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Abstract

High-Speed Automated Micromanipulation
System with Multi-scalability

By EBUBEKIR AVCI
Chairperson of the Supervisory Committee: Professor TATSUO ARAI

Numerous types of microhands have recently been designed to perform
micromanipulation tasks that are crucial for micromachine assembly, mi-
crosurgery operations and biological cell analysis. Because most current
microsystems are task-specific, the realization of a general-purpose micro-
hand that is compatible with a wide range of applications is necessary. In
addition, to utilize the microhand in complex bioapplications, e.g., 3D cell

assembly, stable control at high speed should be achieved.

There are two problems to be solved in order to realize a general-purpose
micromanipulation system. First, creating a large workspace with high
resolution in which to grasp multisized microobjects is still a challenging
feature for available microhands. Second, precise motion throughout a
large workspace for the transportation of microobjects in the limited space
of a microscope is another arduous task. In this study, we propose multi-
scalability concept, i.e., a large workspace with precise positioning for
the grasping and transportation of multisized microobjects. This system
has been designed with an optimized parallel mechanism through inverse

kinematics in which the manipulability of different-sized microobjects is
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improved from 1-45 pum to 1-132 um. The proposed coarse-to-fine mo-
tion strategy that allows us to achieve a large range with high resolution
positioning ability for performing the transportation task is moreover min-

imized from 17 um error to 0.18 um.

On the other hand, we present a high-speed pick-and-place method for
cell-assembly applications. Besides the range of motion and accuracy, the
rapidness of a manipulation system is an important parameter, which has
been so far underrated in the literature. To achieve high-speed microma-
nipulation, obtaining 3D positions of both the target microobject and the
end effector rapidly is necessary. Controlling the vibration of the end ef-
fector, which is greater at high speed, is another arduous task. We propose
a new fast detection algorithm for both the target microobject and the end
effector for achieving high-speed control of the system. Moreover, to re-
alize stable grasping for very fast movements, the vibration of the system
is compensated. High-speed control of the microhand system is demon-
strated with preliminary experiments consisting of pick-and-place actions
of 40 to 60 um microspheres; we aimed at performing a manipulation task
in 1 second. The comparison with similar studies shows the merit of the

proposed automated high-speed micromanipulation system.
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Introduction

1.1 General Background

“What I want to talk about is the problem of manipulating and controlling things on a
small scale” said Richard Feynman in his great talk “There is Plenty of Room at the
Bottom” given on December 1959 at the annual meeting of the American Physical So-

ciety. Today, after five decades, micromanipulation still stays as a challenging issue.

Three aspects of micromanipulation are manipulator, target object, and motion res-
olution. The manipulator and target object could be in micro or macroscales, however,
at least, motion resolution should be in the micrometer range to define the scale of the

control as micromanipulation.

Various micromanipulation systems have recently been designed and used for ap-
plications such as assembling micromachines, assisting in microsurgical operations,
and manipulating biological cells. Accurate and precise bio-micromanipulation is still

a task of utmost importance in biomechanics, microbiology, and genetics. [1].
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Figure 1.1: Typical industrial robot (left) and high speed parallel mechanism industrial

robot (right).

1.1.1 Manipulation in Macro and Micro Scales

One of the best example of the manipulation systems in macroscale is industrial robots
which are mostly serial mechanisms (Fig. [I.1). According to International Federation
of Robotics’ 2012 report, industrial robots started to be part of factories in early 1960s
[2]. These robots started to be comman in Japan in 1970s and help to manufacturing of
goods in a reliable way. It is accepted that, one of the effective parameters for Japan to
develop the economy in short time is utilization of these industrial robots. Currently,
there are more than 1.1 million industrial robots in the factories all over the world
as a key component of automation for manufacturing. There are several reasons why

industrial robots are very significant as a manipulator in automation:

1. Improving quality of the work

2. Increasing product output rate

3. Increasing product quality and consistency

4. Increasing flexibility in product manufacturing

5. Reducing operation cost
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Figure 1.2: Gravitational force and the different adhesion forces as a function of the object

radius.

First high speed picking industrial robot (ABB FlexPicker) developed in 1998

which can pick 120 objects in a minute using image technology. The interesting feature

of this robot was being parallel mechanism instead of serial links, as parallel structure

is more suitable for precise and repeatable motions at high speed as seen in Fig. [I.1]

On the other hand, various manipulators for microscale handling have been pro-

posed; and particularly in 1980s and 1990s, a lot of studies were carried out about mi-

cromanipulation sytems and techniques. In the last decade, micromanipulation became

more appealing to researchers due to be a potantial solution for various microbilogy

issues. However before moving on to micromanipulation systems, it is necessary to

understand pysics in the microscale.
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Dynamics of microscopic objects are different from macroscale objects. As length(l)
of objects decrease from macro to microscale, surface forces (1?) begin to dominate
body forces (1°). Because gravitational forces are proportional to the object volume
whereas adhesion forces are proportional to object surface, thus, adhesion become
dominant compare to gravitational force in the microscale as seen in Fig. [3]. The
adhesion forces include van der Waals forces, electrostatic forces, and surface tension

forces [4]].

Due to stronger adhesion forces in micro world, releasing of the object is more
difficult than grasping them. This micro world physics offer new challenges for micro-
manipulation. Therefore, several micromanipulation methods have been developed in

the last two decades.

1.1.2 Micromanipulation Methods

Needs in the biotechnology field and challenges in the microscale result in various
methods to manipulate microobjects. Micromanipulation systems can be classified
mainly non-contact and contact manipulation which will be explained in the following

sections. Details of each method can be found in [5].

1.1.2.1 Non-Contact Micromanipulation

In non-contact micromanipulation, force is applied to the target microobjects without

any mechanical contact [6].

