10]. Finally, we
calculate the velocity of the cell att+ t using the average acceleration from the
current and previous time steps and the previous velocity. Themfe, the velocity

Verlet integration generated a list of positions, velocities, and adeeations in each
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Figure 3.3: Holographic optical tweezers (HOT) cell transport workst@n: the
image processing unit returns the positions of cells and ¢tddes in the workspace
from the camera and passes them to the motion planner, the mol@r then computes
the collision-free paths and determines the next trap pasiis for the control unit
that activates the trap positions through the spatial lighmodulator

time step. After each time step, the positions of the cells are prowd into two force
modules (i.e., collision and ow). The force value from the ow force naule is
perturbed with a random Gaussian noise to model the force uctu@n. Each force
module returns a force value depending on the position of the cell. Ale force

values are then added td- ¢, to update the external force after each time step.
3.2.6 Building of the probability table

In order to build the look-up tables for probability preach Of cell to reach one of
the outlets (Xzt) and time t..ach t0 successfully reach one of the outlets«i )
, we discretize the whole chamber into rectangular grids of dimensiw0:4 m 04
m. We set one of the grid locations as the initial stateg; = [Xinit ; Yinic |* Of the cell
and run the simulation for 100 times to record the nal stateS¢ma = [ Xfinal ; Yeinal 17

and required timest,¢q. We use the nal states and required times,., to calculate

68



the probability preach and average timet,eacn for the cell to successfully reach one
of the outlets x5 if the cell is released from that particular state. We continue
the simulation for all the grid states to build the look-up table and f or whole

chamber.

3.3 Motion planning for automated transport of cells

3.3.1 Motion planning problem formulation

Given, (1) the initial states f X = [Xi;yi]" gL, of n cells to be transported
in the OT workspaceX® X of the discretized operating spacX of the chamber,
(2) their candidate goal states x;ga g2, represented either as one of the chamber
outlets Xz or microNets within X (3) static and dynamic obstaclesf «g-;
represented either as microNets or other moving cells, (4) a prdbkty look-up
table containing probabilities preach Of a cell successfully reaching =i from each
possible discretized locationx 2 X, (5) a time look-up table containing the
average timet,eacn required for a cell to reachx s for eachx 2 X, and (5) a uid

force map de ning a uid force vector for eachx 2 X, compute:

collision-free trajectoried g, for n laser traps to transport the cells either to
their target microNets or release locations within OT operating spac ©, while
following uid ow streamlines in order to maximize the cleaning reliability &

well as operation speed.

3.3.2 Assumptions

We made the following assumptions:
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We approximate cells as perfect spheres of radits,.

We assume the optically trapped cells move with the same velocity aseth
traps. This is ensured by selecting an operating speed using whicletheads

can be reliably trapped by the laser traps [BBGLO09].

3.3.3 Motion planning approach

Since the micro uidic environment is dynamically changing due to uid owv
and Brownian motion of cells, the required trajectories for the cellgwust be fre-
qguently replanned. The architecture of the cell transport workation is shown in
Figure 3.3. The imaging unit needst 4 to process the image sequence and the mo-
tion planner needst , to generate collision free trajectories. The total time taken
by imaging and motion planner unit (t4 + t,) is determined by the control unit
update, which is about 66 milliseconds. Hence, we need a fast repliagnscheme to
be able to compute the trajectory within the planning time interval t ,.

Our motion planner adopts the fast heuristic search algorithm D* L [FLS05]
to nd an e cient trajectory for a single cell from a given initial Xg: to a goal Xgoa
position. The algorithm functions similarly as a backward version of # A* al-
gorithm [HNRG8]. It incrementally expands the states fronXgoa t0 X . During
computation of a trajectory, all the remaining cells and microNetsra considered as
obstacles. The heuristic is used to guide the search in order to erdahe minimum
number of states and thus maximize planning e ciency. During the s&ch, the
planner maintains a set of states named as open setxf. It contains the states

that are more likely to be expanded next based on their cost in a prioy queue. For
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replanning, the planner reuses the history of the search from preus planning time
interval by maintaining the same open set (%) throughout the entire planning hori-
zon. When the cost of a node is changed due to the change in OT wapkce states
X C the planner immediately inserts the node into (%) and continues expanding
the node with the lowest cost until a new trajectory is evolved. Thiallows the con-
troller to e ciently launch multiple plans corresponding to multiple trap s in order
to transport multiple cells simultaneously. The algorithm terminates Wwen each cell
reaches its goal positiorkgss. The following sections present the state-action space

representation, cost function, and planning algorithm itself.
3.3.3.1 State-action space representation for planning

The state space of OT is represented as a 2D rectangular grid simeztranslate
cells only inx y plane. The discrete statex = xX;yX of a cellC is thus de ned

as a vector of its positionx¥ at time step k corresponding to a particular grid cell.

lation actions uf; and a singlerelease action Uk available for execution at a given
time step k. By executing therelease action 0¥, the cell is immediately released
from the trap allowing the uid ow to transport it to one of the goal states X;goa -

All linear actions can be represented mathematically as follows.
2 3

Xk
aoxfyk=§ (3.4)
yk

where x and y are the linear translations alongX and Y axis, respectively.

When the optical trap executes an actioni¥ at time step k, it transitions from
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Figure 3.4: lllustration of cost-to-go g(x9, transition cost t(x; %9, and heuristic
h(Xgit ;%)

Xk to xk*1 using the following equation.
8

Eik + Uk for the linear actions
Xk = (3.5)

3

* Xj:goal for the releaseaction
3.3.3.2 Cost function

The planning algorithm iteratively expands the states from the priaty queue

(open set (%)) with their key values [FLS05] computed as

key(x) = [keyi(x);key(X)];

[min (g(x); rths () + h(Xm ; %); (3.6)
min (g(x); rhs(x))]
g(%) is the optimal cost-to-go fromx to Xgeai, h( Xmit ; %) is the heuristic cost estimate

of the trajectory betweenx and Xz , and rhs(x) is the one-step look-ahead cost
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Figure 3.5: m coupling cost function: (a) illustration of di erent components
in the cost function: m(x) is the magnitude of ow vector at statex, (%) is the
direction of ow vector at state x with respect to the direction vector fromx to x©,
d(x; %9 is the Euclidean distance between statesand %9, (b) characteristics of the
m coupling cost function

which is calculated according to
8

%0 if X = Xgoal;

rhs(x) = (3.7)

§ min X92 succ(x)) (t(X; m
T +9(x9) otherwise

wheresucq %) denotes a set of possible resulting states after taking an action
H at state x and t(x; X9 denotes the transition cost (see Figure 3.4) of moving from
% to X% In order to ensure optimality, the heuristic function may not oveestimate
the true cost to xgz¢ . We use the time required for the trap to travel the distance
betweenx and xg; to calculate h( X ; %).

The magnitude m(%) and direction (%) (see Figure 3.5a) of the uid force
vector acting at state x are combined with the Euclidean distance betweer and
X0 to calculate the transition costt(x;X9 for linear action. The magnitude and

direction of ow vectors are coupled and cannot be separated. Hee, t(x;X9 has

73



two components as

W—d(xv;io) +(1  w)e(%)+ e for linear actions;

t(%;, X9 = (3.8)

W AW 00

r (%) for releaseaction

where d(x; X9 is the Euclidean distance (see Figure 3.5a) betwee X0 and c(x) is
the m- coupling cost de ning the contribution of magnitude and direction ofow
vectors, andr (%) is the cost associated with theelease action. The edge cose is
setto 1 if either % or xClies in obstacle. Otherwiseg is set to 0. v is the constant
trap speed andw is a user de ned uid force weight parameter (0 w 1). We

de ne the m- coupling costc(%) using a smooth function stated as follows:

c(¥) =05+ m()( (%) 0.5) (3.9)

wherem(%x) is the normalized magnitude of the contributing ow vector atx,
and (%) is the normalized angle between the direction vector from to x° and the
ow vector. The characteristic of ¢(*) is illustrated in Figure 3.5b. t(%;X9 is set to
1 if x lies in an obstacle to prevent it from further expansions.

We want the traps to follow high magnitude ow-lines as long as the arg
between the direction vector fromx to x°and the ow vector does not exceed a limit.
Beyond that limit, following the high magnitude ow-lines may lead into mwing
the traps across them. This would require higher laser power to exge the plan
in order to prevent the cell being knocked out from the trap by theuid ow. We
de ne the limiting value of (%) to be 0.5 for our algorithm to be conservative. The

value of ¢c(x) decreases with the increase oh(x), preferring the higher magnitude
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ow-lines up to the limiting value of (x%). Beyond that, the value ofc(x%) increases
with the increase ofm(x) to suggest the lower magnitude ow-lines.

We de ne the cost associated withrelease action r(%) using the following

function. 8
E (1 preach)treach if Preach prelease;T;
F(%) = : (3.10)
-1 otherwise

Preach IS the probability of the cell to reachx = if released at statex and tyeach
is the corresponding required time according to and . Preease:t IS @ User-de ned
release threshold parameter that allows the planner to considerlgrhe states that

have higher probability to reachxzi -

3.3.3.3 Planning algorithm

The algorithm for computation of trajectories for the desired cellto transport
is given as follows:

Input:
(a.) Finite non-empty state spaceX .
(b.) Obstacle map where ( %) represents an obstacle state.

(c) Obstaclg cost map such that,

% 1 if % lies on obstacle,
(%=

- 0 if xlies on free space.

(d.) Fluid force map , where ( %) encompasses the magnitude(x) and direction

(%) of the uid force vector at state .
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(e.) Probability look-up table , where ( %) encompasses the probability,each Of

the cell to reach one of the outletsq s if released at statex.

(f.) Time look-up table , where (%) represents the average timéeacn Of the cell

to reach one of the outletsx s If released at statex.
(9.) Initial states Xinit = fximic 9L, X of target cells.
(h.) Goal statesX goa = f X;.50al gj"‘:l X of the target cells.
(i.) Planning time interval t,, goal deviation thresholdwy,.

(.) User de ned uid force weight parameter w and release threshold parameter

prelease;T .

Output:

Trajectories f gL, for the cells to be transported at each planning time in-

terval t,

Steps:
(1.) For each target cell go through the following steps:

I. Read the obstacle map and identify the obstacle stateX ops = f X5ps:i0i2;

X.

ii. For each obstacle statexsssi X ops, COMpute a safety zone by determin-

ing the adjacent neighboring state seNeighbor(xsssi) X and setting

( Neighbor(xsps;)) = 1.
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iii. Using the cost function described in Section 3.3.3.2 expand the sassor
statessucq*) with minimum cost from goal state Xgso to the initial state

Xmir [FLSO5] to calculate the initial trajectory .

iv. Keep open set (%) (priority queue that stores the states that are most
likely to be expanded later in the search) for future expansion durnre-

planning.

(2.) Execute the trajectories. Stop the algorithm ik Xinit  Xgoa K Wi, Otherwise

update the obstacle cost map at every planning time intervat ,.

(3.) Ifthere is any change to the cost in any state due to the chaadn the workspace

environment, insert the a ected states into the open set.

(4.) Go to Step 1liii to expand nodes from (%) based on priority key (see Equa-

tion 3.6) until new trajectories are evolved.

3.4 Results and discussions

3.4.1 Experimental setup and methods

A schematic of the micro uidic chamber used in this chapter is shown in
Figure 3.1. Cell medium is injected into the chamber through one of ¢hthree inlets
using a digitally controlled microsyringe pump. The cell medium gets divedl into
six di erent channels before entering the rectangular microNet ggon in order to
distribute the cells uniformly. The cells are captured inside di erent ntroNets as
they ow through the microNet region. The actual dimension of thenmicroNet region

is 377 mm  2:36 mm consisting of 9432 number of nets. The height of the device

77



is 10 m to prevent stacking of cells. OT can only operate in a limited space @#

m 43 m 10 m that consists of only four microNets. Hence, we have to carry
out the cleaning operation in multiple steps to be able to clean the entirchamber.
The entire cleaning operation starts from the lower left corner ofhe rectangular
microNet region.

We demonstrate the usefulness of the planner using a BioRyx 200, Inc.,
Chicago, IL) holographic laser tweezer. It consists of a Nikon EclipsTE 200 in-
verted microscope, a Spectra-Physics Nd-YAG laser (wavelendiB2 nm), a spatial
light modulator (SLM), and proprietary phase mask generation stfare running
on a desktop computer. Nikon Plan Apo 60x/1.4 NA, DIC H oil-immersiorobjec-
tive is used. The maximum rate at which traps can be set is the updatate of
the Spatial Light Modulator (SLM), 15 Hz, and the minimum step size isL50 nm.
The feedback control is achieved with a second PC equipped with a y€Ecamera
(IDS, Inc., Cambridge, MA) for imaging the cells through transpanet micro uidic
chamber and running the software for executing the planning algtdim. A digi-
tally controlled micro uidic syringe pump (SP230iW Syringe pump manudctured
by World Precision Instruments, Inc., Sarasota, FL) is used to in@ cells into the
micro uidic chamber through the inlets.

Cells are identi ed and located by thresholding the image and then callating
the center of mass of all the remaining blobs (see Figure 3.3). Yeaslls used in
this experiment are cultivated from fast growing yeast powder. :016 gm of yeast
powder is mixed with 3% (w/v) glucose solution. The cells are allowed taav for

an hour. After an hour, the concentration of cells is examined undenicroscope.
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The average diameter of cells after an hour is 5-8n. For measuring the uid ow
vectors we use ®8 m diameter silica beads (density of 2000 kg/fand refractive
index of 146, purchased from Bangs Laboratories, Inc., Fishers, IN). Imadly Yeast
solution is pumped into the chamber with a ow-rate of @3 I/m. It takes about
20 minutes to Il the chamber with yeast cells trapped inside the micidets. Once

the chamber is lled up, we switch the pump inlet from the Yeast solutio to water.

3.4.2 Simulation results

In this section we demonstrate two novel functionalities of the plarer using
simulations: (1) Utilizing uid force map to derive collision-free paths based on
the user de ned uid force weight parameterw, (2) Using the probability look-
up table and time look-up table based on the user de ned release treshold
parameter prelease:t t0 decide suitable release points of corresponding laser traps.

The simulation results are obtained on Intel(R) Core(TM)2 Quad proessor
with 2.83 GHz speed. We scale down the micro uidic chamber for simulah to a
region of 195 m 150 m to avoid computation overhead to build the probability
look-up table and time look-up table . The simulation can be run for w hole
chamber in the similar fashion described in section 3.2.6 to build the ergitook-up
table. The dimensions of the OT workspace are chosen as 6 50 m. We
discretize the workspace into 7650 number of grids for planning withrid size 04 m

0:4 m. The z dimension of the workspace is ignored since the laser is constrained
to move inx y plane. In each planning time intervalt , laser can either move only

to next neighboring grid or can release the cell to let it move with the inence of
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Figure 3.6: Variations in cell trajectories as well as release locati@based on user
de ned uid force weight parameterw and release threshold parametgXeiease:: (a)
W = 1, Prelease;t = 0:85, (b)) W = 1; prejease;r = 0:65, (C) W = 1; Prejease;t = 0:5, (d)
W = 0:5; Prelease;r = 0:85, (€) W = 0.5 Prejeaset = 0:65, (f) w = 0.5; prelease;t =
0:5, (9) W = 0; Prelease;t = 0:85, () W = O; Prejease:t = 0:65, () W = 0; PrejeaseT =
0:5
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uid ow.

In the workspace, 5 microNets can be accommodated, hence candeaned
in parallel. The simulation of transporting one cell from each of the 5 ieroNets to
the suitable release location is shown in Figure 3.6. The target cells dabeled as
T;. The goal locationsx;g.a Of all the cells are assigned to the outletg: of the
scaled chamber which is outside of the OT workspace. Hence, therplar is forced
to release the cell inside the workspace based pgease:t at the locations denoted
by R (see Figure 3.6). The suitable release locations vary with the user mied
parametersw and Prejease:T -

The computation time for calculating 5 trajectories depends on usele ned
parametersw and prejease:r (S€€ Equations 3.8 and 3.10). Figure 3.6 shows the
simulated trajectories for the cells with three di erentw and preease:t- Each trap
coordinates with the movements of other traps, while generatindn¢ trajectories so
that two traps do not move to the same location at the same time.

The planner generates the shortest path between initial and theogl position
with the uid force weight parameter valuew = 1:0 (see Figures 3.6a, b, ¢). Since
the planner does not account for the uid ow inside the chamber, lie shortest
path most often prefers the laser to go across the uid streamlise Therefore, the
transporting cells have higher risks of being knocked out from theaps. Moreover,
the laser power needs to be increased in this case in order to hold tedls against the
uid ow while moving across the streamlines which is susceptible to cetlamage.

The planner prefers high magnitude streamlines that are aligned witthe
direction of motion of traps with the uid force weight parameter vdue w = 0
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(see Figure 3.6¢, d, €). Hence, the planner needs to expand moogles compared
to the shortest path search. The resulting path is longer and negdnore time to
execute. However, the planner can use minimum laser power to execthe path
since the laser follows the uid streamlines making it suitable to retainedl viability.
Moreover, it will reduce the chance of cells being knocked out of thaps by the
uid ow.

With the uid force weight parameter w = 0:5 (see Figure 3.6f, g, h), the plan-
ner generates a balanced path that can be shorter compared teetpath calculated
usingw = 0. The planner prefers the shortest distant grids, where the w vectors
have lower magnitude since the laser can still be able to hold the cell. §luser sets
the parameters based on the uid ow conditions and sensitivity of he cells being
manipulated by the laser beam.

With the change of preease: 7, the planner chooses di erent release points for
the cells from respective traps. With a highepeiease:t (€.9. 085) all the cells are
carried to the edge of the workspace before release (see Figuéa3d, e) because of
the fact that there is no other locations in the workspace that hashigher probability
for the cells to reachxz if released from the traps. With the decrease @cjease:T
the planner is able to release the cells much earlier. The release poiats also
in uenced by w (see Figure 3.6e, h) since in addition to reaching probabilitgcach,

the planner used,.och (See Equation 3.10) to decide the suitable release points.
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Figure 3.7: Automated transport of two cells to their respective goal® tcontrol
cell population: (a) initial scene, (b) target cellsT; and T, are moving towards their
respective goals, (c) target celll, is changing direction towards its goal, and (d)
target cells reach the respective goal locations

3.4.3 Experimental results

In this section, we demonstrate the automated cell transport gability of the
OT-micro uidic system with some initial experiments with our physical systems.
Due to some physical limitations of our customized setup, we restiec the uid
force weight parameter tov = 1 and threshold parameter toprejease:t = 0:85 for this
demonstration, i.e. the planner does not utilize the high magnitudergamlines while
transporting the cells. Hence, all the cells are transported to theearest local exits
and released while avoiding collisions with the microNets and other traporting
cells inside the workspace.

After identifying the cells and microNets using image processing, welect

the cells that are in the same optical plane to be transported autaatically. The
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weight w and threshold prelease:t Parameters are also provided to the planner. The
planner automatically computes collision-free paths to release lotats based on
the input parameters. The planner transports the cells by creatm point traps at
every planning time interval t,. Since the planner does not generate paths that
utilize the uid ow streamlines, the laser power has to be set to the igni cant
0:6 watts. However, the laser power at the objective is much smalleue to some
losses in the hologram phase calculation. A constant ow of water:(@ 1I/m) is
maintained throughout the experiments.

In the designed experiment as illustrated in Figure 3.7, a uniform disbution
of a single cell in each microNet has to be maintained. In this gure, thtarget
cells are labeled ag;, their initial locations are marked using green \ ", and their
corresponding release locations are marked using red"\and labeled asG;, wherei
represents an index of a target cell. In the experiment, the two ke T, and T, need
to be removed from the microNet (locations are marked using gre&n ") in order
to achieve the required distribution. The cellT; is transported automatically to the
empty MicroNet location G4, while the other cellT; is transported to the locationG,
and then released. During the transport, the cells avoid other migNets and cells in
the workspace. The transport time is shown in the upper left cornef the images in
Figure 3.7. The cleaning time of the OT workspace in this experiment i8k. After
cleaning the microNets, the user can continue in operation at a di ent location
of the micro uidic chamber by manually changing the position of the mim uidic
stage.

The e ectiveness of the developed system can be expressed imigrof the
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expected transport time for a cell to reach the exit of the chamlbpewhich is a function
of its maximum transport speed and probabilityp,each Of successfully reaching the
exit. In order to measure the successful release rate experinadiy, we released the
cell for 10 times at a particular region in between two microNets as ¢hplanner
suggested and let it follow the ow. Each time when the cell went thnagh the
chamber without being captured by any other microNet, we markei as a success,
otherwise as a failure. The cell successfully reached the outlet dietchamber 6
times out of 10 test cases. The rate:0 of successfully reaching the outlet is lower
than prelease:t = 0:85 suggested by the simulator partly because for the simulation
we used a scaled down area which is smaller than the actual micro uidiegion. If
we hold the cell using the optical trap and move it all the way out of tB chamber
following the uid ow lines, preach Will be as high as 0.9 as opposed to releasing
it at a suggested location determined by the planner. However, theansport time
will increase due to the limited, maximum velocity of the trap which is in tle
order of 10-20 times less than the speed of uid ow. Our simulationrad physical
experiments suggest that there exist release locations inside th& @orkspace that
have a higher probability of reaching the exit of the chamber. If thre does not exist
such locations, the planner suggests to hold the cell all the way oot the chamber.
Our approach utilizes a combination of an optical trap and uid ow fa cell
transport. There are two options for removing a redundant celrém the chamber.
First, the cell can be transported all the way out of the chamber sing only an
optical trap, making sure the cell does not get stuck inside anothenicroNet. In

this case, the transport speed of the cell is limited by the maximum spd of the
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Figure 3.8: Three-stage probability tree of a cell successfully reacbithe exit: (a)

an example of a more general scenario with the existence déase positions inside
the workspace that have higher probability to reach the dellone of the exits, (b)
an example of a worst case scenario where cell always getppea in one of the
microNets

trap which is 10 to 20 times smaller than the speed of the uid ow. Semd, the
cell can be transported using a combination of the uid ow and the ptical trap. In
this case, the cell is taken out of its current microNet and then redsed at a suitable
location nearby. The location is selected such that it increases theopability of the
cell successfully reaching the exit. If the cell gets captured by @wf the microNets
downstream, it is trapped and released again at a new suitable locatio

The probability of the cell successfully reaching the outlet of the ember
increases as the cell gets closer to it. The expected time of the aelhching the
exit can be computed recursively using a probability tree. An examplef the tree
is shown in Figure 3.8a). The root of the tree represents the cunteposition of the
cell. The emanating edges of each node represent two possible onies of releasing

the cell. The cell either reaches the exit of the chamber or is capad by another
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microNet inside the chamber. The edges determine probabilities ofetltwo possible
outcomes corresponding to the current state of the cell.

The computation of the expected time starts from the leaves up tthe root
of the tree. By climbing the tree up to the root, the expected trasport time teach:i
for each nodea is computed and gradually propagated back to the root. The time
treachi IS CcOmputed as the average over the two possible outcomes acoadio
treachi = Prappedtreach;s ¥ (1 Prrapped)treach:m , Where pyapped i the probability of
the cell getting trapped in one of the microNetStcach:s IS the expected time of
successfully transporting the cell in a single attempt to the exit byhe sole use of
the uid ow, and treach:m IS the expected time of multi-step cell transport that
combines the use of the optical trap and the uid ow.

In the worst case (see Figure 3.8b), the cell will be always capturdy one
of the microNets after it is removed from its current microNet and eleased from
the optical trap to be taken by the uid ow. Let tieant be the time required
to transport the cell to the exit by the sole use of the optical trapand the total
transport length is l¢champer- Then, the total time tieachm required to transport the
cell to the exit using a combination of the uid ow and the optical trap is less or
equal totreach:t Since a fraction oflchamper Will be transported with the speed of uid

in the former case.

3.5 Summary

Micro uidic devices are becoming widespread tools in cell biology and dieine

because of their ability to handle a large volume of cells and non-invasinature of
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manipulation. However, the lack of precise position control make$e tools often
inconvenient and highly ine cient. The use of OT as a complementary dol en-
sures precise position control inside a micro uidic chamber. This cheer describes
a fast heuristic based planning approach built on D* Lite algorithm witha novel
state-action space representation and a new cost function. Thanables e cient
and reliable cleaning of multiple nets in parallel inside a micro uidic chamlyewhile
drawing minimum laser power during execution of the cleaning plan. Thaevel-
oped composite cost function incorporates the magnitude and diteon of uid ow
vectors in order to compute trajectories that follow the uid ow. The computed
trajectories ensure reliable cell transport since the cells do notetkto be trans-
ported across the owlines and need less laser power to executevamting them
from photodamage. Moreover, we utilized our developed physicaded simulator to
build a look-up table that contains probabilities of a cell successfullyaching one of
the chamber outlets for each discrete location in the chamber. Th@anner utilized
the table to decide suitable release locations for the cells.

Manual control of the microscope stage to move the OT workspadto a di er-
ent region of the micro uidic chamber slows down the cleaning procesChapter 4
will focus on planning for synchronized movement of the microscogtage and op-
tical traps that will further expedite the automated cleaning. In tis chapter, cells
are directly trapped to be transported to their nearby un lled microNets, which
may a ect their viability. Hence, another future direction of this research is to use
optical grippers [BCLG11, KCA' 11] made of optically trapped beads to indirectly

trap and transport cells to the desired microNets (See Chaptersahd 6 for details).
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The planner will need to generate trajectories for the entire ensbles, which will

require detailed modeling of trap-trap and multiple trap-cell interations.

89



Chapter 4
Enhancing Range of Transport in Optical Tweezers Assisted
Micro uidic Chambers Using Automated Stage Motion

In this chapter 3, we present a planning approach for automated high-speed
transport of cells over large distances inside an Optical Tweeze®T) assisted mi-
cro uidic chamber. The transport is performed in three steps thtacombine the
optical trap and motorized stage motions. This includes optical tqgping and trans-
porting the cells to form a desired cell-ensemble that is suitable for anlg distance
transport, automatically moving the motorized stage to transpdrthe cell-ensemble
over a large distance while avoiding static obstacles, and distributirtge cells from
the ensemble to the desired locations using OT. The speeds of optittaps and
the motorized stage are determined by modeling the motion of the pile under
the in uence of optical trap. The desired cell-ensemble is automatity determined
based on the geometry of the micro uidic chamber. We have develeg a greedy
heuristic method for optimal selection of the initial and the nal locadion of the
cell-ensemble to minimize the overall transport time while satisfying thconstraints
of the OT workspace. We have discussed the computational comytg of the devel-
oped method and compared it with exhaustive combinatorial searcfrhe approach
is particularly useful in applications where cells are needed to be rapidlistributed
inside a micro uidic chamber. We show the capability of our planning appach

using physical experiments.

3 The work in this chapter is derived from the published work in [CATW * 13].
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4.1 Introduction

Micro uidic chambers are emerging as useful devices for condudimesearch
in biology and biophysics [ZA12]. Common applications include cell sortifigan12,
MSDO03], studying cell response under changing environment [ESI0, UWIY03],
stem cell research [ZA12], etc. However, micro uidic chambers lattie capability of
precisely placing individual particles at the desired locations. Integtion of optical
tweezers with micro uidic chambers has provided ne motion contrbcapabilities
[CSW*' 13, WCK*" 11, WWS10, EGR 04]. Maet al. [MYP*12] used specially
designed dual channel line optical tweezers in Y shaped con gui@n to separate
yeast cells of di erent sizes within a micro uidic chip. Honarmandeet al. [HLLK11]
reported an approach combining micro uidics and optical manipulatio to locally
apply tensile and compressive force on a single target cell. Erikseinal. [EEN* 07]
developed an experimental platform to use epi- uorescence mistmpy and optical
tweezers in combination with micro uidic system for the analysis of faid cytological
responses occurring in single cells.

Optical traps enable simultaneous independent manipulation of multip par-
ticles [BCLG11, KCA" 11, CSW 12]. However, typically optical tweezers have very
limited workspace due to high magni cation needed for optical trappg. For exam-
ple, a micro uidic chamber may have dimension of 3,000 2,000 m (see Figure 4.1),
but the optical tweezers might be able to work only in 100 100 m area (with 40
objective lens). So new techniques are needed to expand the vgpkce in which

optical traps can be utilized.
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Figure 4.1: A schematic overview of a micro uidic device with microNets
[CSW* 13] and long distance cell transport operation

A typical microscope that is used to realize optical tweezers alsosha motion
stage driven by electric motors. This stage has large motion rangesX and Y axes
and can move at a very high speed. If a particle is held stationary ugjran optical
trap then the stage motion capability can be used to move the micraidic chamber
and realize relative motion between the particle and the chamber. Thcapability
is easy to realize during manual operation. However, conductingoesated biological
experiments requires high level of automation [BPLG10, CTW12, TCW™ 12].

The problem addressed in this chapter is motivated by microNet cleaig ap-
plication described in Chapter 3. In this application, biological cells ar@jected
into a micro uidic chamber containing physical traps de ned as micrblets (see Fig-

ure 4.1) with the objective of placing exactly one cell in each microNetDue to
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the limited control over the ow process, some of the microNets rgarap multiple
cells, while some other microNets may not trap any cell at all. After th initial cell
placement has been completed by the ow, the next step is to redigiute cells by
moving them from microNets that contain multiple cells to the empty micoNets
(not containing any cells). In Chapter 3, we addressed the probleof using opti-
cal tweezers for removing extra cells from microNets and gettingpégm out of the
micro uidic chamber [CSW' 13]. In this chapter, we attempt to redistribute extra
cells from overloaded microNets to empty microNets rather than sjply removing
the extra cells. MicroNets act as obstacles when an ensemble of dslisansported.
This type of operation may require long range transport with an oltacle avoidance
strategy and is the main motivation behind the problem formulated intis chapter.

In this chapter, we present a new technique for realizing precisencurrent,
and automated transport of multiple cells over large distances. Firscells are moved
using optical tweezers into a compact ensemble. During this phasaeiltiple cells can
be moved independently and concurrently. The state of the wonace determines
the optimal location of ensemble formation and its shape. Once th@semble is
created, multiple optical traps can be used to hold cells in the enselalin place.
Now the stage carrying the chamber can be moved to transportehentire ensemble
with respect to the optical traps.

If during the stage motion, a particle dislodges from the ensemblehen the
stage motion can be suspended, and an optical trap can be usedhrtove the particle
back into the ensemble. Stage motion can be resumed when the entsle is complete

again. The stage motion should move such that the ensemble doed nollide
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Figure 4.2: A schematic overview of cell manipulation operation
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with any obstacle in the workspace. Once the ensemble arrives cldasethe nal
destinations of cells in the ensemble, the stage motion stops. Nowtiogl traps are
used to move all the cells in the ensemble to their nal goal locationgzigure 4.2
graphically illustrates this concept.

This chapter describes a planning system for combining motorizedage mo-
tion with optical trap motion to realize automated transport of enemble of cells
over large distances. We have enhanced our prior work in the arefoptical trap
motion planning [CSW' 13] by combining it with stage motion planning to realize
this capability. Using the combination of both stage and optical trapmotion, we
are able to automatically transport particles at a fast speed in a laeg workspace

compared to the limit of optical tweezers workspace.

4.2 Problem formulation and overview of approach

Let X be the overall workspace of the chamber and be the corresponding
discretized state-space. LeV(0) be the workspace of optical tweezers (OT) when
it is located at the location o 2 X in the overall workspace. The locatioro is
selected such thatv (o) X . Let V(o) be the discretized state-space corresponding
to OT workspaceV (o) such that V(o) X. A state in X or V(0) is de ned as a
location of an ensemble or a particle during trap path planning or a st location
during stage path planning (introduced in Section 4.4). If the motiorstage is kept
stationary, optical traps can only move particles within the OT worlspace (a cell
can be considered as a particle of certain shape). We apply appnape safety

margins to ensure that particles can be successfully transportbétween every pair
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of locations in the OT workspace. By moving the motion stage with regct to OT,
the OT workspace can be located at di erent regions of the overallorkspace. In
general, the size of the OT workspace is much smaller than the owenaorkspace
(see Figure 4.3a for an illustration).

Let P be the set of particles (assumed to be identical) that need to be tra-
ported. Let S; and S be the set of initial and nal locations of these particles
respectively, such thatS;, S X (see Figure 4.3b for an illustration).

A particle can be moved from a locatiors in S; to location s®in S; usingonly
an optical trap, if there exists a locationo for placing OT such that both s and s°
belong toV (o) (i.e., s 2 V(0) and s°2 V(0)) (see Figure 4.3c for an illustration). In
general, we prefer transporting particles using only optical trapsecause it allows
concurrent independent positioning of multiple particles. Howevedue to having
smaller workspace, if an optical trap alone is incapable of transpaorg particle, then
a combination of optical trap and stage motion, i.e., a hybrid strategis used.

The rst step is to nd locations in S; and S¢ that can be handled by optical
traps alone. This is done by nding the closest members of eash2 S¢ in the set
Si. If the closest members are within an OT workspace, then we assigarticles
at initial locations S; to nal locations in S using the goal assignment method
described in [BCLG12]. All locations that can be handled by only opticalaps are
removed fromS; and S;.

The next step is to nd a set of matching OT workspace¥ = f (V1(o!); Vi1(o}));

(see Figure 4.3d for an illustration). V! (d) contains locationsS! (i.e., S S )).
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V/ (d) contains locationsS! (i.e., S!S ). Particles from locations inS! are trans-
ported to locations inS§ using a combination of optical traps and stage motion.

V is computed using a greedy heuristic. We start by placing a window dfie
size of the OT workspace such that the top edge of the window is algphwith the
top most location in S; and left edge of the window is aligned with the left most
location in S; . If this window contains more thanN locations, then we selecN 1
closest locations of other particles to the particle location in the tofeft corner
where,N is the maximum number of particles that can be concurrently transprted
using motion stage.N is set to 4 in the setup used in this chapter. This step leads
to computation of V/ (d) and S! for a matching pairj. We then nd matching
V] (d) by placing a window that is closest toV{ (d ) and contains the same number
of locations as inSl. If V//(d) does not contain enough locations to match the
number of locations inS!, we reduce the number of locations frons! so that its
cardinality matches S/ . Once we compute matching/! (d), V/ (d,), and associated
S! and S, locations inS! and S! are removed fromS; and S;, respectively. This
process is repeated untis; and S; are empty.

The following steps are used to transport particles located at lodahs in Sij

to locations in Sﬁ (we drop reference to index to simplify the notation).

(i.) Select the shape of the ensemble and its initial and nal locations ithe overall

workspaceX .
(ii.) Plan paths for each particle at locations inS; into the initial ensemble location.

(iii.) Transport particles into the initial ensemble location along the pahs computed
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in the previous step using optical trap motion.
(iv.) Compute a path for the ensemble from its initial to the nal location.

(v.) Transport ensemble along the path generated in the previousep using stage
motion. If one or more particles get detached from the ensembléien stop

stage motion. Compute path for the detached particle and bring itdck into

the ensemble.
(vi.) When the ensemble reaches its nal destination, stop stage rion.

(vii.) Plan paths for the particles from their nal ensemble locations o their corre-

sponding locations inS; .

(viii.) Transport particles into their nal locations using paths computed in the pre-

vious step.

The goal is to minimize overall transport timeT, whereT can be de ned as

the following:

minimize T = max(t(sf;s*( 1)) + t( i; )+ max(t(s“( ¢);s¥))
i (4.1)
k252
Where, t(sk; s( 1)) is the required time to transport particle k from the initial
location sK to its location s¥( ;) in the initial ensemble formation, t(s“( ¢);sk) is

the time required to transport the particle k from its location s¥( ) in the nal

ensemble formation to the nal Iocations}(, i is the initial ensemble location, ; is
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the nal ensemble location,S; is the set of particles at initial locations, andS; is
the set of particles at nal locations.

Section 4.3 describes our approach for selecting ensemble shapktha initial
and nal ensemble location. Section 4.4 describes our approach é@mputing paths
for optical traps as well as motorized stage. This includes compugjnpaths and
identifying maximum allowable speeds. Section 4.5 describes the oWlesystem

architecture for executing the computed paths.

4.3 Selecting ensemble shape and locations

In order to create and transport ensembles, we need to deterraitheir sizes.

The following factors a ect the size of an ensemble:

(i.) Ensemble should be able to t within the available empty space. So thsize
of the ensembile is restricted by the obstacle region. If a large pior of space
is occupied by obstacles, then the ensemble has to be small in size otimer
words, the ensemble size is governed by the minimum gap available bexw

obstacles in the workspace.