The optical tweezers are one of the non-contact micromanipulation systems that
use a highly focused laser beam to provide the force, which is commonly piconewton
level, to hold and move the microscopic objects. However long holding time might

damage the target biological object due to heat [[/-9].
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Dielectrophoresis (DEP) is another non-contact manipulation which a force is ex-
erted on a dielectric particle using non-uniform electric field. The effect of the the force
depends on the medium and microobjects’ properties. Therefore, DEP can manipulate

microobjects with selectivity [[10-12].

Fluid flow manipulation is referred as non-contact manipulation which is for single-
cell applications. It is a suitable method for biomedical field due to non-invasive
behaviour. Transportation and other manipulation tasks of various size cells can be
achieved with this technique [[13]. The drawbacks of this technique are requirement of

high accuracy micropumps and the difference between speed of particles and liquid.

Non-contact micromanipulation methods have also been proposed to handle mi-
crobiological objects by utilizing other kinds of forces such as acoustic [14417] and

aerodynamic forces [18, 19]].

1.1.2.2 Contact Micromanipulation

Contact-micromanipulation involves the use of an end effector to manipulate microob-
jects mechanically. In the case of biological objects, operators manage to manipulate
them by the micromanipulators with the two-dimensional image from the microscope,
as depth information is not available with the optic microscope. Thus, contact mi-
cromanipulation is suitable when the object is large enough. i.e., more than a few

micrometers [20].

On-Chip Micromanipulation Systems

Recently, integration of the microtools into a single chip is feasible. Magnetic driven
microtools (MMT) were developed to provide many microfluidic functions, such as
those of manipulation, sorting, dispensing, etc. [21,22]. They can also be used for
more complicated tasks such as removal of zona pellucida [23] and enucleation of

oocyte [24]]. The microfluidic chip itself can also be used as a microtool in cell-cutting
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[25]. Multiple functions can be integrated into a single chip to perform sophisticated

bio-applications such as automated mammalian cell cloning [26].

Off-Chip Micromanipulation Systems

Conventional contact micromanipulation systems are very advantageous, as these sys-

tems can utilize sophisticated microtools.

Atomic force microscopy (AFM) is a technique for analyzing the surface of a rigid
material at the nanoscale. In addition to its 3D sensing capability, two cantilever tips

can also be used to manipulate microobjects in three-dimensional space [27].

Since adhesion force often causes the sticking of the microobject to the end-effector,
a sophisticated microgripper with a pushing mechanism between the gripping arms was

also introduced to release microobjects successfully [28]].

Micropipettes is a an example of contact manipulation and very useful for manip-
ulationg biological objects. They can be used to aspirate or hold cells to deposit them
at desired position for single cell manipulation and cell assembly tasks [29]] or to im-

mobilize a moving sperm, then aspirate it, and finally inject it into an oocyte [30].

A thermal responsive gel probe was also prepared to manipulate microobjects. The
thermoresponsive polymer solution around the probe tip can be gelled by turning on
the microheater at the tip; and cells near the probe tip can be handled by the produced

thermal gel; and turning off the heater for releasing task takes place [31].

A two-fingered microhand is a very useful contact micromanipulator. The two
microfingers are fabricated simply by pulling glass rods and can be used to handle mi-
croobjects in three-dimensional space. The use of the two microfingers is similar to

using chopsticks; thus, it facilitates dexterous motions such as rotation, cell’s nucleus
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extraction [1]]. In addition, it can be useful for manipulating multi-sized microobjects

[32,133].

In this study, target applications are manipulation of biological cells and creation
of 3D structure from single-cell. For this purpose, two-fingered microhand is the best
candidate among above-explained techniques as dexterous handling in 3D is required

for cell manipulation and assembly tasks.

1.2 Statement of the Problem

In micromanipulation field, we concentrate on two main issues. First, to manipu-
late different size microobjects precisely in a large workspace, how to design a mi-
cromanipulation system. The purpose here is the proposing a new concept which is
multi-scalable microhand system. Second, to utilize the microhand in complex bio-
applications, e.g., 3D cell assembly, how to speed up the system and how to achieve

stable control at high speed.

1.2.1 Multi-Scalability

The realization of a multi-scalable micromanipulator that can handle multisized mi-
croobjects and transport them with precise positioning in a large workspace is crucial.
When performing a cell fusion task, the micromanipulator should be able to carry a
bovine egg cell, which is about 100 um, and a bovine donor cell with a size of 10 um
and have them contact each other [26]. To fulfill this task, the system should have the
ability to carry biological cells of different sizes for long distances (a few hundred pm)
and position them precisely (sub-micron) to have them come in contact. The same fea-

tures are necessary for the assembly of MEMS and MOEMS devices [34+H36]].
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To achieve a multi-scalable microhand system that is compatible with various mi-
croapplications, i.e., a general-purpose microhand, the following two features are re-
quired: First, the microhand end effector should have a large workspace with a high
resolution for grasping different-sized microobjects. Second, a large workspace with a

precise positioning function is necessary for the transportation of microobjects.

For the first feature, previous studies have shown that most micromanipulators have
been designed as task-specific systems to manipulate particular microobjects [37-40]].
Due to workspace limitations or low resolution, these systems can be used only for the
manipulation of a particular size of object, which limits their applications. There are,
in fact, only a few studies of microhands that manipulate multisized microobjects. The
manipulation of borosilicate glass spheres, which are several sizes from a few microns
to 17 um [28], and polystyrene spheres, which are various sizes from 20 um to 100
um [41], has been achieved. In order to realize a general-purpose micromanipula-
tor that is compatible with various microapplications, however, it is critical to achieve
manipulation of various-sized microobjects from a few microns to over a hundred mi-
crons. In micro environment, all kind of objects have different size as seen in Fig.
Bacterias are just 1-2 um, sperm, yeast cell, fibroblast, lymphocytes are about 10 to
15 um whereas egg cells, megakaryocytes and some kind of nerve cells are about 100

um or bigger than that. Thus, multi-sized objects manipulation ability is important.

For the second necessary feature, which is the transportation of microobjects up
to a millimeter-scale with sub-micron precision, creating a large workspace with high
resolution is important. One of the strategies available to do so is the combination of
coarse motion and fine motion functions in the same microsystem [42, 43]]. In dual
stage systems, the coarse actuator provides a large workspace while the fine actuator
makes precise motion possible, so the disadvantages of one actuator can be compen-
sated for by the advantages of the other actuator. The time lag is, however, a disadvan-
tage of this strategy. The coarse stage moves the end effector to the target position and

stops, then the fine stage compensates for position error, so there is a delay between
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Figure 1.3: In micro-scale, there are various size biological cells.

coarse and fine motions [42]]. In addition, most of the time, the system should move
the end effector very slowly to achieve accurate positioning through many template

matching cycles [43].

In brief, two challenges to achieve multi-scalability in a micromanipulation system

are as follows:

e How to design a microhand to manipulate different size microobjects;

e How to realize large transportation ability with high precision.

Multi-scale manipulation ability would be particularly useful in terms of perform-
ing wide range of different tasks. And this ability increases flexibilty in micromanipu-

lation and assembly.

1.2.2 Micromanipulation at High Speed

Regenerative medicine is the process of regenerating human cells, tissues or organs to
replace damaged ones [44]. Several bio-engineering approaches such as cell sheet en-
gineering [45] and bio-printing [46, 47] have been proposed to regenerate cell tissues.

Aside from these techniques, the pick-and-place method for cell-assembly has drawn
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Figure 1.4: Concept of our goal: multilayered cell assembly (regeneration of tissues).

much attention [29] 31]).

For this method, a micromanipulation system is an indispensable tool. When re-
generating cell tissues, our ultimate goal is to achieve multi-layered cell assembly by
using a two-fingered micromanipulation system as illustrated in Fig. [I.4] The first step

towards this goal is the automated pick-and-place operation of the cells.

High speed is a necessary requirement for such a micromanipulation system, be-
cause of the presence of a vast number of cells and their restricted life span. The last
two decades have witnessed significant efforts in the realization of micro-scale auto-
mated robotic operation [48-56]. Autonomous micromanipulators were designed with
attention to the range of motion and the accuracy, and less attention to the speed of the

motion.

Recently, Xie et al. achieved the automated pick-and-place operation of micro-
spheres in 48 seconds; 20 seconds of this duration were used for the grasping of the
target object [27]]. Lu et al. succeed the pick-and-place of biological cells in 15 seconds
[29]. Nguyen et al. realized the first step of pick-and-place task, which is grasping, of

10
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Figure 1.5: Duration for the pick-and-place of a microobject using various contact-

micromanipulation techniques.

various size microbeads(20, 55, 96 um) in 1.5 seconds [32]. Zhang et al. achieved the
automated pick-and-place operation of microspheres with a speed of 6 seconds/sphere
which has been the highest speed reported in the literature [S7]. These studies made
a gradual progress in the field of high-speed micromanipulation. However, a micro-
manipulation system utilizing the pick-and-place method at adequately high speed for

tissue engineering has yet to be constructed (Fig. [1.3)).

To achieve high-speed micromanipulation, not only fast actuation but also high-
speed and stable control of the micromanipulation system is required. The following
difficulties should thus be overcome. First, to start the pick-and-place task, knowl-
edge of the 3D positions of both the end effector and the target microobject should
be obtained fast and accurately. However, under standard light microscopy, vision is
two-dimensional and depth information is not feasible. Second, researchers mostly
focus on precise control more than high speed, as rapid motions may cause significant
unwanted disturbances to the microenvironment. When the actuators of the microhand

move at normal speed, the vibration of the end effector is in the imperceptible level;

11
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however, when the actuators move faster, the system faces bigger acceleration and de-
celeration, thus the force applied to the system increases. As the vibration of the end
effector is proportional to the applied force, during the high-speed grasping task, the
residual vibration of the end effector increases and makes the manipulation process

longer and less successful.

The difficulties connected with achieving high-speed and stable control of a micro-

manipulation system can be summarized as follows:

e Achieve fast and accurate measurement of 3D positions of both the target mi-

croobject and the end effector;

e Control the vibration of the end effector caused by high speed motion.

The micromanipulator chosen in this study is a two-fingered microhand [1, [33]]
since it is a potential tool for micromanipulation. Since they are fabricated by pulling
glass rods, the two microfingers of the microhand are transparent and biocompatible.
By using this microhand dexterous micromanipulation such as cell rotation [1], and

measurement of mechanical properties of a living cell [58,159] can be performed.

1.3 Main Contributions

1.3.1 Concept of Multi-Scalability

Most actuators that are used for microhands have high resolution and a small workspace,
e.g., PZT actuators. In some cases, expansion mechanisms can be integrated in the
system to increase workspace but decreases resolution as a trade-off [60]. Entire mi-
cromanipulation system should be compact enough to be put on the stage of the ex-

isting microscope. The microhand itself should therefore be designed very carefully

12
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to achieve a large workspace. In our previous study, we designed a parallel mech-
anism for grasping and releasing microobjects. It was optimized to realize the best
configuration for the largest workspace under ideal conditions, and the experimental
workspace result was 640 x 590 um [61]. When this parallel mechanism was inte-
grated in an actual micromanipulation system, however, usable workspace became 45
x 22 um [62]]. Workspace optimization should therefore be conducted considering
the actual setup and searching for the appropriate orientation of the end effector. For
this, the workspace analysis of the parallel link mechanism should be done, since the
relationship between design parameters and the workspace, and behaviour of the mi-
crohand throughout the workspace, is not intuitive by any means [63]]. In this study,
the workspace of the parallel mechanism has been optimized with the help of inverse
kinematics by modifying the orientation of the end effector, which is fixed to the end
of the parallel mechanism, to meet the condition of handling target objects of various

sizes in microscale.