(ii.) While the stage moves, the ensemble is held together by opticabps. If optical
trapping power is insu cient to hold ensemble together at higher speds, then
the stage needs to move slowly to ensure that the drag forces dat exceed
the trapping force. This increases the transport time. So the easible size is

limited by the total available laser power for the optical tweezers.

(iii.) If the number of particles in the ensemble is large, then the profimlity of
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Figure 4.4: A schematic illustration of ensemble shapes: (a) convex ymdnal
arrangement and (b) linear arrangement
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Figure 4.5: Turning around tight corners may require relative repositining within
linear arrangements

accidentally loosing a particle increases.

The above described factors determine the optimal ensemble sikethis chap-
ter, we limit maximum ensemble size to 4 particles due to the narrow spaavailable
between two consecutive microNets to move it around inside the macuidic cham-
bers used in the experimental validation.

The next decision to be made in the planning process is about the sleapf
the ensemble. The following two main shapes are possible: (1) conwmpact
polygonal arrangement, and (2) linear arrangement. Figure 4.4@hs illustration of
these shapes. Linear arrangements can navigate through navrepaces. However,
they require stopping the motion stage and optical trap rearrarggnents to navigate

around tight corners (see Figure 4.5).
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Particles in linear arrangement are more likely to dislodge from the esrmble
due to drag force and Brownian stochastic forces. In this chaptenve only utilize
polygon arrangements for 3 and 4 particle ensembles. For 2 partelee use linear
arrangement.

Once the ensemble shape has been decided, we need to determiaetisemble
locations ; and ¢ in the OT workspace. As indicated in the previous section, we
select the ensemble locations by minimizing the transport tim&. The main steps

in our approach for this task are as following:

(i.) Let v; be a state of the discretized OT workspac¥®/(o) corresponding to
Vi(0). The initial state ; of the ensemble will lie on this grid (see Figure 4.2b

for illustration).

(ii.) For every state v; in the grid (i.e., the candidate location of the ensemble),

compute the timet;(v;) to complete the ensemble a¥; using the Equation 4.2:

ti(vi) = max(t(sf; s*(v)))
(4.2)
Sik 2S
where t(sf; sX(v;)) is the required time to transport the particle k from its

initial state s}‘ to the state s*(v;) in the initial ensemble formation statev;; S

is the set of particles at their initial states.

(iii.) Let v¢ be a state in the discretized OT workspac#/; (o;) corresponding to
V(o). The nal state ; of the ensemble will lie on this grid (see Figure 4.2d

for illustration).
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(iv.) For every state v; of the grid, compute the timet; (vf) to disassemble the

ensemble atvs using Equation 4.3:

t (vi ) = max(t(s*(vs); sf))
(4.3)

S

where t(s*(v;); sK) is the required time to transport the particle k from its
state s¥(v ) in the nal ensemble formation statev; to its nal state S'f‘; S is

the set of particles at nal states.

(v.) Determine the set of boundary states of the state-spacé (o), placed on
V; (or). Let vs (b) be an element of this set. Any path fromV;(g) to V; (o)
will have to pass through the boundary ol (or). We use this fact to reduce
the computational complexity and we rst plan a path from the staes inV;(o,)

to the boundary states ofV; (o).

(vi.) Compute a path from every statev; to every state at boundaryv; (b). Let

t(vi; v (b)) be the time to transport ensemble fromv; to v (b).

(vii.) Compute a path from every boundary statev; (b) to every interior state v; ().

Let t(vs (D); v () be the time to transport the ensemble fromv; (b) to v; ().

(viii.) Select a state ; from the state-spaceV;(o) placed in V(o) and a state
from the state-spaceV; (or) placed in V (or) such that following total time T

iSs minimized:

T =t(vi)+ t(vi;ve (B) + t(ve (D)5 v () + te(vr) (4.4)
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Figure 4.6: A schematic overview of planning approach

where ; and ; are selected using dynamic programming. We rst compute
the optimal time for the ensemble to arrive at every boundary statv; (b).
Then, we compute the optimal arrival time for the ensemble at evgrinterior
state v; ( ). Finally, by accounting for the disassembly time for the ensemble
at every interior state, we nd the optimal ensemble nal state . Tracing the
path back, we identify the optimal boundary state, and the optimaensemble

start state ;.

4.4 Path planning

The overall operation envisioned in this chapter (see Figure 4.6) sta with

the motorized stage that scans the entire micro uidic chamber andomes back to
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the initial location. During the operation, the image processing unit ienti es the
microNets with unacceptable number of particles. Thensemble state selection
algorithm (see Sections 4.2 and 4.3) divides the overall task into multgtransport
tasks based on the constraints of the OT workspace. The plannir responsible
to nish each single transport task. The overall planning is divided ind three
steps: (@) transporting the individual particle to its desired statein the ensemble
usingtrap path planning, (b) transporting the ensemble towards the nal ensemble
state usingstage path planningand (c) transporting the individual particle from its
state in the nal ensemble formation to the nal microNet location wsing trap path
planning. Sometimes, the particles may get dislodged from the ensemble while
transporting with stage motion. The exception handler identi es the breaking
ensemble formation, stops passing the stage positions, and pase control to
the trap path planning to bring the particles back to the formation. After reaching
the nal ensemble state, thetrap path planning is used to move all the particles
to the nal microNet locations from the nal ensemble state. We us discretized
OT workspaceV (o) for trap path planning and discretized overall workspacX for
stage path planning.

A path planning problem can be de ned as follows. Given, (1) the initiastate
Vinit = [Xi;yi]" of a particle represented by the initial particle location inV (o) or
ensemble location inX, (2) its goal state vgoa = [Xg; Yg]' represented by the nal
location of the particle in V(0) or ensemble location inX, (3) static and dynamic
obstacles ;gl., represented either as microNets or other moving particles, contpu

a collision-free path for the laser trap or the stage to transport the particle or the
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Motorized stage

Figure 4.7: Optical tweezers setup with motorized stage

ensemble to its goal state/qey.

Due to the dynamically changing environment of the micro uidic chambr
under the inuence of uid ow and Brownian motion of particles, the required
paths for the particles must be frequently replanned. The planningme t, is
limited by the controller update rate and image processing time 4. The controller
frequency of the OT system used for this chapter is 15 Hz that limithe allowable
processing timet . = 66 ms. The total computation time in combination with tg4
and t, must be less thant . to maintain continuous operation.

We adopt the D* Lite[KLO2] based graph search algorithm as desced in
[CSW* 13] for this chapter. The algorithm incrementally expands the stas from
the goal statevye, to the initial state vi,; in a fashion similar to the backward

version of A* algorithm [HNR68]. All the remaining particles and the miooNets
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other than the target particles in the workspace are regarded asbstacles during
the computation of the collision-free path .

A heuristic function is used that guides the search in order to increa the
planning e ciency. The planner maintains an open set containing the states that
are more likely to be expanded next based on their cost during theaseh throughout
the planning horizon. Thus, the planner is able to reuse the historyf the search
from the previous planning time interval during replanning. If the cet of a state
node is changed due to the change in workspace, the planner onlydapes by
inserting the state with the changed cost. A new path is computedytexpanding the
node with the minimum cost from . Hence, the planner does not neetb focus on
the entire search space that decreases the planning tinig signi cantly. This allows
the controller to e ciently launch multiple plans corresponding to multiple traps in
order to transport multiple particles simultaneously. The algorithm erminates when

each particle reaches its goal state,oq.

4.4.1 Trap Path Planning

We de ne a state of a particle using/t = [x%;y!]" 2 V(o) where [';y']" denotes

the position of a particle at a discrete time stef.

linear translation actionsuy; available for the execution at a given time step. All

linear actions can be represented as follows.
3

2
t
t t. t — X
U, X5y = g Z (4-5)

yt
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Initial scene

Figure 4.8: Transport of 2 m beads to their corresponding goal locations inside the
ensemble formation using trap motion: (a) initial scene, (bparticle \T4" reaches

to its goal location denoted by \G4", (c) particle \T3" reaches its goal at \G3", and
(d) all the particles reach their respective goal locationia the nal scene
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where x and y are the linear action lengths along and Y axis, respectively. For
trap motion, the action length is selected to bex = x4y and y = yy.
When the optical trap executes an action}, at the time stept, it transitions

from vt to vi*1 using Equation 4.6.
v = vl (4.6)

We use the cost function de ned in [CSW 13] for the planner to consider the
uid ow inside the chamber. This allows to reduce the probability of the particles

being dislodged from the traps during the transport operation.

4.4.2 Stage Path Planning

The microNets in the micro uidic chamber are arranged in a rectandar array
(see Figure 4.1). We want to compute a path for stage that has minum turn to
avoid continuous readjustment of the particles inside the enseml{lgee Figure 4.2c).
Hence, we de ne a control action set consisting of four linear actidor the stage.
The control action set for the stageUs = fuf;u§; ut;ul, g consists of four linear
actions (e.g., north, south, east, and west) that can be repreged similarly as in
Equation 4.5. The control action length for the stage is selected as = x4 and
y = Ys. The state transition is represented by Equation 4.6. We only consgd
static microNet obstacles for stage planning with the reasonablesasnption that
the occasionally moving particles will not be able to break the ensembigrmation
of multiple particles trapped closely using multiple traps. In the worstase, if the
formation breaks by sudden uctuation in the uid ow the trap path planning is
invoked to move the particles back into the ensemble formation anduwtinue the
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Figure 4.9: Transport of the ensemble from an initial location to a nal bcation
using stage motion: (@) initial scene with the stage positiodenoted by \E1", (b)
the stage moves downward to transport the ensemble to a locaat \E2", (c) the
stage moves towards left to transport the ensemble to \E3"né (d) the ensemble
reaches to its nal location at \Ef" after a sequence of stagenotions

stage motion. The cost functionc(vs) for the stage path planner is designed to

minimize the transport time as shown in Equation 4.7.
L
c(vs) = — (4.7)
Vs

Here, vs 2 X is the state of the stagel is the linear displacement resulting from

the execution of an actionus, and vs is the operating speed of the stage.
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4.4.3 Modeling of Speed Constraints Based on the Trapping rée
Considerations

The allowable speeds of the stage and the traps are limited by the cespond-
ing controller frequency (see Section 4.5). The dynamics of a pal&ianoving under
the actuation of the optical trap can be described by the following duation 4.8

[HS11].

mx=F; Fyq (4.8)

Here, m is the mass of the particlex is the position of the optically trapped
particle such thatx 2 X , Fy is the trapping force which is a function of incident
laser power and index of refraction of the suspending medium, akd is the viscous
drag force which represents the resistance of surrounding uidedium. The inertia
forcemx can be neglected for low Reynold's number[HS11H, can be modeled as
a spring force for trapping a spherical particle lying within a distancéess than or

equal to its radius from the focal point (see Equation 4.9).
Fo = ke (% X)50j%  Xj <ro (4.9)

Here, ki, is the trap stiness and x 2 X is the position of the laser focusr, can
be estimated as the radiug of the particle. Fy is the maximum atro = r. We
compute the sti ness of the trap using ray-tracing approach desibed in [BCGV12].

Viscous drag forcd-4 can be calculated using Stoke's law as given by Equation 4.10.

Fa=6 1 vg (4.10)
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Here, is the dynamic viscosity of the surrounding medium andy is the optical
trap speed. The maximum trap speed can be determined corresplarg to maximum
Fy from Equation 4.8. For a spherical particle of 2 m diameter trapped in an
aqueous medium with a trap stiness of 5 10 ® N/m corresponding to 20 mW
laser power at the objective lens, the maximum trap speed can beladated as
795 m/s. However, the allowable trap speed is dependent on the conlley update
frequency. For optical trap planner, the trap speed is limited by ta SLM update
frequency (see Section 4.5). In our calibrated holographic opticaleezers system,
the SLM update rate is 15 Hz. Hence, the maximum allowable trap spkes limited
to 15 m/s corresponding tojjx  Xjj = 1 m. In case of multiple laser traps,
the laser power is signi cantly reduced due to the formation of stsalaser by SLM.
Hence, the maximum allowable trap speed is further reduced to amai 7 m/s for
our system. On the other hand, in case of stage motion the trap giion remains
xed. The transport is executed by the movement of stage whichds a resolution
of 40 nm (much lower thanry) and the controller frequency is 6 MHz. Hence, we

can safely operate the stage at 795n/s without losing the particles from traps.

4.5 System architecture

A schematic of the micro uidic chamber used in this chapter is shown in
Figure 4.1. A digitally controlled micro uidic syringe pump (SP230iW syrirge pump
manufactured by World Precision Instruments, Inc., Sarasota, If is used to inject
particles into the chamber through one of its three inlets. The paitle solution

gets divided into six di erent channels before entering the rectanggr microNet
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Figure 4.10: Distribution of particles to their corresponding microNetlocations:
(a)initial scene with the particles arranged at their nal easemble formation, (b)
particle \T4" reaches to its microNet location denoted by \@", (c) particle \T3"
reaches its microNet location at \G3", and (d) all the partides get distributed to
their nal microNet locations in the nal scene

region in order to uniformly distribute the particles. The particles ae captured
inside di erent microNets as they ow through the microNet region. The actual
dimension of the microNet region is 3.77 mm 2.36 mm and consists of 9432 nets.
The height of the device is 10 m to prevent stacking of the particles. OT can only
operate in a limited space of 56 m 37 m 10 m that consists of only four
microNets. Hence, we have to utilize motorized stage to carry outrig distance
particle transport. The cleaning operation starts from the lower ke corner of the
rectangular microNet region (see Figure 4.1).

We demonstrate the usefulness of the developed planner using By@R200
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(Arryx, Inc., Chicago, IL) holographic laser tweezer as shown in Fige 4.7. The
BioRyx 200 consists of a Nikon Eclipse TE 200 inverted microscope, ae8tra-
Physics Nd-YAG laser (emitting green light of wavelength of 532 nm wit2 watts
at the source), a spatial light modulator (SLM), and proprietary fhase mask gen-
eration software running on a desktop PC. Nikon Plan Apo 601:4 NA, DIC H
oil-immersion objective is used for laser magni cation. The maximum ta at which
traps can be set is limited by the update rate of the SLM, which in ourase is 15 Hz.
The sample holder is placed on a Proscan H107 motorized stage whiah move the
sample inX Y with respect to the microscope objective. The stage is equipped
with a Proscan H29XYZ controller which can be connected to a PC ugira RS 232
serial port connector. The controller can move the stage with theesolution of 40
nm. The stage is capable of moving in a 112 mm 70 mm rectangular area. The

controller frequency is 6 MHz.

4.6 Results

We performed 20 simulation runs to test the computational compléy of our
greedy heuristic approach in determining the initial ; and nal state ; of the
ensemble. We discretized both the initial and nal OT workspace wittla 100 100
grids. We choseN = 4 to determine the matching OT workspaces for our simulation
runs. The simulation was conducted on an Intel(R)Core(TM)i7-260 CPU. The
clock speed is 3.4 GHz with a RAM of 8 GB. We implemented the planning algthm
in MATLAB. Our greedy heuristic method is able to determine the optinal states

for initial and nal ensemble formations that minimize the overall transport time 23
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times faster on an average compared to the time taken by exhaivst combinatorial
search.

We demonstrate three di erent features of our planning approdcwith physical
experiments. We use 10 mW laser power at the objective lens for tegperiment.
Laser power higher than 10 mW produces bubbles inside micro udic amber that
destabilize the uid ow. We use a constant trap speed of 5m/s and stage speed
of 200 m/s through out the experiment. Hence stage motion provides 40ntes
faster transport operation compared to the trap motion.

Figure 4.8 shows the trap motion to transport the microparticles tahe initial
ensemble location. Thdrap path planning unit computes four collision free paths
corresponding to four microparticles for transporting them to tk locations in the
initial cell-ensemble. During the transport the planner continuouslyeplan the paths
to avoid other microparticles dynamically moving around. The targeparticles are
denoted by \T" and corresponding goal locations in the ensemble rfoation are
denoted by \G". The paths of the particles are shown by white dotd lines in
the gure. The total time taken by the traps is shown upper right @rner of the
gure. The particles successfully reach their respective goal Id@ans in about 7 s.
(corresponding to the associated number in Figure 4.8).

Figure 4.9 demonstrates a sequence of automated stage motiomgransport
an ensemble from its initial to its nal location. Stage locations are deoted by
\E" in the gure. The direction of the stage motion is shown using whie \! " in
the gure. The stage exhibits a zigzag motion due to the action setekection as

described in Section 4.4.2. The stage successfully transports thesemble to its
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nal location denoted by \Ef" with a high speed of 200 m/s.

Figure 4.10 shows the transport of 4 microparticles from the locans in the
nal cell-ensemble to the corresponding microNet locations with tiamotions. The
particles inside the ensemble are denoted by \T" and nal microNet lcations are
denoted by \G". The total time taken by the traps to transport the particles is
shown in upper right corner of the gure. Thetrap path planning is able to compute
collision-free paths for the particles in a scene with randomly movingiaonoparticles.
All the particles successfully get distributed to their respective mioNet locations
in about 7 s. It shows the advantage of the trap motion over the age motion. The
trap motion provides total control over the transport by handling all the dynamic

and static obstacles in the scene.

4.7 Summary

Micro uidics has gained acceptance as a medium-scale manipulatiorchaique
to transport biological objects over larger distances. In ordewtincrease the preci-
sion of manipulation, they need to be integrated with other devicesush as optical
tweezers. However, the limitation of a small workspace makes OT suntable for
long distance transport operations.

In this chapter, we have utilized a motorized stage for fast shiftingf OT
workspace to facilitate controlled transport of cells over large dishces inside a
micro uidic chamber. We have developed an automated manipulatiorp@roach that
combines the operation of the optical trap and the stage. Our deloped planner

automatically computes collision-free paths to transport the cellssing optical trap
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motions to suitable locations to form a cell-ensemble, computes a siite path to
transport the cell-ensemble to a nal ensemble location using theage, and nally
computes collision-free paths to disassemble the cell-ensemble byrithgting the
cells to their nal goal locations.

We have developed a greedy heuristic approach for e cient compation of
initial and nal cell-ensemble locations that will minimize the overall transport
time. We have modeled the cell motion within the trap to determine theénaximum
allowable speeds for the optical trap and the stage.

We have demonstrated the usefulness of the approach using ourf-@ssisted
micro uidic chamber setup by transporting 2 m particles over a large distance. In
the experiments, the shape of the ensemble was determined basadhe available
space inside the micro uidic chamber. This allowed us to transport # ensemble
without any rearrangement of the particles.

The developed approach for fast cell transport is suitable for cdacting bio-
logical experiments that need to be properly timed to exhibit desirechotility. In
future, the planner can be improved for concurrent movement afptical trap and
stage that will enable us to transport di erent ensemble con guréions in narrow

spaces.
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Chapter 5
Robust Gripper Synthesis for Indirect Manipulation of Ceb using
Optical Tweezers

This chapter* presents a robust gripper synthesis technique for indirect manip-
ulation of cells using optical tweezers. Optical Tweezers (OT) aresed for highly
accurate manipulations of cells. However, the direct exposure dclls to focused
laser beam may cause signi cant damage to their structures. Inaer to ameliorate
this problem, we generate multiple optical traps to grab and movelB ensembles
of inert particles such as silica microspheres to act as a recon gbta gripper for a
manipulated cell. The relative positions of the microspheres are imgant in order
for the gripper to be robust against external environmental faes and the exposure
of high intensity laser on the cell was minimized. In this chapter, we psent results
of di erent gripper con gurations, experimentally tested using ou OT setup, that
provide robust gripping as well as minimize laser intensity experiencéy the cell.
In order to construct the con gurations, we developed a preliming computational
approach for gripper arrangement modeling and synthesis. Theewall synthesis
problem is cast as a multi-objective optimization problem that is solveth order to

get a Pareto front of non-dominated solutions.

5.1 Introduction

Cell manipulation (cell localization, transportation, sorting, charaterization

etc.) is crucial in many emerging medical and biological applications. €hability

4 The work in this chapter is derived from the published work in [CSW* 12].
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to e cient and accurate manipulation of individual cells will enable resarchers to
conduct basic research at the cellular scale. Optical Tweezers (Dfhat can grasp
and move microscale and nanoscale biological objects using focuggt provide a

highly accurate and minimally invasive method of micro and nano-manipation. A

strongly focused laser beam is used to exert an optical gradientdascattering forces
on an object, which results in creating a stable trap [Ash92] near ¢hfocal point.

Objects are transported in workspace by moving the laser beamdare released
from the trap by simply switching o the laser (see Figure 5.1). Due tdhe non-

contact nature, OT is successfully used in various types of maniptitans [SB94] of
biological objects, e.g., for orienting, stretching, moving, etc. Hagraphic Optical

Tweezers (HOT) is able to generate a large number of traps allowingnsiltaneous
manipulation of multiple objects in three dimensions.

However, due to the extreme focus of the laser beam to a smallimg consid-
erable photodamage can be inicted on trapped cells, possibly caugideath of the
cells as noted by Ashkin [ADY87]. The underlying mechanism of photodeage has
been proposed to be due to the creation of reactive chemical spedSB94], local
heating [LSBT96], two-photon absorption [KLBT95] and singlet oxygn through the
excitation of a photosensitizer [NCLE 99]. Rasmussen, using the internal pH as a
measure of viability, found that the internal pH of both E. coli and Llisteria bacteria
declined at laser intensities as low as 6 mW [ROS08]. Using the rotationteaof
the E. coli agella motor [NCL"99], it was found that 830 nm and 970 nm laser
wavelengths were signi cantly less harmful to cells, and that the ggon from 870

nm to 910 nm was particularly harmful.
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Figure 5.1: Direct vs: indirect manipulation using OT: (a) solution of
Dictyostelium discoideum cell and inert silica microspheres, (b) the celA is trapped
directly, while the cellB is trapped indirectly using a synthesized grippet € 0 s),
(c) the cells are being transported to their goal locations € 12 s), and (d) the cells
are released at the goal locations; the céll that was directly trapped is dead, while
the indirectly manipulated cellB is still alive (t =15 s)
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Cell damage can be reduced by using less laser power which results 83 le
intensity experienced by the trapped cells. Although, the trap staility of OT can
be enhanced by utilizing feedback control [HZM09, WOHTO08], this stilvould not
be su cient for robust manipulation of many sensitive cells. Hence,ather than
reducing the damage exerted by optical manipulation on cells by minining the
intensity of the laser beam (which would weaken manipulation capabiliteof OT)
or optimizing laser wavelength (which would require intensive calibratiodue to the
need to have a di erent optimal wavelength for each cell line), in ouapproach, we
indirectly trap [BCLG11] and manipulate cells using grippers composdtom inert
microspheres (i.e., silica beads; see Figure 5.1).

We utilize HOT device which is capable of generating multiple, independén
movable focused optical traps foBD positioning of silica beads around a biological
object. HOT utilizes Gaussian beam that has a maximum intensity at th focal
point. The intensity drops exponentially with the increase of distane from the focal
point. Thus, by placing the inert beads into safe distances from themanipulated
cell, the cell can avoid the maximum intensity of the laser, while still begrobustly
held by the ensemble of beads.

In this chapter, we present three synthesized gripper con gutians that were
tested experimentally using our HOT setup. The con gurations prade robust
gripping as well as impose the least possible intensity of the laser beam the
manipulated cell. We developed a preliminary computational approadior gripper
arrangement modeling and synthesis. The overall synthesis profles cast as a
multi-objective optimization problem that is solved in order to get a Peeto front
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of non-dominated solutions. The robustness of the gripper is claaterized by the
maximum velocity using which the ensemble can be moved KY plane without
e ecting the stability of cell transfer. To the best of our knowledg, this is the
rst successful demonstration of a gripper that is able to reliablyraansport another

object using HOT.

5.2 Gripper synthesis problem formulation

We model the biological object that needs to be manipulated as a sk to
resemble the shape of a single yeast cell. Although cells are deforteah nature,
we do not want to squeeze them with the gripper. That is why the ceis modeled
as a rigid object so that the gripper objects are always placed at afe distance.
The gripper consists of six spherical silica beads of the same size las ¢ell to be
indirectly manipulated. With more than six beads, the gripper might geunstable
due to weaker traps (the laser beam needs to be split for creatinguitiple traps).
The contact between a silica bead and the manipulated sphere is mtatkas a point
contact without friction. Friction is not a dominating force in microsale and thus
can be neglected. Even if a small friction force exists, that can oniypprove gripping.
Each bead has three degrees of freedom (DOFs) so that it can bespioned in
any location around the object. We are only interested in eliminating ndesirable
translational motions of the gripped object. Hence, the objectan rotate inside
the gripper. Therefore, we are looking to achiev@D relative form closure for the
manipulated object by suitable placement of the gripper beads [ZDP7

Every position of a point lying in 3D space can be represented by its spherical
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coordinates de ned as the radial distance, azimuthal angle , and polar angle .
Hence, a gripper con guration can be dened a& = [rq; 1; 1;r2; 2, 2,3, 3, 3;
ra; 4, 4,75, 5, 5. fe; 6, 6] .- Eachtripletinthe gripper con guration represents the
actual position of a silica bead in Cartesian coordinates de ned & = [r; cos  sin j;
risin jsin i;r;cos j]. Here, the radial distancer; is the distance of the pointP;
from the centroid of the object. The overall synthesis problem itdetermine the
best gripper con guration Gy that will provide robust gripping based on friction-
less contacts, as well as minimize the intensity of the laser beam expeced by the

object to be manipulated.

5.3 Optimization functions and constraints

Since we are modeling frictionless point contacts between a gripperdathe
manipulated object, we have to satisfy the form closure properse Moreover, we
want to ensure the best quality of the resulting gripper in terms of & stability and
the intensity of the laser beam imposed on the object. L&E; be a contact point on
the object andN; be the inward normal vector de ned atC; (see Figure 5.2), then

the contact wrench atC; is de ned by Equation 5.1

1

0
=8 & (5.0

Here, R; is the position vector forC; in the global coordinate system. The
wrench has 6 components for an object iBD. By placing the origin to the center
of the sphere K Y© and Z° as shown in Figure 5.2), the wrench space can be
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Figure 5.2: Manipulated object and contact positions of the gripper s

reduced to 3. Since we consider only the translational motion, we @ the torque

component in the wrench. All the wrenches can be combined to gatagp matrix

can achieve form closure if the grasp matrix positively span all ovehe wrench

space. The statement comes with the following theorems:

A set of vectorsf v;g positively spans the entire spaceg" if and only if the origin

lies in the interior of the convex hull: pogfvig) = <" $ 02 (convfv;Q)).

It takes at least n + 1 vectors to positively span<". If the span ofn +1
vectors have dimensiom, then, there is a set ofn coordinates on which they

are linearly independent i.e., the rank of the grasp matrix is.

The above two theorems necessarily state that the rank of the agp matrix
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must be at least 3 to be able to achiev8D relative form closure. Furthermore,
the number of beads in the gripper must be greater or equal to 4.n lour case,
the additional two beads help to divide the laser power and thus the aimum
intensity of each laser trap will be decreased. Moreover, the adidihal beads will
give more stability to the gripper during transport by covering the griphery of the
cell. We used the volume of convex hull of the grasp matrix to measuthe quality
of the grasp [RSCO08]. The more the volume of the convex hull, the neostable the
gripping is.

We used the grasp quality measurement as one of the objectivesiahe form
closure properties as one of the constraints for the de ned multibjective optimiza-
tion problem. Another constraint comes from the geometry of thgripper. The
spherical components of the gripper should not intersect eachher. Hence, the
distanced between two gripper components should be greater than or equalthe
diameter of the gripper component i.e.d  2rq, whererg is the radius of the com-
ponent. The second objective concerns the intensity experiedcay the object due

to the gripper con guration. Hence, the objectives can be summaed as follows:

i. maximize the volume of the resulting convex hull of the grasp matrjxand

ii. minimize the intensity of the laser beam imposed on the gripped objec

subjected to the following constraints:

i. the rank of the grasp matrix must be 3 to satisfy the form closur@roperties,

and
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ii. the gripper objects must not intersect each other.

To calculate the intensity experienced by the gripped object, the $&r beam
resulting from positioning the optical trap is modeled as a convergirgdjverging cone

(see Figure 5.3). The half angle of the cone is calculated using Equation 5.2

L NA

= sin (5.2)

Here, NA is the numerical aperture of the objective lens and is the refractive
index of the immersion oil. We sample the gripped object uniformly and @htify the
samples that belong to the region intersected by the optical conésee Figure 5.3).
The intensity of each sample point is calculated using the equations givin [STO1]
and summed to get the total intensity of the gripped object.

To optimize the positions of the beads around the object, we utilizechulti-
objective Genetic Algorithm (GA) [Deb01] as an optimization technige that is

robust in respect to local minimums.

5.4 Results

5.4.1 Experimental setup

Figure 5.4 shows our HOT-based cell manipulation system. The HOT e in
these experiments was a BioRyx 200 (Arryx,Inc., Chicago, IL) HOTThe BioRyx
200 consists of a Nikon Eclipse TE 200 inverted microscope, a Spaddhysics Nd-
YAG laser (emitting green light of wavelength of 532 nm with 2 watts)a spatial
light modulator (SLM), and proprietary phase mask generation stware running on

a desktop PC. The microscopic eld of view is about 71m 53 m. Nikon Plan
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Apo 60x/1:4 NA, DIC H oil-immersion objective is used. Using the Graphical User

Interface (GUI), the ensemble is moved alonXY plane. The SLM gets the input

from the GUI and updates the trap positions to move the ensembl&he maximum

rate at which traps can be set is limited by the update rate of the SLMwhich in our

case is 15 Hz. The gripper is formed by using six point traps throughL8. Each

of them traps one 5 m silica bead and is able to move in the microscopic eld of

view or up to 10 m above or below the focal plane of the microscope. Microbead

solution is prepared by diluting 5 | original silica microspheres solution (Microsil)

with 1000 | of distilled water.

Transmission
Lighting

Stage

Y

Microscope ——p

computer

Objective
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source

Figure 5.4: Holographic Optical Tweezers based cell manipulation syst

128



5.4.2 Gripper synthesis

We used MATLAB implementation of a variant of the multi-objective ewlu-
tionary algorithm NSGA-II [Deb01] to solve our multi-objective optimzation prob-
lem. The population size was set to 200 individuals with the crossovergbability
of 0:5. The optimization converged after 596 generations. The resulgjnPareto
front consists of 35 beads con gurations. The Pareto front esstially shows that by
placing the beads along the “equator' of the object, we would getehdeal gripper
in terms of the imposed minimum laser beam intensity. However, thatlgcements
would not satisfy the form closure properties (the convex hull othe grasp matrix
does not contain origin). Now, if we start distributing the beads abee and below
the “equator’, the intensity will increase as well as the convex voluneovered by
the grasp matrix. Hence, we would start getting non-dominated &dions. From
the Pareto front, we selected 5 con gurations that signi cantly der in terms of
positions of the beads and orientation of the gripper. We used thetémsity value
of the laser beam resulting from the gripper reported in [KCA11] as a benchmark
and further narrowed down the selected set to 3 con gurationshat result in lesser
intensity values. The three selected con gurations are characteed based on the
maximum transverse velocities inX and Y directions that the grippers can attain
without breaking up in the physical setup. For experiments, we ude5 m yeast
cell as a gripped object. In reality, cells are deformable. Howevevith the velocity
(up to 8 m/s) we want to transport the object, the deformation due to tre vis-

cous drag is very small and hence cannot deform the cell signi cant Moreover,
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Figure 5.5: Dierent gripper con gurations (yellow dots indicate the keads lower
in Z-axis, while green ones indicate the upper beads): (a) baselgripper, (b-d)
synthesized grippers 1-3. In the baseline gripper, the lovibeads are placed approx-
imately 4:2 m lower, while the upper beads are placd4 m above the plane of
the gripped object. For the synthesized grippers, the upjmeads are3:5 m, 1:3 m,
and 224 m above, and the lower beads a&88 m, 1:8 m, and 223 m below the
plane of the gripped object, respectively

to avoid deformation due to the gripper arrangement, beads have be placed at a

safe distance by considering the cell as a rigid body.

5.4.3 Gripper performance evaluation

Figure 5.6 shows the transportation of a 5m yeast cell gripped by the synthe-
sized gripper 1 (see Figure 5.5b). The target cell is successfullyrisported to the

goal location and released from the gripper. The stable transpontas also achieved
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by the gripper 3 (see Figure 5.5d). In contrast, the gripper 2 (sd&igure 5.5¢) can
become unstable during the movement since the target cell attetsgo escape along
axial direction (Z axis).

We evaluated the selected grippers by nding out the maximum tran®rse
velocities alongX (transversex) and Y (transversey) directions vy and vy using
which the grippers could be transported without breaking down. Foeach gripper,
the velocities in both directions are gradually increased until the eamble breaks
down and the maximum velocity is recorded. However, for moving algra curved
path (see Figure 5.6), we had to use a lower speed since the grippégect needs
additional time to get the momentum transferred due to change inhie direction of
motion of the ensemble.

The performance of the baseline and synthesized grippers is sunized in
Table 5.1. The performance of the synthesized gripper 1 is comphleato the base-
line gripper with an additional advantage that it imposes smaller laser ftansity on
the transferred object. For both the con gurations, there is asigni cant di erence
between the maximum achievable transverse speedv, and the transversey speed
vy. The reason is shown in Figure 5.7, where the transvergecomponentF, of the
maximum trapping forceF, , that provides motion against viscous drag, is smaller
than its transverse x componentF,. Synthesized grippers 2 and 3 can achieve
similar maximum velocities in both transversex and transversey directions since
the beads are uniformly placed around the object. In addition, theimpose even
smaller intensity of the laser beam on the transferred object. Orhé other hand,
the maximum achievable velocity is smaller in the axial direction compadeto the
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Figure 5.6: Transportation of a yeast cell using the synthesized grippg: (a) at

t =0 s, the yeast cell is gripped by the gripper, (b) &t= 10 s, the gripper ensemble
is avoiding an obstacle by moving in a curved trajectory, vidnimaintaining a safe
distance from the obstacle, (c) at = 21 s, the gripper ensemble reached the goal
location, and (d) att = 29 s, the yeast cell is released from the gripper by turning
o the laser
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Figure 5.7: Trapping force components in transversg and transversey directions,
respectively

baseline and gripper 1 con gurations. Although the gripper 2 can aeve a high
speed in both directions, while imposing a very low intensity of the laséream on
the transferred object, it was unstable when moving along a cumdgpath. Because
of the less volume covered by the gripper, the transferred objetas a tendency
to quickly escape inZ direction. However, this gripper can be ideal for arranging
sensitive cells (e.g.Pictyostelium discoideum) in a line, where the goal is to move
them in a straight line for a short distance. Gripper 1 has an additiodadvantage
over the other two due to its double triplet formations. Because dhe compact
positioning of the beads inside the triplet, the gripper is more robush terms of
resisting the immediate shock exerted by the drag force (of the wle ensemble) as it
starts moving from the rest or when it changes a direction of its mmn, by creating
a composite force eld combining all three laser traps. In this wayhe beads in the

triplet support each other against the immediate drag force.
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Table 5.1: Performance of the synthesized grippers

Properties Baseline Gripperl Gripper2 Gripper3
Max. vx ( m/s) 10.02 9.87 8.17 7.62
Max. vy ( m/s) 5.46 5.68 8.33 7.40
Intensity (wat/  m?2) 3.4e-5 2.87e-6 2.3e-7 1.32e-6
Volume of convex hull ( m3) 0.77 0.68 0.30 0.46
5.5 Summary

Optical Tweezers are becoming a widespread tool in cell biology anedicine
because of its precise and non-contact nature of manipulation. ddise manipulation
using OT comes with the cost of exposing a biological cell to higher lasetensity
that can be harmful to the biology of the cell.

In this chapter, we successfully demonstrated useful gripper rcgurations
that were evaluated using physical experiments in our HOT setup. hE presented
grippers can be used for precise manipulation of cells of sphericahgl without
directly exposing them to dangerous intensity of the laser beam. Wieveloped a
computational approach for preliminary modeling and simulations ofrgpper con-
gurations. This allowed us to synthesize con gurations that are ptimized for
minimizing the laser intensity imposed on the gripped object and maximiz the
grasp volume.