For the second necessary feature, which is the transportation of microobjects up
to a millimeter-scale with sub-micron precision, creating a large workspace with high
resolution is important. One of the strategies available to do so is the combination of
coarse motion and fine motion functions in the same microsystem. In this study, the
conventional coarse-to-fine motion strategy has been improved to achieve fast precise
positioning throughout a large workspace and to remove the time lag between coarse

and fine motions.

1.3.2 Successful Control of Microhand at High Speed

To tackle above-mentioned difficulties of high-speed micromanipulation and to per-
form the pick-and-place task in 1 second, we propose a new fast detection algorithm,

which will enable us to obtain the 3D positions of the end effectors and the target
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microobject. In this research, a top-down scanning of the target microobject and mi-
crofingers is performed by using a piezo actuator that can move the objective lens over
a distance of up to 100 um along the optical axis at 15 Hz. The actuator moves the
objective lens with a 1 um step, while the high-speed camera captures the image at
2,000 frames per second. A stack of 90 images captured at consecutive and equally
spaced focal planes is thus obtained. By searching for the index of the image in which

the target object or the microfinger is best focused, its z-position is obtained.

In addition, to realize successful grasping of microobjects at high speed, it is nec-
essary to analyze the vibration behavior and develop an efficient suppression method.
Tao et al. modeled the residual vibration and used an acceleration smoother to sup-
press the vibration of the SCARA robot arm [64]. In the microrobotics field, most
of the studies focus on the vibration suppression of piezo actuators, as the oscillation
is the natural result of applying voltage to the piezo material [65-68]. However, the

residual vibration suppression in a microhand has not been studied yet.

To achieve successful manipulation at high speed, we decrease the vibration am-
plitude and duration in two steps: first we increase the stiffness of the microhand by
increasing the tickness of the end effectors; then, to further decrease the residual vi-
bration, we apply an appropriate control method. As we can predict the behavior of
the vibration (frequency, amplitude, settling time, etc.) for a specific acceleration, we

implement the feedforward control to suppress the vibration in the system.

We focus on the above-mentioned difficulties of high-speed micromanipulation. To
grasp the object, an accurate and fast 3D detection algorithm is proposed. To achieve

fast and stable manipulation, the residual vibration in the microhand is reduced.
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1.4 Organization of the Thesis

1.4 Organization of the Thesis

This chapter presents a brief introduction of micromanipulation that will be discussed
in details in the following chapters. First, the general background of the physics in the
microscale and micromanipulation is introduced, followed by a description of the main
problem of the thesis. Then, the main contributions achieved for multi-scalability and
high-speed micromanipulation are presented. Finally, this section provides the outline

of the thesis. The content of the rest of thesis is organized as follows:

Chapter 2 introduces the workspace optimization of the microhand for multi-sized
microobjects manipulation. In order to utilize the system for different size objects han-
dling in the micro-scale, workspace of the parallel mechanism is analyzed by inverse
kinematics. In order to achieve the biggest flat workspace, workspace optimization is
conducted via analyzing the workspace for different orientations of the end effector.
At the end of optimization procedure, the best orientation for the largest workspace

has been realized.

Chapter 3 describes, on the stage of the inverted microscope, which is very limited
area, how to achieve a large workspace for the transportation of microobjects and keep
precision high simultaneously. For this, coarse to fine manipulation strategy proposed.
By implementing coarse motion stage and fine motion stage into the micromanipula-
tion system and by using vision as a feedback tool, we achieved large workspace with
precise motion ability. Moreover, to improve conventional coarse to fine motion strat-
egy, time lag between coarse and fine motion is removed by using visual feedback.
At the end of the chapter, three different experiments are added to demonstrate multi-

scalability concept.
Chapter 4 introduces how to control the residual vibration at high speed manip-

ulation task. When the end effectors of the micromanipulation system move at high

speed, vibration data is gathered and analyzed. Then to suppress the residual vibration,

15



1. INTRODUCTION

the stiffness of the structure is increased and then, as we can predict the behavior of
the vibration (frequency, amplitude, settling time, etc.) for a specific acceleration, we

implemented the feedforward control.

Chapter 5 describes how to obtain depth information for the end effector and the
target object at high speed. A top-down scanning of the target microobject and mi-
crofingers is performed by using a piezo actuator that can move the objective lens.
And the information of the exact place of the center of the object and end effector is
obtained. And single microobject manipulation at high speed is shown as an exper-
imental result. Furthermore, 1D array (string) of three microbeads is carried out to

show high speed control ability of the system.

The last chapter, Chapter 6, concludes the thesis with a brief summary of achieve-

ments, discussion of the remaining issues and possible directions for future research.
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Workspace Optimization for
Manipulation of Multi-sized

Microobjects

2.1 System Concept

At the beginning of the design process, the system concept has been defined as a mi-
cromanipulator that achieves large workspace and precise motion at the same time.

This system is composed of two main parts: lower and upper modules.

The lower module is for global motion, that is, the movement of both end effectors
that achieves the transportation of target objects and the positioning of the microhand.
Two motorized stages —coarse (Sigma-Koki, TSD-805S) and fine (Sigma-Koki, SFS-
H60XYZ) stages— form the lower module and help realize the large workspace and
precise motion necessary for the transportation task. Specifications of fine and coarse
stages are listed in Table 2.1 We use these two stages to move both end effectors
for long and coarse motions, i.e., for traveling long distances (micro and millimeter-

scales), and for short and fine motion (nano and micro-scales). This enables us to
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2. WORKSPACE OPTIMIZATION FOR MANIPULATION OF
MULTI-SIZED MICROOBJECTS

Table 2.1: Motorized stages specifications

Fine Stage  Coarse Stage

Travel(mm) 0.1(X,Y,Z) 25(X,Y),10(Z)

Resolution(um) 0.01 1
Accuracy (um) 0.1 17
Repeatability (um) 0.15 2
Max. Speed (mm/s) 2.3 0.1

achieve precise positioning when grasping and releasing tasks are executed.