We considered a cell of spherical shape in our preliminary modeling. Mdover,
we did not model the trapping force during the optimization. Hencewe could not
optimize the maximum attainable speed resulting from the gripper coguration.
Future work can have two directions. First, an arbitrary shape aa be considered

to model the cell. That might give more complex gripper con guratios. Second,
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trapping force can be modeled using [BBGLO09] and the developed impization rou-
tine can be utilized to measure the maximum attainable velocity from t resulting

con gurations.
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Chapter 6
Automated Manipulation of Biological Cells Using Gripper
Formations Controlled By Optical Tweezers

This chapter® presents a planning approach for automated indirect manipula-
tion of cells. The capability of noninvasive, precise micromanipulationf aensitive,
living cells is necessary for understanding their underlying biologicatqresses. Op-
tical tweezers (OT) is an e ective tool that uses a highly focused $&r beam for
precise manipulation of cells and dielectric beads at micro-scale. Hoee direct
exposure of the laser beam on the cells can negatively in uence theiehavior or
even cause a photo-damage. In this chapter, we introduce a plamgpand control ap-
proach for automated, indirect manipulation of cells using silica beadsranged into
gripper formations. The developed approach employs path plannirajnd feedback
control for collision-free, e cient transport of a cell between tvo speci ed locations.
The planning component of the approach computes a path that ekgtly respects
the motion constraints of the gripper formations. The feedbackontrol component
ensures stable tracking of the path by manipulating the cell using a&sof prede-
ned maneuvers. We demonstrate the e ectiveness of the appoh in transporting
a yeast cell using di erent gripper formations along collision-free plas on our OT
setup. We analyzed the performance of the proposed gripper rfations with re-
spect to their maximum transport speeds and the laser intensity perienced by the

cell that depends on the laser power used.

5 The work in this chapter is derived from the published work in [CTW* 12] and accepted work
in [CTS™ 13].
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6.1 Introduction

Many experiments in biology and biophysics concerning (1) cell-basscreen-
ing [WWS10], (2) studying environmental e ects on cell behavior [UWK03], (3)
studying mechanical properties of cells [BS®5], (4) cell diagnosis for therapy
[CQZ" 06], etc. require manipulation of cells at di erent population scales téorm
cell assays. For example, the experiments pertaining to cell diagi®involve sorting
large groups of cells. Similarly, studying a behavior of a medium-sizerbgp of cells
exposed to environmental in uences requires arranging the cellsspeci c patterns.
On the other hand, single-cell manipulation is needed when studyingechanical
properties of individual cells. Hence, there is no single manipulationdenique that
would be usable at all scales. Rather each technique has its own @&tieig niche.

Micro uidics [CSW* 11], electrophoresis [Vol06], gradient based centrifuga-
tion [SA08, TDANE12], magnetically activated manipulation [AKS08], acostics
[DLK *12], magnetically actuated manipulation [TZQ 12], AFM [RWG™' 10], and
Optical Tweezers (OT) are among some of the common techniquesed for cell
manipulation. Among these techniques, the gradient based centrifation, acous-
tics, magnetically activated manipulation, and electrophoresis op&te on a large
scale. Micro uidics together with OT operate on a medium scale, and ™M, OT,
and magnetically actuated manipulation techniques can also be usext single-cell
manipulation.

In OT, a highly focused laser beam is used to exert gradient and statng

forces (of the order of few pN) on a dielectric particle (size scalenging from few
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nanometers to few tens of micrometers) which results in the parkicbeing stably
trapped at the focal point. The trapped particle can then be trasported by simply
moving the laser beam or released by switching o the beam. Due todhprecise
position control and non-contact nature of manipulation, OT is suzessfully used in
di erent single-cell manipulation operations (e.g., such as rotatiorstretching, and

transportation). Holographic Optical Tweezers (HOT) enable gesration of multiple

traps allowing simultaneous manipulation of multiple objects in 3D.

One of the main challenges in OT based manipulation of biological cellgiso-
todamageresulting in impaired functionality or even death of cells [ADY87]. Laser
photodamage can occur due to the creation of reactive chemicpesies [SB94], local
heating [LSBT96], two photon absorption [KLBT95], and singlet oxygethrough the
excitation of a photosensitizer [NCL 99]. The intensity of the laser can be reduced
by decreasing the operating laser power leading to generation ofaker traps. By
using the rotation rate of theE: coli agella motor, Neumanet al. [NCL* 99] found
that the laser wavelengths between 830 nm and 970 nm were signntlg less harm-
ful to the cells. Optimization of laser wavelengths require extensivecalibration of
OT setup for each type of the cell to be manipulated. Although therapping sta-
bility can be enhanced by utilizing a feedback control of trap positigwhile using
less laser power [HZM09, WOHTO08], that may not provide e ective mapulation
of a large number of sensitive cells.

Rather than trapping directly, cells can be entrapped indirectly withther-
mosensitive hydrogel that can be transformed from sol-to-gef gel-to sol through
local heating or cooling by microheater [ANMO05]. However, thermosensitive hydro-
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gel can only be used to immobilize the cells. The cells still need to be ditedrapped
to bring them close to the microheater. In another mode of indireahanipulation,
cells can be attached with optically trapped functional gel microbeks, thereby can
be manipulated without a direct exposure to the laser [AEMO07]. Functional mi-
crobeads make permanent bond with the cells and thus they cannbé separated
after manipulation. Arai et al. [AOIM09] used microtools that can be fabricated
from an optically trappable material to indirectly manipulate cells. Howver, micro-
tool based manipulation requires special microfabrication facility ahg with optical
tweezers.

We propose indirect manipulation of cells using gripper formations madip of
dielectric beads [CSW 12, KCA" 11, BCLG11, TCW* 12] directly trapped by laser
beams. Figure 5.1 shows the transport operation of twidictyostelium discoideum
cells. One is directly held by a laser trap while the other is indirectly gripgd
using six optically trapped silica beads. The wavelength of the laser i85 nm
and the laser power is set to 2 watts. After 15 s both the cells areleased from
the laser traps. The directly gripped cell has been disintegrated duo the high
intensity laser, while the indirectly gripped cell is still alive. This is becase the silica
beads allow to indirectly grip the cell and thus protect it from the diret exposure
to the laser. Similar experiments with polarizedictyostelium discoideum cells
[WCGL13] shows the advantage of gripper based manipulation overett trapping.

Transport of gripper formations requires to deal with multiple optial traps
simultaneously which is time consuming and in some cases impossible tontsmnu-

ally. In this chapter, we develop an approach [CTW12] for automated transport
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of grippers for indirect manipulation of cells. The sequence of opémns during
manipulation are as follows: 1) trapping the target gripper beads,) 2automatically
transporting the trapped beads to their desired locations arounthe target cell
[BCLG12, CSW 13] to form a gripper formation, 3) automatically transporting the
gripper formation to the desired goal location, and 4) releasing theell at the goal
location. The desired locations in the step 2 are determined using apper forma-
tion generator (see Section 6.2). Automated manipulation in microale is di cult

because of the challenges including Brownian motion, dynamical iné&tions among
uid, beads, and cells, and image processing based measurementeutainty. We
use A* based heuristic approach for fast planning in order to dealitr the changing
nature of the environment due to Brownian motion. For this plannerwe derived
a cost function that allows to compute a path for a particular grippeformation to
transport a cell in minimum time. We use Kalman lItering to Iter out the noise

introduced during image processing.

6.2 Problem overview and terminology

6.2.1 Terminology

Gripper Formation We de ne a gripper formation asG, = f X3, : X 2
<2 =1;2;:::;ng, where Xg; represents the position of the beadl in the global
coordinate system X;Y ) and n species the number of beads in the formation.
Figure 6.1 depict the examples of 2, 3, 4, and 6-bead formatio@s, Gz, G4, and
Gg, respectively. During the manipulation operation, all the beadB;;i =1;2:::;n

are held by their corresponding optical trapsT;;i = 1;2:::;n. We classify the
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Gripper Cell c}
bead Yﬁ

Figure 6.1: Gripper formations: (a) 2-bead formation, (b) 3-bead formi@on, (c)
4-bead formation, and (d) 6-bead formation
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Figure 6.2: Problem statement: the cell inside the gripper formation eds to be
transported indirectly from the initial state S; to the goal stateS; while avoiding
collisions with the obstacles

gripper formations into two classes based on their permitted modd transport.
G, and G3 form one class where the gripper formations with less than or equal
3 gripper beads need to be rotated to ensure there are enoughad® to push the
gripped object towards the desired direction. The gripper formans with more
than 3 beads G4 and Gg) do not need to be rotated to change their direction of
transport. Hence, they form the second class of grippers.

Gripper Formation Generator The beads in the gripper formationG,
are not speci ed manually. Instead, we designed a gripper formatiogenerator
g:fn! G, where the tuplef, = (X¢; ;d;n) includes X as the position of the
cell C expressed inX;Y ), as the angular di erence betweenX;Y ) and the local
coordinate system X ¢ Y9 attached to the center of the cell (see Figure 6.1)] as
the distance between any two beads i6, (assuming a regular con guration), andnh
as the number of the beads i6,,. For example, a tuplef, = ([10 10]; =6;7; 2) with
both the gripper beads and cell of 5m diameter will produce a two-bead gripper

formation G, = f[1125 516],[5:18 866)g (see Figure 6.1a). Here, the distances
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are expressed in m. The generator thus allows us to automatically construct the
entire gripper con guration using fewer number of parameters vith is suitable for
optimization [CSW* 12]. It should be noted that gripper generator can be designed
by the user of the planning system to create grippers of variousages to handle
cells of di erent shapes.

Gripper Formation State  We de ne a state of the gripper formationG, as
% =[X¢, ]" inwhich X 2 <?2is the position of the gripper (identical to the position
of the manipulated cell) and is the orientation of the formation in (X;Y).

Manipulation Maneuvers  We de ne a nite maneuver spaceM (%) of the
gripper formation for each statex 2 X. The maneuver space includesotate,
translate, and retain atomic maneuvers that determine possible modes of loco-
motion of the gripper in the statex. The rotate maneuver represents a function
mr(X ) = X% whereg® = [X. + ]", that rotates the formation by a con-
stant angle . The translate maneuver represents a functioomy(x; d) = X°
where X0 = [X.+ d; ]" that causes a linear translation for a constant distance
d =[x; y]'. The retain maneuvermget (%) = % enforces the original formation
G, around the cell if one or more beads get displaced from their requdrpositions.
The generatorg takes the desired formation stateg®or % to determine the desired
bead positionsXg.; and thereby the next trap positionsT; as shown in Table 6.1.

Obstacles We de ne aset of obstacles; = fX™; : X~ 2<2i=1;2:::;mg,
where X™ i represents the position of an obstacle; in (X;Y ). The set of obstacles
includes all the cells and beads in the workspace besides the beadsd #re part of
G, and the cellC being manipulated.
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6.2.2 Problem statement

Given a gripper formationG,, along with a formation tuple f,, optically held
by traps Tis, wherei = 1;2;:::;n, and randomly moving obstacles s, where

] =1;2;3;:::; N, compute the following:

A collision-free global path which consists of discrete waypoint§V, : p =
1,2;3;:::;N to indirectly transport the cell usingG,. N is the total number

of waypoints in .

A complete feedback control that selects appropriate maneugefor any given
gripper formation state so that the cell can reliably follow the path or return
an exception if the current path is no longer valid due to randomly moving

obstacles. In case of thexception the global path is recomputed.

6.2.3 Assumptions

We made the following assumptions:

We approximate yeast cells and gripper beads as perfect spherésaglius r¢

and rg, respectively. (see Figure 6.3).

We assume that optically trapped beads can move with the same valgcas
the traps. This is ensured by choosing an operating speed using whibe

beads can be reliably trapped and moved by the laser traps [BBGLO09].

6.2.4 Solution approach

We have adopted the following approach (see Figure 6.4) to solve theblem:
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Cells

Figure 6.3: Workspace with a spherical cell and beads

We have developed A* based global path planner to generate a collisifvee
path that minimizes the transport time of a gripper formation betwen two
given locations, while satisfying its motion constraints. We derive twagost

functions compliant with the speci ¢ class of gripper formations.

We have developed a feedback controller based on inverse kinenstic gen-
erate paths for individual traps so that the formation can follow tle global

path.

We used Kalman lItering to handle measurement uncertainties.

6.3 Path planning for gripper formation

We used A* based global path planner to nd a collision-free path faa gripper

formation to transport a cell between two given locations. The plarer recomputes
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Figure 6.4: Optical Tweezers setup and manipulation approach

the path if the workspace is changed signi cantly due to random main of freely
di using beads and cells (see Figure 6.4).

In order to make search for the path feasible, we discretize the state space
X into the discrete stateS consisting of grid cells of constant sizes. In this way, the
planner can make only constant advancements during the seardr f between the
initial S; and goal Sy state. The following sections present the state-action space

representation and cost function for the planner.

6.3.1 State-action space representation for planning

The discrete stateS* of a gripper formation is de ned as a vector of position
k . . . . .
X of the cellC and the orientation ¥ of the formation at a given time stepk (see

Equation 6.1).

h o

sk= Xx.: (6.1)

The state space is a 3D grid with each grid cell representing a staté the
formation G,,. A control action is represented as a vector consisting of velocibf
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individual traps at a given time stepk (see Equation 6.2).

o= w5 wh i w (6.2)

Here v¥ represents the velocity of i'th trap at time step k andn is the total
number of traps corresponding to each gripper beads. The dynas of formation

G, is described by Equations 6.3 and 6.4

xXo
XK= max(0; w*:%)# (6.3)
i=1
!
xXo LS
K= — 1 f (6.4)
- (rB + rc) | contact
8
E0 if dg;.c > (rs + rc);
contact —
3

-1 otherwise.

Here, £ (see Figure 6.5) is the unit direction vector towards the celC from
the gripper beadB; and dg, ¢ is the distance between them. The momentum is
transferred to the cell only when the beads are in contact to theetf. Hence, —
is set to 0 when cell and bead are not in contact. We imposed some sioaints
on the action u when executing di erent types of maneuvers depending on the
formation type to satisfy its motion constraints. ForG, and Gg gripper formations,

the velocities of all the traps are constrained to be the same as givey Equation 6.5

vk = w*:8ij; wherei;j =1;2,3;:::;n (6.5)
In case of G, and Gz gripper formations, the speed of all the traps is con-

strained to be the same (see Equation 6.6). The trap motions arenstrained only

147



XB2

Figure 6.5: Gripper formation with all the direction vectors

parallel to the desired direction of the cellC in case oftranslate maneuver to pre-
vent the formation from falling apart (see Equation 6.7). Similarly, tle traps are
restricted to move only towards the tangential direction of the dein case ofrotate

maneuver (see Equation 6.8).

jv i = j»¥j: 8i;j; wherei;j =1;2,3;:::;n (6.6)
N

vy =1 (6.7)

w<E =0 (6.8)

N
Here, dy (see Figure 6.5) is the unit direction vector from the cell towards #n
desired waypoint that can be derived from the orientation of the goper formation
(see Equation 6.9).

é\"g =[cos ;sin ]" (6.9)
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When the gripper formation takes an actiont® at time step k, it transitions

from Sk to Sk*! using Equations 6.10 and 6.11.
XKl = gkt xkat (6.10)
= kg kgt (6.11)
Here, 4 t is the time spent between two subsequent time steps.

6.3.2 Cost function

The planner iteratively expands the nodes of candidate paths in thetate-
space from the initial stateS; to the goal state Sy according to the cost function
f(S).

f(S)= g(S)+ h(S) (6.12)
Here, f is the total cost estimation of a path starting fromS; to S, through the
state S, g(S) is the optimal cost-to-come fromS; to S, and h(S) is the heuristic cost
estimate fromS to S;. The formation is transported with a constant speed and thus
we use the transport time as the cost estimate. The cost of a newdyncountered

state S%is computed as follows:
f(S9=g(S)+ I(S;8 + h(S9 (6.13)

Here,|(S; d) is the transition cost from the stateS to S We use a general transition
cost function ¢(S) to calculate the transition I(S;+) and heuristic h(S) costs as

described by Equation 6.14:

8
% L+ ifn< 4

o(S) = . (6.14)
: % otherwise,
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wherev and! are the constant linear and angular speeds of the trap ensemble,
respectively. In order to calculatel(S;t), L and are taken as the linear and
angular displacements resulting from the execution of an actiom(see Figure 6.6).
For the calculation of h(S), we take the Euclidean distance between the states
and Sy as the linear displacement., and the total angular displacement required to
move fromSto S; as . During the transport along a given direction, some of the
beads in the formation exert a pushing force (actuator beads) dhe cell, whereas
other beads prevent the cell from drifting out of the ensemble. Fdhe gripper
formations G4 and Gg, there are enough actuator beads to be able to push the cell
in any direction. Hence, they do not need to be rotated to changéne transport
direction of the formations, while they need to be rotated for gripgr formations
G, and Gz to be able to orient the actuator beads along the transport direwn.
Therefore, we do not consider the rotation fon 4 in Equation 6.14.

In this dissertation, we will use the controllable degrees of freedoamd the
total degrees of freedom to characterize whether a gripper ensle isholonomic
or nonholonomic systems [NF72]. In robotics, a system is consider&édlonomic if
the controllable degrees of freedom are equal to the total degseof freedom. On
the other hand, a system is consideredonholonomic if the controllable degrees of
freedom are less than the total degrees of freedom. In our case are manipulating
cells in a plane with the gripper formations. Hence, the total numbeof degrees of
freedom for the gripper ensemble is three (two for position and of@r orientation).
In case ofG4 and Gg, gripper ensemble can be translated in arbitrary directions and

rotated. Hence, the number of total degrees of freedom f@; and Gg is equal to
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Figure 6.6: Cost function forn < 4

the controllable degrees of freedom. However, in caseG¥fand Gz, grippers cannot
translate in arbitrary direction because moving in certain direction ray result in
the cell coming out of the formation.

The resulting cost function can then be divided into two classegiolonomic
cost function forG, and Gg and nonholonomic cost function forG, and G;. Holonomic
cost functions do not account for changes in orientations and aovely based on trans-

lations. Nonholonomic cost functions account for both translations and rotations.