The upper module is for local motion, i.e., the movement of the upper end effector.
Local motion achieves the grasping and release of different-sized target objects. One
manual stage for adjusting the upper end effector with respect to the lower one and
one parallel link mechanism for manipulating different-sized objects form the upper
module and realize a large workspace for the grasping task. The manual stage moves
6 mm in the X, Y, and Z directions with a resolution of 3 uum. The parallel link mech-
anism includes 3 piezoactuators as prismatic joints that can be extended up to 40 um.
Workspace optimization is realized by changing end effector’s orientation so that it has
the largest feasible workspace for a fixed-size end effector, as explained in section 2.2.
In addition to its simple compact configuration, the parallel mechanism has the advan-
tages of high speed, high accuracy, and high rigidity. It has simple joint mechanisms
using a flexure hinge as a revolute joint and a wire as a spherical joint in each link, as
shown in Fig. [2.1] The mechanism has a 3-DOF end effector (two rotational and one
translational motion), and has no singular point in its actual workspace. Three linear
piezoelectric actuators (NEC TOKIN, AE0203D16) are arranged on a base plate so
that their displacement is vertical to this plate. This arrangement has two advantages:

first, the movable parts of the finger can be rather light, and, second, workspace along
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revolute
joint prismatic joint

\

spherical
joint

mobiIZpIate base plate

Figure 2.1: Single kinematics chain of parallel mechanism including prismatic, revolute,

and spherical joints.

the Z axis with reference to the base coordinate frame is its largest.

After the design concept is decided, a CAD model of the micromanipulator is pre-

pared, as shown in Fig. 2.2]

2.2 Workspace Analysis

For the manipulation of different-sized microobjects, parallel mechanism workspace
should be at least 100 um for the X direction, which is the direction of the motion of
the end effector when grasping and releasing tasks are carried out. The manipulation
of large microobjects such as 97 um diameter bovine cells will be thus achievable.
In addition, accuracy should be at a sub-micron level for the manipulation of objects

having a size of only a few microns, e.g., fibroblasts and bacteria.
The upper end effector is fixed to 3-DOF (prismatic-revolute-spherical (PRS) joints)

parallel mechanism that was analyzed to understand upper end effector workspace. De-

tails of workspace analysis and the workspace optimization process are as follows.
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Figure 2.2: CAD model concept.

Although forward kinematics is more suitable and easier way to calculate workspace
of serial mechanisms, unfortunately forward kinematics’ equations are highly nonlin-
ear and cannot be decoupled to get a closed form solution for parallel mechanisms.
Therefore, inverse kinematics is used to calculate workspace. By using inverse kine-
matics, we attempted to realize workspace by checking feasible extensions of parallel
mechanism’s parts, which is up to 40 um. Single kinematics chain of parallel mech-
anism, which includes Prismatic, Revolute and Spherical joints, and mechanism’s ge-
ometrical model can be seen in Fig. 2.1]and [2.3] The procedure of calculation is as
follows: Tip position of end effector (Pe) will be given. By the help of this information
and by using Newton-Raphson method (2.1)) we can calculate position of mobile plate

center (Pc).
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Mobile Plate

Base Plate

Po1

Figure 2.3: Parallel mechanism’s geometrical model.
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k+1 k
Pcx Pcx
Pcy = Pcy | —J Y(Pcx,Pcy, Pcz)*x f(Pcx, Pcy, Pcz)* (2.1)
Pcz Pcz

After a few iterations, mobile plate center can be found. Then, the transformation
matrix, which includes mobile plate center position (Pc) and rotation matrix (ROT)

(2.2), should be used to calculate mobile plate frame referred to fixed base frame.

Pcx Ux Vx Wx
Pc=| Pcy ROT = | Uy Vy Wy (2.2)
Pcz Uz Vz Wz

By the help of (2.1)), (2.2) and constrains of revolute joints, extension of three piezo

actuators can be found.

By the inverse kinematics method, workspace of current orientation, which means
current position of end effector that is 27.5° in the X-Z plane, has been realized through
searching 1000 x 1000 x 1000 um volume for possible workspace. As a result,
workspace of current orientation can be seen in Fig. [2.4] for the X-Y plane,and in
Fig. 2.5|for X-Z and Y-Z planes.

In Fig. [2.4Jand 2.5] it can be seen that workspace is 330 um in the X direction, 310
um in the Y direction and 620 pm in the Z direction. Comparison of theoretical and
experimental workspaces can be seen in Table The practical X range is about 15
percent less than that of theoretical value and practical Y range is 17 percent less than
that of theoretical value. The small difference between theoretical and experimental
workspaces is due to the use of pin flexure joint as a revolute joint and wire as a spher-

ical ball joint.

At the end of current orientation’s workspace analysis, we came up with two ques-

tions. Firstly, as it can be seen in Fig. [2.5] entire workspace is inclined so when we
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Figure 2.4: Workspace of current orientation in the X-Y plane.
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Figure 2.5: Workspace of current orientation in the X-Z and Y-Z planes.
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Table 2.2: Comparison of theoretical and practical workspaces

Workspace | x [um] | y [um]

Theoretical 330 310

Experimental | 280 255

move our end effector in the X and Y directions while Z is constant, we can use less
than half of the workspace. For current orientation, while Z is constant, experimental
workspace is 45 um for X and 22 um for Y directions. To be able to grasp different
size microobjects, X direction’s workspace is the most important parameter and 45 um
is not big enough. As it mentioned before, for the target application, workspace of X
direction should be at least 100 um. So, the question is can we use workspace more
efficiently, in other words, can we make it less inclined? Secondly, can we increase
this workspace? To find answers of these problems, workspace optimization is carried

out.

2.3 Workspace Optimization

The purpose of workspace optimization is to decide the orientation of the end effector
for the largest horizontal workspace. Because inclined workspace cannot be used effi-
ciently, we sought a flat workspace; whose X axis can be used as a reference. To find
the largest flat workspace, results were obtained about workspace of different orienta-

tions by checking two different planes, as shown in Fig. [2.6]

On the X-Z plane, which is a side view of the parallel system, different orientations
were checked, as shown in Fig. (left). Workspace results for different orientations
are listed in Table [2.3]and shown in Fig.
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Figure 2.6: Different orientations on X-Z (left) and X-Y (right) planes.
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Figure 2.7: Workspace results for different orientations (5° - blue, 45° - red, 90° - green)

on the X-Z plane.
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Table 2.3: Workspace results for different orientations of the end effector on the X-Z plane

Y
X-Z plane
(um)  (um)
0° 0.6 0.8
45° 530 480
90° 720 640

Table 2.4: Workspace results for different orientations of the end effector on the X-Y

plane.

Y
X-Y plane
(um)  (um)
0° 530 480
30° 510 480
60° 540 480

On the X-Y plane, which is the top view of the parallel system, different orien-
tations were checked, as shown in Fig. [2.6] (right). Workspace results for different
orientations are shown in Table [2.4] and Fig.

Workspace analysis results for different orientations are summarized as follows:
if we change the orientation downward on the X-Z plane, workspace increases. The
largest workspace is realized at 90°. If we change the orientation on the X-Y plane,
the workspace size hardly changes. In addition, during the workspace analysis pro-

cess, we found that the inclination of the workspace X axis is inversely proportional
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Figure 2.8: Workspace results for different orientations (0° - blue, 30° - red, 60° - green)

on the X-Y plane.

to the orientation angle of the end effector on the X-Z plane. For 0° orientation, the
slope of the X axis is 89.8° and for 90° orientation, it is 0.7°, which is close to a flat
plane. Hence, to have a large flat workspace, the end effector should form a 90° angle
on the X-Z plane. If this is not feasible because of micromanipulation constraints, the

orientation of the end effector on the X-Z plane should be as close as possible to 90°.

Although a 90° orientation, normal to the ground, is the best angle for obtaining
the largest flat workspace, there are two main constraints that should be considered.
First, to observe the micromanipulation process with an inverted microscope, the end
effector should be placed between the light source and the lens, for which 90° orien-
tation is not possible, as shown in Fig. [2.9](left). Second, in order to avoid breaking
the glass finger during 3D motion of the system, the end effector should not be normal

to the ground. When considering these two constraints with respect to workspace op-
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Figure 2.9: System constraints (left) and intermediate part solution (right).

Microhand Light Source

Intermediate
part

Lens

Figure 2.10: Intermediate part solution to obtain a more inclined resulting vector.
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Table 2.5: Workspace results before and after angle modification

X [um] | y [um]
former (27.5°) 45 22
latter (39°) 132 40

timization results, we propose using an intermediate part as a solution, as illustrated in
Fig. [2.9] (right) and in Fig. 2.10] placed between the parallel link and the end effector
to obtain a more inclined resultant vector. A longer intermediate part means closer
orientation to 90° for the resulting vector. Hardware limitations, system setup, and a
vibration problem have to be considered, however, when deciding the maximum feasi-
ble length of the intermediate part. After these limitations were considered, the length
of the intermediate part was set to 3.5 cm. With the optimized intermediate part, we
were able to realize a 39° angle on the X-Z plane as the feasible degree closest to 90°

orientation, as shown in Fig. [2.10]

After we consider workspace inclination for 39° orientation, if we keep the depth,
which is the Z direction, fixed, then we can move our end effector 132 um in the
X direction and 40 um in the Y direction with an observable resolution of 0.1 um.
Hence, with this workspace size, the ability of the microhand to manipulate different-

sized microobjects was improved from 1-45 yum to 1-132 pum.
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Coarse to Fine Manipulation Strategy

and Experimental Results

3.1 System Construction

3.1.1 System Configuration

Fig. shows the configuration of the micromanipulation system, in which, the main
part is a two-fingered micromanipulator. Details of the actual system are shown in Fig.
m The coarse and fine stages are controlled by a Linux PC (Dell, XPS600, Pentium
4 3.80 GHz) through commercially available stage controllers (Sigma-Koki: Omec-
4BG, Fine-503). The parallel link mechanism is controlled by the same PC through
a D/A board (Contec DA16-16(LPCI)L) and a drive amplifier (MATSUSADA, HIPZ-
0.15Px3). Displacements are measured with a strain gauge attached to piezoelectric
devices and sent to a PC through a strain amplifier (Kyowa MCD-16A) and an A/D
board (Contec AD16-16(PCI)EV) for PI control, in order to compensate for the hys-
teresis effect of the piezoactuator. Parallel mechanism control in a closed loop is shown

in Fig. and the duration of one control cycle is about 1 ms.
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LAN(Local Area Network)
| PC(Linux) | PC(Windows)

~Camera  Gamepad

i Parallel
ine Link

Stage Stage

Inverted Microscope

Figure 3.1: System configuration.

Figure 3.2: Micromanipulator prototype.
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X Controller (PI) H D/A }—> Drive H Piezo
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Figure 3.3: Parallel mechanism control.

The microhand and the target object are placed on the optical microscope stage.
Images of end-effector ends are captured by the CCD camera (Point Gray Research,
Flea) and displayed on a Windows PC. The motor on the microscope controls the mo-
tion of the objective lens, used in keeping the target object in focus manually. The
end effectors, —the upper and lower fingers— of this micromanipulator consist of two
glass needles that have a 1 mm diameter and sharpened ends with less than 1 um in
curvature. These needles are attached to the manipulator so that they can be replaced

easily with new ones if they break, become worn, or are dirty.

As discussed in [69], a joystick 1s more efficient than a keyboard for micromanip-
ulation tasks. Teleoperation between the user and the micromanipulator was therefore
realized by using a joystick. We controlled the lower and upper modules, which con-
sist of two motorized stages and the parallel link part, simultaneously with a cordless

Gamepad (Logitech Rumblepad?2).