6.4 Feedback control for gripper formation

The maximum operating speed of a particular gripper formation to &nsport
a cell to a given goal location needs to be determined. With the increain the
speed, the formation tends to break down gradually due to Browmamotion and
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Table 6.1: Rules used by the formation generatay to determine the positions of
beads inside the gripper

Formation type Bead positions

G2 Xgi1=Xe D1 D2;Xg2=Xc D1+ D2

Gs Xg;1=Xec D1 D2;Xg2=Xc D1+ D2 Xg2=Xc D1+ D3
Ga XBi = Xc+ dlcos(=4+i=2);sin(=4+i=2)]T

Gs XBj = Xc+ dlcos(=6+j=3);sin(=6+j=3)]"

[Tl=p(r +rc)?2  d?=4[cos ;sin |T; D= d=2[sin; cos]";
D3= 3d=2[sin; cos]',i=1;2:::;4;j=1;2,:::;6

drag force. Hence, we need a feedback controller that retainspgrer beads in the
formation if they get deviated for more than the maximum speci ed wtance. In
each planning interval, the planner executes one of the three mamers: translate,
rotate, and retain (see Figure 6.4). The positions of the gripper beads expressed
using the formation tuplef,, that is computed using inverse kinematics, are shown
in Table 6.1. not rotate in order to reach a particular waypoint. Hene, they need
only two maneuvers to follow a path. In each planning time interval, th next trap
positions are selected using the following algorithm:

Formation control algorithm: (see Figure 6.4)
Input: A nite nonempty maneuver library, formation tuple f,, waypoint library
, bead deviation threshold Iy, , waypoint deviation thresholdwy,, and time stept.
Output: The next positions of the trapsf Tig; .

Steps:

(i.) If t=0, select the rst waypoint W, from the library , where p= 1.

(i) If kKX: Wpk wy,setp=p+1.

(iii.) Measure the positions of beadSZg; : Zg; 2 <2i = 1;2;:::;ng. If k
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Figure 6.7: Transport time required for G, and Gg gripper formations to follow
trajectories in various obstacle elds computed using twa érent cost functions

B;i Zgi k |y go to step v.

(iv.) Select the retain maneuver. Use the formation generatog to calculate

(v.)

fXE.i0L, based on the formation statex (see Table 6.1). Sefl; = X%,

8T, 2TandreturnT.

Based on the waypointW, and the formation state %, calculate the desired
action d. If the action requires bothrotate and translate maneuvers, rst
select therotate maneuver. Calculate the desired formation state& and the

correspondingf X, gL, using the rules in Table 6.1. SeT; = X%&,;,8T; 2 T

and return T.
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Figure 6.8: Transport time required for G, and Gz gripper formations to follow
trajectories in various obstacle elds computed using twa érent cost functions

6.5 Results and discussions

6.5.1 Experimental setup and method

We demonstrate the e ectiveness of the planner using a BioRyx 2@Arryx,
Inc., Chicago, IL) holographic laser tweezer platform. The platfon consists of a
Nikon Eclipse TE 200 inverted microscope, a Spectra-Physics Nd-®Aaser (wave-
length of 532 nm), a spatial light modulator (SLM), and a proprietay phase mask
generation software running on a desktop computer. The objéa used is the oil-
immersion Nikon Plan Apo 60x/1.4 NA, DIC H. The maximum rate at which taps
can be set is the update rate of the Spatial Light Modulator (SLM)15 Hz, and the
minimum step size of 150 nm. The feedback control is achieved with ecend PC

equipped with a uEye camera (IDS, Inc., Cambridge, MA) for imaginge cells and
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beads in the workspace.

We use 50 m diameter silica beads (with the density of 2000 kg/mand a
refractive index of 146 purchased from Bangs Laboratories, Inc., Fishers, IN) as the
gripper beads. Yeast cells used in this experiment are cultivated fnoa fast growing
yeast powder. @016 mg of yeast powder is mixed with 3% (w/v) glucose solution.
The cells are allowed to grow for an hour. After an hour, the conceation of cells
is examined under a microscope. The average diameter of the celterafn hour is
5-8 m.

Beads and cells are identi ed by thresholding the image and calculatirthe
center of mass of all the remaining blobs (see Figure 6.4). The measuent noise
in the particle positions is suppressed through the use of Kalman Ilteng. The
objects at microscale undergo Brownian motion. In order to corrsict the covariance
matrix for the Kalman Iter, we hold the object (a bead or cell) using alaser trap
and log the measured positions for 1000 time steps. The actual fiios of the
object is determined from the position of the trap since the objedets hopped into
the focal point of the laser. The update rate of SLM is about 66 msSince the
Brownian motion of the object is suppressed by the optical trap,he covariance
of the measured positions can be regarded as a metric for the meament noise.
We have calculated the measurement noise covariance matrix frorhet recorded

positions and used Kalman lter to estimate the actual positions.
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6.5.2 Simulation results of path planning

In this section, we present a comparison of the required averagarsport time
for two classes of gripper formations executing two di erent path computed using
holonomic and nonholonomic cost functions as presented in Equation 6.14 in scenes
with di erent obstacle densities.

We use 10 dierent levels of obstacle densities to generate the seen For
each obstacle density level, we create 20 di erent scenes by randy distributing
the obstacles. For each scene, we randomly choose 100 di erentiah S; and goal
statesSy to compute trajectories. The trajectories are computed usingvb di erent
cost functions as shown in Equation 6.14. We record the transpatitne required
by each formation type for execution of trajectories computedsing the two cost
functions. The transport time is averaged over 2000 test cases feach obstacle
density. The gripper formations are transported with the maximuntonstant linear
velocity of 10 m/s and maximum angular velocity of 0.25 rad/sec.

Figure 6.7 shows the box plots of transport time oG4 and Gg gripper for-
mations executing paths computed using two di erent cost functias in scenes with
di erent obstacle densities. The average transport time (indicatk using 2 sign)
gradually increases with the increase of obstacles in the scene fothbcost func-
tions. This increase is not signi cant forholonomic cost function since the planner
does not consider the time for rotation which is a dominant componem calcula-
tion of the total transport time. The transport time required for execution of a path

computed using theholonomic cost function is less than that of thenonholonomic
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Table 6.2: Performance of designed grippers

Gripper type Properties Transport speed m/s
7 8.5 10
G Laser power (w) 0.2 0.3 0.5
2 Intensity (w/ m?) 6.03e-7 9.05e-7 1.51e-6
G Laser power (w) 0.4 0.5 0.8
8 Intensity (w/ m?2) 8.02e-7 1.00e-6 1.60e-6
G Laser power (w) 0.6 0.8 1.2
4 Intensity (w/ m?2) 9.06e-7 1.21e-6 1.81e-6
G Laser power (w) 1.0 15 2.0
6 Intensity (w/ m?) 1.00e-6 1.50e-7 2.00e-6

cost function. The nonholonomic cost function leads to computation of a path that
has less number of turns since it explicitly takes the angular transpotime into
account. It thus does not necessarily need to be the shortesttpdbetween S; and
Sy in terms of Euclidean distance in the position space. On the other hdnthe
holonomic cost function leads to computation of the shortest path in the patson
space, not taking the orientation of the gripper into account. Th&, and Gg gripper
formations do not need to rotate to change the direction of theirransport. Hence,
the shortest path computed using theholonomic cost function requires the least
transport time for G4 and Gg gripper formations.

On the contrary, the actual transport time of G, and Gs gripper formations
following a path computed using thenonholonomic cost function is less than that
of the holonomic cost function (see the plot in Figure 6.8). The formations need to
rotate to change the direction of their transport. Hence, it is prierable to choose a
path that has less number of turns, rather than choosing the shest path in the

position space to minimize the total transport time as well as to maiain stability.
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(d)

Figure 6.9: Indirect transport of a bead using the 3-bead gripper formanh: (a)

gripper in the initial state S;, (b) the gripper applies therotate maneuver to align
itself towards the waypointwW,, (c) the gripper applies thetranslate maneuver to
reach the rst waypoint Wy, and (d) the gripper applies therotate maneuver to
align itself towardsW,, (e) the gripper applies thdranslate maneuver to reach\,,

and (f) the gripper reaches the nal goalG with the use ofrotate and translate

maneuvers respectively
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Figure 6.10: Indirect transport of a bead using the 6-bead gripper forman: (a)
the gripper in the initial state S;, (b) the gripper applies thdranslate maneuver to
reach the rst waypoint Wy, (c) the gripper applies thetranslate maneuver to reach
the second waypoinW,, and (d) the gripper reaches the nal goaG by applying the
translate maneuver

Gripper bead 1

-

Gripper bead 2

o

Cell

Gripper bead 3
CY (b)

Figure 6.11: Releasing a cell from the gripper: (a) the cell is transpodeto the
goal G using the gripper formation, and (b) the cell is released fio the formation
by transporting the beads away from the cell
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6.5.3 Experimental results

We demonstrate the e ectiveness of the planner in transporting geast cell
with di erent types of gripper formations (see Section 6.4) towarsl a speci ed se-
guence of waypoints by running experiments on our OT setup. Theaypoints are
generated by the A* based path planning algorithm presented in Sen 6.3. The
waypoints are denoted as8V and the initial and nal location of the gripper is de-
noted asS; and G, respectively. Each formation successfully follows the waypoints,
while transporting the gripped cell. Figure 6.9 shows the selection of @ent ma-
neuvers byGs; to follow three waypoints including the goalG in a challenging scene
with obstacles. In these experiments, the complexity of the obstie scene is limited
by the allowable dimension of our OT workspace as well as the size o€ thripper
formation.

The formations with two and three beads use the same set of mawnets to
follow similar waypoints. The formation Gz is more stable than itsG, counterpart
because the extra bead prevents the gripped object from drifgrout of the gripper.
The planner has to invoke theretain maneuver intermittently to keep the cell inside
the gripper formation.

Figure 6.10 shows a target cell being transported witG¢ through three way-
points using theretain and translate maneuvers. Due to the larger size of the
formation, we can only demonstrate automated transport of theell in a space with
a single obstacle. Hencezg formation is not suitable for a relatively cluttered en-

vironment. It does not require therotate maneuver since it does not need to rotate
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itself to change the direction of transport. As soon as some of thgipper beads
get deviated from their desired locations beyond the user de nedebhd deviation
threshold Iy, (see section 6.4), the gripper uses theetain maneuver to keep the
traps stationary for a speci ed time interval so that the beads aa get back to their
original formation. The formation G, utilizes the same set of maneuvers to transport
the gripped bead.

Both of the beads inG, act as actuators (see Figure 6.1a). Hence, there is
a risk that the cell will get deviated from its desired location inside thegripper
when moving along a curved path. This formation is suitable for tramerting the
cell in a relatively cluttered environment since it requires low clearaecspace for
navigation due to its smaller diameter. The formatiorG; (see Figure 6.1b) has one
extra bead which always holds the cell inside the gripper. Bot, and G; need
to stop and then rotate to change their direction of motion. The fonation gets
destabilized in case of a drastic change in the direction of transpaince it has only
one bead to restrict the cell from drifting out of the formation. The formationsG4
and Gg (see Figure 6.1c and Figure 6.1d) are much more robust to destabitina
for transporting along a curved path since they do not need to rate to change
the direction of their motion. Hence, the required transport time W also be less
compared to the transport time ofG, and Gz;. However, G4 is more prone to get
destabilized when moving along a diagonal direction since it can utilize lgnone
actuator bead.

Figure 6.11 shows how the cell is released from the gripper formatiafter

it reaches the desired destination. The gripper beads are transpexl by moving
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the traps away from the cell to safe locations. Once the gripper &&s move away
from the cell, they are released from the corresponding traps bwisching o the
laser. We did not observe any tendency for the gripper beads tackt to cells due
to surface tension in our experiments involving yeast cells and silicadms. Hence,
simply moving the beads away from the cell was adequate to releake tell. We also
observed that once beads were not trapped, Brownian motion almwas adequate
to keep the beads and the cells apart from each other. For maniptitay sticky cells,
gripper beads may need to be functionalized with appropriate coags to reduce
the adhesion to the cell.

A formation with a higher number of beads, although more stable, geires
higher laser power and hence causes the target cell to be exposedore intense
laser beam compared to a formation with fewer number of beads. Mover, it re-
quires larger clearance space in the workspace for safe navigatid'e have analyzed
the performance of each gripper formations in terms of the minimuraser power
required to transport a cell at a given speed without the formatiorfalling apart.
We also measured the corresponding average laser intensity exgeced by the cell
using the method described in [CSW12, KCA* 11]. We record the minimum laser
power required and corresponding average laser intensity expaded by the cell
for a particular transport speed setting. For each setting we ruftO experiments to
be statistically accurate. The results of the analysis are summartén Table 6.2.
Depending on the sensitivity of a cell to the laser (in terms of allowablaverage
laser intensity) and required transport speed, an appropriate igper can be chosen

based in Table 6.2.
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To provide a direct comparison betweers; and Gg, we have experimentally
determined the maximum allowable speeds of the traps during rotatiowithout
the formation getting destabilized. We determined the maximum spdefor G; as
3.3 m/s. Transport speeds higher than the allowable limit will position the taps
closer to the cell, which results in trapping the cell before the grippdeads can
move towards them even at higher laser power. To navigate throga path with
the curvature of 90 degrees(3; will require approximately 4 s more time thanGg.
However, G will use about 40% of the laser power used b$s. Moreover, the
formation can be utilized in denser obstacle eld compared t&s. The formation
G can be useful for highly targeted experiments with less sensitivellsan a small

population where reliability of transport is more important.

6.6 Summary

In this chapter, we have presented an approach for automateisdirect trans-
port of cells using planar gripper formations consisting of 2, 3, 4, dr6 beads.
We used A* based path planning algorithm to generate collision-freeaihs for the
formations. We designed a cost function for the developed plannir be able to
nd executable paths that minimize the transport time. We have alsadeveloped
a feedback controller for the gripper to select and execute appriate maneuvers
when following the path. The maneuvers are used for determiningetrequired trap
positions for the formation and maintaining its stability.

The main contributions of this chapter include the following:

(i.) We present an approach for automated indirect manipulation, inading ro-
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tation and linear displacement, of biological cells using planar grippeorina-

tions.

(ii.) We present a global path planner based on the A* algorithm [HNRG&0 auto-
matically transport cells using cell-based gripper formations alonglésion-free

paths.

(iii.) We demonstrate experimental results of the developed autorted indirect cell

transport and path planning.

(iv.) We present detailed experimental evaluation results of grippeiormations in

terms of their stability, transport speed, and required laser powe

In future, dynamical interactions between a cell and gripper beadcan be
considered to develop a model predictive control for robust traport of cells. The
gripper formations reported in this chapter are tested only for ansporting spherical
cells. In general, cells can be of arbitrary shapes. Gripper format®can be synthe-
sized to transport cells of irregular shapes as introduced in Chaptg for spherical

cells.
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Chapter 7
Automated Indirect Manipulation of Irregular Shaped CellsWith
Optical Tweezers for Studying Collective Cell Migration

This chapter’, presents a planning approach for automated indirect manipu-
lation of irregular shaped cells in order to study collective cell migratio Study-
ing collective migration of cells is currently of considerable interest iniddlogy and
medicine leading to possibility of novel diagnosis and treatments, fexample, in
cancer research. We propose optical tweezers as a useful fooldynamically po-
sitioning of cells in certain geometrical patterns to allow new discoves on how
cell-signaling in uences their collective behaviors. Some cells are higlslgnsitive to
direct laser exposure, which may in uence their behavior or even use photodam-
age. In addition, manual manipulation of cells is time consuming making ktard to
carry out systematic studies that are properly timed to exhibit thedesired motil-
ity. We have developed an automated planning approach for precismllision-free,
indirect manipulation of cells with irregular, dynamically changing shapeusing Op-
tical Tweezers (OT). We use a triangular triplet formation for indirect pushing of
a cell. This particular formation has the advantage of preventing las exposure on
the cell and is highly stable and thus suitable for automated indirect amipulation.
We have carried out an experimental study to demonstrate the ect of indirect
pushing using the triplet formation on cell-viability. We nd that the tr iplet for-

mation does not in uence the boundary protrusions oDictyostelium discoideum

7 The work in this chapter is partially derived from the published work in [C TW * 13].
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cells and generation of blebs in contrast to direct trapping or grippon approaches.
We have evaluated the e ectiveness of our manipulation approachsing physical

experiments.

7.1 Introduction

Collective cell migration [IFO9] plays a prominent role in various highly g
ulated processes and physiological conditions during animal devetognt such as
embryogenesis, wound healing, or cancer. Gaining insights into theHavior of the
cell migration may help in e ective diagnosis and therapy for cancerr¢atment.
Dictyostelium discoideum cells [AFQ09] are used as model organisms for studying
cell-signaling and collective migration. When polarized, they migrate ung protru-
sions. The protrusions start at the front of the cells and then pqeagate along their
boundaries at speeds of tens of micrometers per minute [DFL11]. dnder to study
how the cells behave collectively, they need to be positioned in certageometri-
cal patterns. Figure 7.1 shows the collective migration of polarizddictyostelium
cells towards the highest concentration gradient of the chemoadictant cAMP. Cells
formed chain by extending the protrusions towards the trailing enaf the leading
cell. Now, in order to understand how the cells can track the condeation gradient,
a new sets of experiments can be designed, for example, cells caodrestantly re-
arranged in a stack with their leading and trailing protrusion ends bem ipped and
observe how they behave under the new scenarios. This requiresaatomated tool
for fast and precise, simultaneous micromanipulation of the cells.  Naus tools for

micromanipulation of cells have been developed (e.g., micro uidics, di@phoresis,
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Figure 7.1: Collective cell migration during chemotaxis (Courtesy: Gmlu Wang
and Dr. Wolfgang Losert): (a) cells migrate towards the higst concentration of
the chemoattractant cAMP, and (b) cells form chains by tragkg the back of other
cells

magnetic manipulation, AFM, acoustic tweezers, and Optical Tweers) [CPPMO08].
Optical Tweezers (OT) has recently become a popular tool [BCLG]L1hat uses a
highly focused laser beam exerting gradient and scattering forcesstably trap a
particle at the focal point [Ash92]. However, direct manipulation by daser beam
can cause signi cant photodamage to the cells.

In order to reduce the laser exposure, several approachesdénéeen proposed,
namely (1) the use of a laser beam with lesser intensity, (2) the usé feedback
control during manipulation to increase the trap e ectiveness [HZM9], (3) the use
of optimum laser wavelength [NCL 99], and (4) indirect manipulation using grippers
made of silica beads (we term it as direct gripping in this chapter) [CTW12],
functionalized microbeads [AEM 07], or microtools [AOIM09], or pushing using 2-
bead chains [TCW 12]. Indirect gripping of a cell (i.e., the cell is partially exposed

to a laser beam) even with lower laser power is not suitable for senséigells such as
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Dictyostelium . Similarly, using optimal laser wavelength may in uence the behavior
of the cell, and in general has to be speci cally tuned for a particulatype and
size of the cell. Pushing using 2-bead chains is highly unstable, slowingwa the
manipulation process.