The parallel link consists of three piezoactuators parallel to each other. An end
effector is placed at the end of the parallel link. To control upper module movement
accurately, the relationship between the parallel link extension through the strain gauge
and the end effector position change through the camera was investigated. The parallel

link mechanism was calibrated by obtaining the components of the calibration matrix
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that characterize the linear relationship between the displacement of the three piezoac-
tuators and the change in the finger position in three directions. After calibration,
absolute positioning accuracy is 2.1[um] for the 132 yum range in the X and Y direc-

tions. Average error i1s 0.9 um and standard deviation is 0.7 um.

In this microhand system, the grasping and release of microobjects can be realized
by teleoperation through the parallel link mechanism, where the transportation of mi-
croobjects is achieved both by teleoperation and by automating through coarse and fine

stages.

3.1.2 Realization of Multi-Scalability

The purpose of the lower module is to achieve long-distance transportation of mi-
croobjects with precise positioning. As the coarse motion stage has large workspace
with low accuracy and the fine motion stage has small workspace with high resolution,
a combination of these two functions in the same system, which is the conventional
coarse-to-fine motion strategy, offers the key to achieve the purpose of the lower mod-
ule [42, 43]]. Because the conventional method has a time delay between coarse and

fine motions, however, we propose a coarse-to-fine motion strategy without time lag.

3.1.2.1 Conventional Coarse-to-Fine Motion Strategy

The conventional coarse-to-fine motion strategy is employed to improve positioning
accuracy. The strategy procedure is as follows: target position (Xt) in the visible area
of the microscope camera of the end effector is decided by the user. The system then
sends the target position to the coarse motion stage and the end effector, which holds
the microobject, moves to reach the target on the X-Y plane. Image resolution (Xr)
depends on the magnification of the objective lens. By using a 60X objective lens,

image resolution is 0.08 um. The system should wait until the coarse stage finishes
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its motion by checking the current (Xc) and previous (Xp) positions of end effectors
through template matching (3.1I). Because the orientation of the end effector does not

change during manipulation, we apply the template matching method.

If:|Xc—Xp| >Xr coarse motion continues
3.1)
Otherwise : coarse stage stops

When the difference between current and previous positions is smaller than Xr,
which means the coarse motion stage has stopped, the system compares the target and
current positions of the end effector through template matching. If the difference be-
tween them is less than Xr, the target position has been reached. If the difference is

more than or equal to Xr, the difference is sent to the fine stage automatically to be

compensated for (3.2)).

If . |Xt—Xc| <Xr motion is completed
(3.2)

Otherwise : compensate the error

Last, the fine motion stage finely aligns the microobject with the target position
on the X-Y plane with 0.1 um error. The precision of template matching is 0.08 um
and maximum error of the fine motion stage is 0.1 gm, meaning that 17 um error of
the coarse motion stage is minimized to 0.18 um with the conventional coarse-to-fine
motion strategy. The algorithm is summarized in the part including time lag in Fig.
at left.

3.1.2.2 Proposed Coarse-to-Fine Motion Strategy

Although large workspace with precise motion has been achieved using the above strat-

egy, to decrease the duration of the transportation task, the strategy has been improved
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Figure 3.4: Accurate positioning flowchart.
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by considering time lag.

As seen in the part that does not include time lag in Fig. [3.4] the system does not
wait for the coarse motion stage to stop before compensating for error. When distance
(Xdis) between the end effector and the target position is close enough, i.e., in the
range of workspace for fine motion stage (Xw), which should be 50 pm, the system

sends distance (Xdis) to the fine stage (3.3)-(3.4).

Xdis =Xt—Xc (3.3)

If :|Xdis| > Xw coarse motion continues
(3.4)

Otherwise : fine motion starts
The fine stage moves the end effector to the target position. When fine motion
starts, the coarse stage stops. Because the coarse stage cannot stop suddenly, motion
between the stop command and completly stopping the coarse stage is considered when
distance information is sent to the fine stage. When the fine stage finishes its motion,

the transportation task is then completed with maximum error of 0.18 um.

Conventional and proposed strategies are compared in Fig. For the 150 um
travel distance in the X direction, the system needs 2.76 seconds for coarse motion,
1.31 seconds for time lag, and 0.005 seconds for fine motion, i.e., 4.08 seconds in to-
tal, to complete transportation with high precision (Fig. (left)). Using the proposed
strategy, in contrast, the system needs only 1.74 seconds to complete the transportation
task as shown in Fig. [3.5] (right). Because the time lag depends on the system itself,
e.g., the duration of communication between devices, even if the time lag is further
shortened, our proposed strategy is still faster. With the first strategy, furthermore, the
fine stage moves for a small distance, while with the second strategy, the fine stage

moves for half of its workspace. Even if maximum error for both cases is 0.18 um,
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Figure 3.5: Comparison of conventional (left) and proposed (right) coarse-to-fine motion

strategies.

error is therefore less for the first strategy most of the time.

As shown in Fig. [3.4] there are two routines for the system to continue: with and
without the time lag. The user decides which routine is appropriate for the system with

respect to priority such as time duration, speed, or accuracy.

From the beginning of manipulation, the system’s end effector and target objects
are placed on the same Z focal plane manually with the help of the motorized stage. Vi-
sion feedback strategy is used for manipulator positioning in 2D. If automatic control
in the Z direction is necessary, however, we can extend our strategy to 3D by applying

the All-In-Focus method [32].
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3.2 Evaluation of Multi-Scalability

3.2.1 Experimental Results

The three experiments carried out with this system had the common feature that they
used multi-scalability. First, various-sized microspheres were manipulated to show
the ability of the system to manipulate multisized objects. Second, a cell fusion task
was realized by manipulating donor and egg cells in the same scene. Third, extremely
small and extremely large microbeads were manipulated in the same scene to show the

precise positioning ability of the system, along with multisized object manipulability.