In this chapter, we use triangular pushing triplet formations consisg of
an intermediate bead that is not directly trapped, and is positioned &ween two
optically trapped beads and a target cell (see Figure 7.2a). The foation has the
advantage of preventing laser exposure to the cell and is highly bta which makes
it particularly suitable for automation. We have carried out an expemental study
to demonstrate the e ect of indirect pushing using the triplet fornation on cell-
viability. We speci cally compare it with direct trapping and gripping approaches.

Since cells constantly change, divide, and migrate, many biologicalpexi-
ments are constrained by the available time to set up cells in a desiredncgura-
tion. Manual manipulation of optically trapped beads to push the intemediate bead
and thereby the cell towards its desired pose may be time consumirand at times
even infeasible when pushing more than one cell is needed. We haveeliped an
automated manipulation approach for dynamic positioning of an irragar shaped
cell using triangular triplet formations. The developed approach iskde to handle

dynamically changing shape of the cell.

7.2 Problem overview and terminology

We used the following terminology throughout the chapter.

Gripper Formation isdenedas , = ff Pg;;P;g;jPs;i; Py 2 R%i=1;2;:::;ng,
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(a) (b)

Figure 7.2: Gripper formation state and cell state: (a) two bead grippdormation,
and (b)cell state with irregular shaped contour

that consists ofn active beads, where each bedsl; has a positionPg;; in the local

coordinate system X ¢ Y9 of the formation. The origin of the formation is de ned

by P, that represents a position of the intermediate bead in the global coordinate
system (X;Y ). The intermediate bead is not directly trapped by the laser during
the manipulation of the cell. Figure 7.2a shows an example of where two active
beads are separated by a distanck During the manipulation operation,f B;g., are

held with their corresponding optical trapsT;;i = 1;2;:::;n by setting the status

of the laser beam to 1. The intermediate bead is not trapped and thus indirectly
manipulated by the laser.

Gripper Formation State  isde nedasx =[P;; |]", P, 2 R?isthe position
(identical to the position of 1) and | is the orientation of the formation in (X;Y)
(see Figure 7.2a).

Cell State is dened asx =[Pc; ¢]" in which Pc 2 R? is the position, ¢

is the orientation of the cellC which is the angular di erence betweenX -Y and
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Figure 7.3: Gripper formation-cell ensemble maneuvers: (a) re-orient,., (b)
go-backry,, and (c) pushr,

the local coordinate systenX °2Y % x is determined from the bounding box of cell
computed from contour information (see Figure 7.2b).

Obstacles is de ned asf jP ; 2 R?%i=1;2;:::;mg, whereP ; represents
the position of an obstacle ; in (X;Y ). The set of obstacles includes all the cells
and beads in the workspace besides the beads that are not part gf and the cell
C being manipulated.

Gripper Formation Maneuver We de ne a maneuver seM = fm;; m;; m,g
that consists of rotatem,, translate m;, and re-arrangem,e maneuvers used by ac-
tive beadsf B;glL; to transport the intermediate beadl that eventually pushes the
target cell C. m, rotates the formation by a constant angle |, m; causes a linear
translation for a constant constant distanced =[ x,; y,;]" (x, and y, are the
translations in X and Y directions respectively), whilem,e arranges back the active
beads in the formation ifl is displaced from .

Ensemble Maneuver We de ne a similar maneuver setN = fn;np; Nged

that consists of re-orientn,, push n,, and go-backng, used by , to push the
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target cell C (see Figure 7.3. Onlyn,e and n, are used to manipulate the cell and
we call them primary maneuvers.ng, is only invoked during switching between the
primary maneuvers since the motion goak.; = [Piq; 4]" of , also needs to be
changed. It will allow the formation enough space to turn before ming towards
the new motion goal without a ecting the cell state. In case ofiyg, we have to trap
the intermediate bead since the gripper formation cannot executgackup action
(see Equation 7.4) by setting the corresponding laser status to e That does not

a ect the cell viability since ng, leads the gripper formation away from the cell.

7.2.1 Problem formulation

Given,

(i.) a continuous, bounded, non-empty state spacX 2 R?> S in which each

state x consists of position in K;Y ) and orientation about the Z axis,

(ii.) the current state %, = [Pc;; ci]" and the goal statex.q = [Pcg; c,g]" Of

the cell,
(iii.) the current state %, of the gripper formation ,

(iv.) an obstacle map suchthat ( x) =1if x2 Xqs X, otherwise (%) =0,

and

(v.) the goal regionX s represented as a permitted distance rang@(p ; rmax ) Of

the cell C from it's state x 4 .

Compute,
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(i.) a collision-free global path  betweenx; and %.q, whereXsee = X NXgps,

(i) a motion goal x.4 = [Pi4; 1.4]" for the gripper formation , based on the

desired statex .4 of the cell and its current statex . ,
(ii.) a feasible path  betweenx., and % ., for the gripper formation ,, and

(iv.) a complete feedback control to select formation maneuveM 4 to determine
the trap positions T; and corresponding status of the laser for the formation

n SO that it can reliably follow the path

7.2.2 Assumptions

We approximate both the gripper beads and the intermediate bead gerfect
spheres of radiug. The beads trapped by laser are assumed to move with the same
velocity as the traps. This is ensured by choosing an operating sgeasing which

the beads can be reliably trapped by the laser traps [CTWL2].

7.3 Approach

7.3.1 Solution approach

The outline of the technical approach used in this chapter can be died into
four high level tasks namely (see Figure 7.4): (1) Development of amage based
feature recognition and tracking system to estimate contours aklls and positions
of beads, (2) Development of a global path planner based on A* atgbm that
computes the desired waypoints for the cell based on its desired iaitstate x; and
goal statex 4 , (3) Development of an algorithm to determine motion goak ., for
the gripper formation based uponx.; andx., , and (4) Development of a formation
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Figure 7.4: Solution approach and OT setup

control algorithm that determines desired maneuve 4 and the corresponding trap

positions T; for the gripper formation to reliably follow the desired statex . .

7.3.2 State-action space representation

We discretize the continuous state spac¥ 2 R?> S'into a nite discrete
spaceXy X. ¢ and x¢ 2 X4 are the cell state and formation state at time step
k respectively. The state space is a 3D grid with each grid cell reprasag a state
of the formation |, or the cell C.

A control action u® is represented by a vector of velocities of individual traps

and corresponding status of the laser at a given time stdp(see Equation 7.1).
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o = [[w WS ol ve s nall (7.1)

Here %X represents the velocity of ith trap at time step k andn is the total
number of gripper beads. (n+1)th trap corresponds to the intenediate beadl . It
gets activated by setting the status ,.+; of (n+1)th laser trap to be 1 whenever

required based on the selected ensemble maneudgy. The dynamics of formation

n is described by Equations 7.2 and 7.3

x
PE=" max(0; w"f)% (7.2)
i=1
!
k Xy
+ = ? N contact (7-3)

contact —

8
EO if dBi;I > 2r
2

-1 otherwise.
Here,# (see Figure 7.2a) is the unit direction vector towards the intermedie bead
from the active beadB; and dg,, is the distance between them. The momentum
is transferred to the intermediate bead only when it is in contact witithe gripper
beads. Hence is set to O when there is no contact.

The speed of all traps are constrained to be same (see Equation).7-Phe trap
motions are constrained only parallel to the desired direction of thmtermediate
bead in case of formation maneuven, to prevent the formation from falling apart
(see Equation 7.5). Similarly, the traps are restricted to move onlyotvards the

tangential direction of the intermediate bead in case af, (see Equation 7.6).
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j\ﬁijijkj'Si;j; wherei;j =1;2;3;:::;n (7.4)

=
x
o>
fr
I
o

(7.5)

wk

&>

=0 (7.6)

Here, é’\“g =[c,;s,]" (see Figure 7.2a) is the unit direction vector from the
current position Py, towards the desired waypoint of ,, that is derived from it's
orientation .

When |, takes an actiontf at time step k, it transitions from ¥ to %<** using
Equation 7.7.

XM = o+ %At (7.7)

Here, 4 t is the time spent between two subsequent time steps. As the inter-
mediate beadl comes in contact with the cell the momentum will be transferred to
the cell C. We assume that , can only cause either pure rotation or pure transla-
tion to the cell. That is ensured by careful selection of it's motion gda<.;,. The

dynamics of the cellC is described using Equations 7.8 and 7.9

K K N N
Pc = (maX(H:T ;e i;0)di.c) contact (7.8)
Pk A
‘lf(: = ( . : . d‘I;C) contact (79)
JdC;I]
8

% 1 if in contact;

contact —

- 0 otherwise.
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Herec’j\“c is the unit vector from | towards the cell andjdc, j is the perpen-
dicular distance fromP¢ to the velocity vector of the gripper formation. The cell

transition to time step k + 1 is given by Equation 7.10

XM = K+ %4t (7.10)
7.3.3 Image processing

In OT setup, beads and cells are identi ed by processing gray-scalieleo (see
Figure 7.5a) stream captured by a CCD camera. We used Open Sa€omputer
Vision library (OpenCV) to detect the beads and the contour of thecells. We
applied Hough transform to the input gray-scale image to identify $gerical gripper
beads (see Figure 7.5b). The center of the identi ed gripper beadse calculated
before replacing them with the background (see Figure 7.5c) to istdathem from
the image. We applied Canny Edge Detector [Can86] on the image cainting only
cell to detect the ne edges of the cell (see Figure 7.5d). We dilat¢lde canny image
to make the edges more prominent and decrease the linear gapsasein them (see
Figure 7.5e). The resulting image contains some disconnected blackeps inside the
cell boundary. To remove the disconnected black pixels we lled all ¢hreachable
black pixels with white pixels using a ood lling algorithm (see Figure 7.5f) The
while image after ood lling contains the black patches left after dilaton. We took
a complimentary of the image that turns the black pixels inside the ceihto white
(see Figure 7.5g) while makes the rest of the image black. We got a widlned
boundary of the cell by adding the dilated image with the complementa image (see

Figure 7.5h). We re ned all the noises by retaining the boundary witlthe largest
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(@) (b) (©

(d) (e) ()

(9) (h) @0

Figure 7.5: Image processing steps: (a) input image, (b) Hough transfoation

to identify the beads, (c) replacing beads with backgroundl tbe image to isolate
the bead information, (d) identify edges using Canny Edge @etor, (e) dilate the
image, (f) ood Il the image, (g) complement of the image, (haddition of dilated

image and complement image to detect the boundary, and (ieidify the contour of
the image
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area since the cell represents most of the images. Finally, we detered the contour
points  of the boundary to identify the detailed shape of the cell (see Figeir7.5i).
We computed the oriented bounding box and calculate it's side lengtlts and d,,
(see Figure 7.2b). The side lengths are used to compute the state of the cell.
Before starting the planning, the planner records the contour pats for 100
frames. Subtracting the contour points ' * of (i-1)'th frame from ' of i'th frame
gives the direction of protrusion where = 1;2;3;:::;100. The protrusion direction
provides the knowledge about the leading and trailing edge of the cétlat can be

used by the user to select the goal state., of the cell.

7.3.4 Motion goal for gripper formation

The planner takes the current and desired state of the cell as infsuto select
the desired maneuvelNy for the formation . Based on the desired maneuveM 4
the planner computes the next motion goak.; for . Let us assume the current
and next desired states for the cell are; = [Pci; c;i]" and ¥4 = [Pcd; cal
respectively. The planner rst reorient the cell such thatl’ﬂ\c;x oo él\c;di =1 (see
Figure 7.3) by calling ensemble maneuvar,. to align its axis perpendicular to the
desired state direction. Hereﬂ\c;x o is the unit vector de ning the axis of the cell
C and él\c;d is the direction vector from C towards the desired statex.q . Then it
switches ton, to translate the cell to the desired location. Finally it again switches
back to n, to re-orient the cell to the desired orientation. Before switchinga the n,
from n.e or vice-versa, it has to invokeng, maneuver to move the gripper formation

in a safe location. We have to change the motion goal to switch the samble
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maneuver. , has to move away from the cell to provide itself enough space to
move to the new motion goaix.; without a ecting the cell orientation. We de ne a
reference positiorP o4 as shown in Equation 7.11 to de ne the motion goal position
for .

P| 0g =

8
% Pci + C., =4[d; dy] if cis positive
% Pci+c., =4[ d; d,] if negative (7.11)

" Pci+ C, =40 dy] if O
Here ¢ = cq4 ci.- We now compute the nearest contour point from the contour
data of the cell to compute the motion goal positiorP.q. The orientation .4 is
set to the desired orientation of the cell. Fong, maneuver we project the cell state

to a new state as shown in Equation 7.12
X.g =[Pci +4rc ., [0, du]; W] (7.12)

The desired maneuveN is computed using Algorithm 1.

7.3.5 Global path planner

We use the A* based global path planner for computing the interméate states
for both , and C that iteratively expands nodes from the initial statex; to goal
state %y using a cost functionf (x). We use a similar cost function as described
in [CTW * 12] that takes transport time for both re-orientation and trangation into

account to compute the collision-free path with minimum time.
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Input: Ensemble maneuver libraryN , planning time t,, previously executed

maneuverN,, current state of gripper.; , current state %, and desired state
%.¢ of the cell, a user de ned threshold di erence between current a@ndesired
orientation of cell ¢, a binary variable go-backreach that indicates whether
the motion goal forgo-backmaneuver is reached or not .

Output: Desired maneuvemN for the gripper formation-cell ensemble.

1: Compute ¢ = ci - cd-
2: Compute dc; = Pci - Py
3: Compute align = hc.x o dc.qi (see Figure 7.3)
4:if k ¢ k< ¢ kalign < 1then
5. if t, =0 kN, = np k (N, = ng && gobackreach= TRUE)k k d¢; k>
4r then
6: setNy Np
7. else
8: set Ny Ngo
9: endif
10: else
11:  if t, =0 kNp = ne k (N, = ngo && gobackreach= TRUE) kk d¢; k
4r then
12: set Ny Nre
13: else
14: setNy Ngo
15:  end if
16: end if
17: return  Ny.
Algorithm 1:  Gripper-cellmanueverselection (): Compute the desired ma-

neuver for the gripper formation , to determine it's the motion goal.

7.3.6 Formation control

In this section we describe a feed-back policy to determine the trgpsitionsT;

in order to transport the cell towards the desired state .4 . The trap positions are

determined by the choice of ensemble maneuvdy. We use the global path planner

to compute the desired next statex.q4 of the formation based on its motion goal

state %.; computed in section 7.3.4. Based or4 the required formation maneuver

M 4 is selected as shown in Algorithm 2m, transports the formation linearly, m,

changes the orientation of the formation, andn,. keeps the traps stationary to allow

180



the active beads to move into the formation [CTW 12]. The desired trap positions
associated with the active bead®; in our triple formation , can be determined

from the desired formation statex.q as shown in Equation 7.13

T,=P D; D3

T, = P, D+ D, (713)
T3 = P|
q 2
Here, D, = 42 %[ ;s,,]" and D, = {[s ,; ¢, ]". The algorithm for

selecting the desired trap positiong; is shown in Algorithm 2

7.4 Results and discussions

7.4.1 Cell preparation and experimental setup

AX3 D: discoideum were grown in HL-5 media at the concentration below
4 10 cells/mL at 21 , starved at the concentration of 1 10’ cell/mL in develop
bu er (5 mM Na ,HPO,, pH 6.2, 2 mM MgSQ, and 0.2 mM CaC}) with pulses of
80 M of cAMP every 6 minutes for 5 hours, shaking at 140 rpm [SLUB.0]. Cell
pellets were gathered by centrifuging at 500 g in 1 mL micro-centrifjie tube and
aspirating the supernatant. Cell pellets were washed twice with Dlater afterwards
for washing out ions containing in the develop bu er. 1 1 cells were added into a
chamber (0.8 cr surface area) that containing 400 L DI water and were allowed to
settle down for 15 minutes. 10 L of silica beads (5 m) solution (0.01% solid, from
Microsil) were added into the same chamber and were allowed to settlewn for 10
mins. Cells and silica beads remained suspending in DI water during maumigtion
experiments because of the electronic repulsion between covasg surface (negative
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Input: Planning time t,, current state of gripperx.; , current state x; and
desired statex.q of the cell, a binary variablego-backreach, goal regionXg,
a user de ned threshold di erence between current and desiredientation of
gripper formation .4, , formation deviation thresholdly, .
Output: trap positions T; along with corresponding laser status; .
1: Initialize t, 0.
2: while kPcg Pci k<Xg4do
3: if t, =0 then
4 setgobackreach TRUE
5. endif
6: compute desired ensemble maneuvlly using Algorithm 1
7:  compute the desired motion goak., for the formation | (see Equations
7.11 and 7.12)
compute the desired next statex.q for | using global path planner
. if Ng = ngo then
10: if k P Pl k <X g then

11: set 41 1

12: setgobackreach FALSE
13: else

14: set n+1 0

15: setgobackreach TRUE
16: end if

17:  end if

18: if k Pg.i Ti k <l then

19: setM ¢ Mie

20: else

21: if k i I'd k < I:th then
22: setMgqg m,

23: else

24: setM g4 m

25: end if

26: endif

27:  compute the desired bead locations corresponding kb 4
28: compute the corresponding trap position3; along with laser status ; using
Equation 7.13

29:  sett, t,+1

30: end while

31: return  T;.
Algorithm 2: computetrappositions  (): Compute the desired laser trap posi-
tions based on the selection of formation maneuvers

charged) and cell membrane/surface of silica beads (negative ad). We used the

same OT setup described in [CTW12].
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(@) (b) (c)

(d) (e) ()

Figure 7.6: Pushing aDictyostelium cell: (a) initial scene (initial and goal loca-
tions are marked by green and yellow signs respectively), (b) gripper , rotates to
change the direction to align itself with the direction of @h, (c) , aligns itself, (d)

» reaches the rst motion goal, (e) , starts pushing the the cell towards the goal
G, and (f) cell reaches the goal

7.4.2 Experimental results

We showed the automatic execution of two ensemble maneuvers, im,,and
nre With experiments to show the e ectiveness of the planner. We alsessessed the
viability of the cell while manipulating with our triplet formation , and compare
with it with direct trapping and direct gripping approach.

Figure 7.6 shows the pushing operation of Rictyostelium cell with ,. The
goal position Pc.4 of cell is marked using yellow \ " sign. The planner selects the

motion goal %x.; for , accordingly. The motion goal positionP,., is marked by
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(@) (b) (©

(d) (e) ()

Figure 7.7: Re-orientation of a Dictyostelium cell: (a) initial scene with the
cell with orientation ¢, (b) gripper , rotates to change the direction towards the
motion goal, (c) , reaches the rst motion goal, (d) , pushes the cell to gets re-
oriented, (e) , changes the motion goal to move the cell to the desired oragin

c.g» and (f) cell reaches the nal orientation c.q
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using white \+" sign. However, the dynamic behavior of the cell cortantly changes
it's state. The planner eventually changes¢., by changing the nal orientation of
> to be able to push the cell towards the goal location. The laser powes set
to the minimum (0.2 watt) that is enough to trap two beads. The intemediate
bead is not trapped by the laser. , rst executes m; formation maneuver in order
to reach the rst desired state (see Figure 7.6b) that is computetbhased on the
motion goal %.,. It then usesm, maneuver to change the direction of transport
(see Figure 7.6b). Cell gets deviated from its current position du® tit's dynamic
nature. Hence the motion goak .4, also dynamically changes. , reaches its motion
goal (section 7.3.4) with the execution ofm; maneuver (see Figure 7.6). The motion
goal gets updated towards the course of pushing until the cellaghes its desired
state. Triplet formation is much more stable because the momentutransfer from
trapped beads to the intermediate bead is more e cient and directioal compared
to single bead unstable pushing shown by Thakwet al. [TCW™* 12]. Moreover, the
minimum laser power (0.2 watt) is divided into two beads that further écreases the
detrimental e ect of laser on the cell.
> uses a similar set of maneuvers to re-orient the cell from an initial ien-
tation ¢; to a nal orientation ¢4 of 0.0. , changes the motion goal statex g
by changing the orientation in order to maneuver the cell to its nalorientation
cg- Based on the motion goal statex.,, the formation , chooses appropriate
maneuversM 4 until the cell achieves it's nal orientation (see Figure 7.7).
We studied the viability of the cell while indirect gripping using triplet foma-
tion. We used the cell's ability to extend protrusion during and after mnipulation
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() (b) (c)

Figure 7.8: Three di erent approaches {I; indicates the position of laser traps): (a)
direct trapping, (b) direct gripping, and (c) indirect pushng using triple formation
2

Table 7.1: Experiments of cell viability for direct trapping, direct gipping and
indirect gripping (Courtesy: Chenlu Wang and Dr. Wolfgang dsert)

Manipulation type generate protrusion during ma- generate protrusion af- generate blab(%)
nipulation(%) ter manipulation(%)

Direct trapping 8.3 0 75

Direct gripping 50 0 40

Indirect gripping 100 100 0

and the generation of bleb after manipulation to assess the viabilityf @ell. The
generation of bleb is considered as a deteriorating cell health conalit. We used
three manipulation modes to compare the cell viability namely: directrapping,
direct gripping using gripper formations [CTW 12], and using our triplet formation
(see Figure 7.8). The results of 10 experiments are summarized inbl@a7.1. It
shows cells are able to extend protrusion both during and after migrulation in
case of triplet formation. Moreover, cells do not produce bleb in caf indirect

manipulation with triplet formation.
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7.5 Summary

In this chapter, we have proposed a comprehensive approach @ale of auto-
mated Optical Tweezers-based micromanipulation of cells with irre@r, dynami-
cally changing shapes. We have demonstrated the e ectivenesdtw# developed ap-
proach by automatically manipulating aDictyostelium discoideum cell usingpush
and re-orient ensemble maneuvers. The developed approach can manipulate the
cell with high precision and speed, while maintaining a high stability of thé&riplet
formation. In addition, we have carried out an experiment to studythe e ect the
indirect pushing has on viability of the cell. We speci cally compared théndirect
pushing versus direct trapping and gripping approaches. We fourldat the indirect
pushing does not in uence the creation of boundary protrusionsf @ictyostelium
discoideum cells and generation of blebs.

The workspace of OT is very small compared to the dimension of paleed
Dictyostelium discoideum cells. Hence, in future automated control of the stage
can be integrated for dynamically changing the workspace. In addn, the de-
veloped approach can be applied for dynamical evaluation and impemwent of a
mathematical model of the cell behavior. This will require complex phaing strate-

gies.
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Chapter 8
Conclusions

This chapter presents the intellectual contributions and anticipatd bene ts

from the work proposed in this dissertation.

8.1 Intellectual Contributions

The research issues listed in chapter 1 broadly aims toward building peet-
imental framework and development of algorithms to automate cethanipulation
using holographic optical tweezers. Some of the key expected tcbwtions are

described as follows:

1. Physically accurate simulation under the in uence of exteral force eld to
enhance the performance of real time plannerA simulator is developed for
simulating the motion of particles under the in uence of external ud ow
inside a micro uidic chamber. The uid velocity at a discrete location ingde
the micro uidic chamber is computed using computational uid dynamnic sim-
ulations. An experimental approach is developed by using high speeaimera
to validate simulated uid velocity. Intensive o ine simulation is perfor med
to estimate the probability of a particle to reach one of the exits offte cham-
ber if released at a location inside. Conventional planning algorithmscot
take the physics of the environment account. Hence, the resulgrstrategies
are sometimes not feasible or cannot generate successful actibased on the
surrounding scenarios. For example, moving a particle across theid ow
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may result in the particle getting knocked out of the optical trap. This dis-
sertation demonstrates how o ine simulations can be utilized to incrase the

performance of online planning.

. Novel planner with fast replanning capability for automatetransport of parti-
cles inside micro uidics : This dissertation develops a novel heuristic planning
algorithm for automated transport of multiple cells inside a micro uidiccham-
ber. The planner utilizes the o ine simulations for determining an optinized
released location for a cell from the optical trap. It uses a novelase-action
space representation that can provide fast search capability in t@emining
the release locations for the cells that have higher probabilities toaeh one
of the exits. The e ectiveness of search is increased with a noveturistic
cost function that takes the uid velocity as well as the reaching pybability
of the particle to the exit into account. The uid velocity component of the
cost function helps the planner taking actions that have higher soess rates
in transporting cell. On the other hand, reaching probability compoant helps
the planner to decide the release location for the cell. The planner Wwia
composite heuristic cost functions limits the probability of cells beingrocked
out the traps by the uid ow and the laser power drawn during manipulation.
The use of low laser power reduces the chance of cells getting daetaduring

manipulation.

. Highly precise long distance transport operation in hybridetup This disser-

tation realizes a hybrid manipulation approach by integrating micro udics
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with optical tweezers. Micro uidics is particularly good for high thraughput
operation whereas optical tweezers is well-known for it's highly prise ma-
nipulation. Combining these two in a single manipulation setup provideshe
opportunity for high throughput manipulation with superb precision Inte-

grating micro uidics with optical tweezers requires a long distanceransport
capability by optical tweezers. This dissertation introduces an aotmated
stage planning approach to realize the long distance transport caplity us-

ing optical tweezers. The long distance transport is achieved by ming the
motorized stage while keeping the optical traps stationary. Aftelong distance
gross transport, the high precision of optical trap motion is utilizedor ne

positioning of particles at the desired goal locations. The trap updarate is
limited by the frequency of SLM which is about 15 Hz whereas the fregncy
of motorized stage controller is about 6 MHz. High frequency of mmized
stage controller enables fast transport of particles over a long thece. Both
the stage and trap motions are synchronized for transporting piEcles auto-

matically to the desired locations inside the micro uidic chamber.

. Gripper synthesis for indirect manipulation of cells This dissertation intro-
duces a novel approach for keeping the cell out of the reach ofrtleental laser
during manipulation using OT. Multiple inert silica microspheres are optially
trapped by laser to form a gripper to grip the cell indirectly. Since tha cell is
not directly trapped by laser, the exposed intensity is reduced. Enpositions

of the micropatrticles inside the gripper need to be carefully selectéat e ec-
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tive gripping as well as to minimize the exposure of the laser. A conained
multi-objective optimization framework is developed which can autoatically
derive the best con guration based on the geometry of the cell. Aampling
based approach is developed by considering the geometry of thééscand the
laser cones to compute the average intensity experienced by thedl inside the
gripper. The robustness of the gripping is measured by computinge volume
of the convex hull of the con guration. However, every con guation is not
suitable for gripping. The con gurations need to satisfy the clos@r properties
for stable gripping. The optimization framework models all the constints to

synthesize the optimized gripper con gurations.

. Planning with feedback policy for reliable manipulation afells using gripper
formations: This dissertation develops a novel approach for automated manip
ulation of cells using gripper formations. This requires moving multiple &er
beams to move microparticles while keeping the cell inside the gripperra-
tion. The planner has to deal with multiplexed laser traps to controthe inert
micropartilces in a gripper that manipulate the cell indirectly. The intgaction
of multiple laser traps among themselves as well as with the micropees are
considered while deriving the planning strategies. A kinematic modef the
particle motion is used to develop the state-transition model that istilized by
the planner to compute the desired actions. The motion constraimtspeci c
to a certain gripper con guration are considered to design a novéleuristic

cost function that can derive path with minimum transport time. The plan-
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ner not only derives collision-free path but also gives low level decision how
to move the gripper along a trajectory. It utilizes three di erent maneuvers
to move the gripper along a path. Based on a desired waypoint plannean

decide which maneuver needs to be executed for reliable transpoBecause
of non-uniform trapping force distribution in the workspace, the fanner has
to provide more time at certain locations to move the particles in ordaeto

retain the formation of the gripper. The planner uses a dedicated aneu-
ver for allowing more time to move the microparticles when it detects \er
trapping force. A feedback policy is developed based on inverse kiragics to
compute the desired maneuver for reliable transport of cell. The germance
of the di erent gripper formations is also characterized based omé¢ dexterity

of manipulation and required laser power for execution.

. Automated pushing based approach for manipulating senaticells: This
dissertation demonstrates a pushing based manipulation approatbr auto-
mated manipulation of irregular shaped sensitive cells e.gDictyostelium
discoideum Gripper formations are not suitable for manipulating sensitive
cells because they cannot prevent all the laser exposed to the cellher a
maximum portion of it. This dissertation develops a new pushing fornti@an
which is suitable for manipulating irregular shaped sensitive cells. It ngoro-
vide zero exposure of laser to the cell. The pushing formation is cooged of
two optically trapped beads and an intermediate bead which is not dicdy

controlled by laser. The intermediate bead acts as an insulator beden the
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cell and the optically trapped active beads. The trapped beads pushe in-
termediate bead which eventually pushes the cell to the desired diton. An
image processing algorithm is developed for computing the contourtbe cell
online that is utilized by the planner. A four-layered planning algorithmis
developed for pushing the cell autonomously. Based on the initial énnal

state of the cell, the top layer computes a collision free path for theell. The
second layer takes the current and desired next state of the call input and
determines the desired goal state for the pushing formation. Thhird layer
computes the path for the pushing formation. Finally the lowest layedeter-
mines the desired maneuver to reliably transport the pushing forrtian to its

goal state. Multi-layered features of the planner ensure reliableansport of
sensitive cell. The viability experiment on cell demonstrates the e ¢éigeness

of the pushing based manipulation.

8.2 Anticipated Bene ts

This dissertation work addresses the key issue of optical manipulat of bio-
logical objects. As discussed in chapter 2 the main limitation of OT mgoulation is
lack of automation that limits its manipulation speed and throughput gni cantly.
Despite being one of the most precise manipulation techniques, th®lbgists are
still skeptical about its usefulness because of its slow manipulatiorhieh is very
important for biological studies that needs to be properly timed to»hibit desired
motility. Cancer studies in particular will be highly bene ted from our developed

automated planning approaches. Precise manipulation of cells to ange them in
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certain pattern will help us understand how the cancer cells send sajs to their

neighbors during collective migration towards a certain direction. Télong distance
manipulation capability of optical tweezers discussed in chapter 4 witlelp in ma-
nipulating a large number of cells simultaneously. A group of cells can b@nitored

and actively manipulated to derive the underlying mechanism of their igration

behavior.

Hybrid manipulation approaches combining OT and micro uidics can betit
lized for enhanced cell sorting which is a fundamental step in stemllceesearch.
The ne manipulation using optical tweezers can be utilized for arraging stem cells
in a uniform concentrated density inside the micro uidic device to mimiddiolog-
ical tissue. All these automated manipulation approaches will help ébiologists
monitoring a large number of cells inside micro uidic chamber.

The health care industry will be greatly bene ted from this dissertéon. The
manipulation of cell is a necessary primary task in studying the e estof drugs on
a group of cells. These automated manipulation algorithms can be wdg used in
studying how a particular pathogen invades to its host cell. Preciseanipulation of
both pathogen and host cell will enable close monitoring of invading ems. This
will open up the possibility of developing new drugs that can prevenhe pathogen
to invade the host cell. OT assisted micro uidic chamber can be trafemed into
a modern cell diagnosis tool with the integration of all the automaté approaches
developed in this dissertation. Cells can be arranged uniformly insidbeé chamber
with the use of optical tweezers before applying a certain drug. €tdrug is collected

from the exit of the chamber after it interacts with the cell. The e ectiveness of the
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drug can be determined by analyzing the drug collected at the exit tfie chamber.
The uniform of distribution of the cell will ensure statistically accurde results in

analyzing the drug.

8.3 Future Directions

This dissertation provides a solid foundation for automated cell maoula-
tion using optical tweezers. The approaches discussed here canelitended in the
following directions to provide better maneuverability of optical twezers in cell

manipulation.

1. Simultaneous gross and ne manipulation In chapter 4 we have introduced
a gross manipulation capability of OT. Gross manipulation along with ne
manipulation by moving the traps can be a powerful capability in doing seful
biological experiments. However, the planning algorithm developed ahap-
ter 4 is capable of doing gross and ne manipulation independently. Gss
manipulation using motorized stage motion was synchronized with nena-
nipulation using optical trap motion to realize long distance transpdrof bi-
ological objects. The ability of achieving both gross manipulation ande
manipulation simultaneously will enable many di cult manipulation which is
otherwise impossible. For example, cells were needed to be transparto
form an ensemble for long distance transport. With simultaneous gss and
ne manipulation this step will not be necessary. Hence, the manipuian
time can be further reduced. Moreover, the uid ow can also be ulized to
assist in manipulation with this capability. For example, cells need not tbe
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Figure 8.1: Changing in cell motion due to the presence of a bead: (a) aglbtion
before the cell comes in contact with bead, and (b) cell matiohanges after it comes
in contact with the bead (Image courtesy: Chenlu Wang and Dwolfgang Losert)

trapped for entire manipulation time rather optical traps can be usd to guide
the cells to follow the uid streamlines. Thus more objects can be maulated

with less laser power which will reduce the possibility of photodamagé aells.

2. Automated measurement of sensitivity of cetldn chapter 7 we have developed
an automated framework to push polarizedictyostelium discoideum cells.
However, the manipulation should not a ect the dynamics of the cell® study
their signaling without any bias. The body of aDictyostelium discoideum
cell which guides the locomotion direction is very sensitive to the prsce of
any foreign element, e.g. pushing formation in our case. Cell may du its
course of locomotion in the occurrence of such disturbance. Fig8.1 shows a
polarized cell changes its direction of motion due to the presenceaobead on
its way. If the presence of pushing formation changes the natlilacomotion
of a cell, the nal result of the experiment will no longer close to the atural
outcome. Hence, a method to automatically measure the sensitivityf the

cell needs to be developed that will help the planner to decide how it will
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manipulate the cell.

Dictyostelium discoideum cells move by extending the active protrusions from
front to back. The protrusions can be tracked through frameybsframe analysis
of images. The cell curvature changes with the extension of prasions. The
changes in curvature of cell can be tracked in di erent frames tolqt their
distribution. The standard deviation of changes in curvatures will b higher
on the sensitive side of cell compared to the other side. The images de
analyzed for couple of seconds before manipulation to nd out thesssitive

side of the cell.

Another indirect way of determining sensitivity is by measuring the fices ex-
erted in di erent portions of a cell on a pushing formation. Active potrusions
exert more forces compared to other parts of the body. One av&ral pushing
formation can be used as active probes in di erent locations on thelt surface
for a short period of time so that its natural motion is not a ected. The beads
in the traps will get displaced from the traps with the force exertedby active
protrusions. The displacements of the beads can be recorded teasure the
exerted force indirectly. Using the high precision capability of OT, faes as
low as 1 pN can be measured. Hence, the sensitivity of cell can beedstined

accurately by experiment.

. Integration of uorescence microscopy with optical tweere : uorescence in-
tensity is used as a label to study the signaling pathway of single cellsategra-

tion of uorescence microscopy with OT will provide useful sensorfiormation
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that can be utilized for automated manipulation of cells. Cells can be teely

monitored based on their signaling pathway that can be fed to the ptaer
to derive optimal strategies that will be useful for certain biologidaexperi-
ments. However, the beads in the gripper or pushing formation caot be
detected with the uorescence microscopy unless they are also éddd. Flu-
orescence labeled microparticles are expensive. In order to getagwvith

labeled microparticles phase contrast images can be utilized along witlo-

rescence images. The uorescence channel can be used to dekecsignaling
pathway of cell whereas phase contrast channel can be utilized detect the
beads in the gripper or pushing formation. Unfortunately, both tle channels
cannot be opened at the same time. The open and closing of both tttean-
nels have to be e ciently controlled to maximize the information aboutthe

cells and micropatrticles in the workspace. The planning algorithm hae teal
with the partial blackout of information about the cells or the microparticles

in deriving optimal control actions.

. Developing sensing for 3D workspac®ight now the capability of HOT cannot
be properly utilized in automated manipulation due to the lack of propesens-
ing information in measuring the depth in Z-axis. Although the fast heristic
based planning introduced in this dissertation can be easily extendé&u 3D,
it was not possible to demonstrate the e ectiveness since depth anfation
was not available. It is possible to obtain a stack of images of the wapace

at various horizontal cross-sections by simply changing the foco$ the mi-
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croscope. Peng et al. [PBGL06, PBGLO7b, PBGLO07a, PBGL09] hadevised
new algorithms for detecting some regular shaped objects (e.g.hsgcal mi-
crospheres, cylindrical nano-wires etc.) by utilizing the stack of inges taken
in di erent layers of Z-axis. However, there is still lot more to be doa to
transform the techniques for extracting 3D shapes of biologicabgcts con-
sidering their translucency and irregular shaped boundaries. A genalized
image processing algorithm needs to be developed that can detebx shapes
of objects of arbitrary shapes. The reconstruction of 3D worgace needs to
be real time to make it useful of online planning. Machine learning migtie
useful in 3D reconstruction of workspace with multiple objects ofrhitrary

shapes.
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