3.2.1.1 Manipulation of Various-Sized Microobjects

Microspheres, with diameters of 97, 55, 20, and 9.7 um are manipulated to show that
different-sized objects can be manipulated with this microhand. The entire process is
realized in liquid on a glass and observed by 20x and 40x objective lenses. Fig. [3.6]
shows the manipulation process for a 20 um microsphere. Fig[3.6(a) and (b) show
the grasping task, which includes moving both fingers to bring them close enough to
the target object and moving the right finger to hold the target. Fig. [3.6(c) and (d)
show a transportation task over a distance of 60 um. Fig. [3.6(e) and (f) show a release
task that includes moving the right finger and then moving both fingers away from the
target object. This experiment was conducted as a predefined manipulation task via
computer control. The entire manipulation process was the same for all target objects
of different sizes. For each of the four different-sized target objects, the manipulation
task was carried out 10 times to investigate the success of the process. Success of
100% for the grasping task (Fig. [3.6(a) and (b)), 100% success for the transportation
task (Fig. [3.6(c) and (d)), and 80% success for the release task (Fig. [3.6(e) and (f)),

were achieved after 40 trials.
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Figure 3.6: (a)-(b) Grasping task for 20 um microspheres (c)-(d) transportation task for

60 um distance (e)-(f) release process.
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3.2.1.2 Cell Fusion Task

Cell fusion is one of the tasks possible for this micromanipulator in terms of multisized
microobject manipulation. The procedure is as follows: a donor cell and an egg cell
are placed under an optical microscope and the finger tips are moved using the stages
until they are close enough to cells, then the microfingers hold, pick-up, transport, and
release the different-sized cells, having them contact each other. The next stage of this
task, which is the fusion of two cells with the help of an electrical current, is not per-
formed here because the aim of this experiment is to investigate the capability of the

system to be used in the manipulation of cells during a cell fusion task.

The handling of living cells is more difficult than that of microbeads. Because the
duration of life for living cells in a normal environment is very short, cells are placed
in a special liquid. In addition, living cells are stickier than microbeads, which makes
the release task more difficult because adhesion is more effective on a micro-scale. We
therefore prefer to release the cell by moving it to the end of the end effector, which has
the smallest contact area compared to the rest of the end effector because adhesion be-
tween the tip of the finger and the grasped cell is the weakest. Furthermore, the target
object is a soft living cell that poses no bending problem for the end effector. Donor
cells, which are about 16 um, and egg cells, which are about 100 um, were used. We
were able to successfully manipulate —hold, pick-up, transport, and release— the donor
and egg cells in the same scene, as shown in Fig. and to make them contact each
other with the help of teleoperation. We thus say hence that cell fusion tasks can be

performed with this system.

3.2.1.3 Multi-Scalability of the System

To show the system’s multi-scale manipulability, extremely small and extremely large

microbeads are manipulated in the same scene and observed with a 10X objective lens
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Figure 3.7: Manipulation of donor (left) and egg (right) cells.

as shown in Fig. [3.§]

The microhand grasps and transports a 115 um microbead to the target position,
which is the center of the screen, and releases it. Then, in the same situation, the mi-
crohand successfully manipulates an 8 um microbead using a similar procedure. The
entire process is conducted combining teleoperation for grasping and release tasks and
the coarse-to-fine motion strategy for the automatic transportation task. Precise posi-

tioning with 0.15 um error is achieved with the proposed strategy.

Because the resolution of the parallel mechanism is on the sub-micron level, the
manipulation of smaller objects of about 1 um can be realized with this system. Be-
cause finding the center of a 1 um microbead is difficult and small objects are easily
affected by liquid flow, however, it is extremely difficult to accurately grasp objects a

few microns in size in liquid without a special strategy.

3.2.2 Discussion

The performance of the developed system is shown in Table [3.1} and a comparison

of multisized objects manipulability with similar studies is shown in Table 3.2] In
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Initial Positions of Microbeads

Manipulation of 115 um Microbead

Final Positions of Microbeads

Manipulation of 8 um Microbead

Figure 3.8: Realization of the system’s multi-scalability.
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Table 3.1: Micromanipulator performance

global motion local motion
workspace (mm) 25.1x25.1x10.1 0.13x0.04x0.02
1.7 (distance<0.1mm)
max. speed (mm/sec) 110

0.1 (distance>0.1mm)

observable

0.1 0.1

resolution ({m)
accuracy (um) 0.18 2.1
repetability (tm) 0.15 2.5

Table 3.2: Comparison to similar manipulation systems

mh(l) mh(2) mh(3)

multisized objects
3-17  20-100 1-132

manipulability ({m)

similar studies, the manipulation of microobjects was realized by different types of
microhands that we call microhand (1) [28]] and microhand (2) [41]]. These two similar
studies were chosen for their multi-scalability and similar target objects. As shown in
Table [3.2] the manipulability of multisized objects achieved by our proposed system,

called microhand (3), is better than that of the studies compared.

Our micromanipulation system can be used to manipulate various-sized microob-
jects from 1 um to 132 um. If the target object size, e.g., tissues, is more than 132
um, however, this system cannot be used and further improvement of workspace size
is necessary. This system is by no means the final multi-scalable system and its multi-

scalability can be further improved to realize a general-purpose microhand.
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Vibration Control for Stable Grasping
at High Speed

4.1 Introduction

To construct a multi-layered cell assembly, it is essential to achieve the pick-and-place
of single-cell using a two-fingered micromanipulation system. The first step towards
this goal is realizing the high-speed grasping of the cells. High speed is a necessary
requirement for such a micromanipulation system because of the presence of a vast

number of cells and their restricted life span.

In this chapter, a two-fingered microhand (Fig. for high-speed cell handling is
studied. Rapid point-to-point movements for the end effector of the robot are involved
in the pick-and-place task. To grasp a cell quickly, the end effector of the microhand
needs to move towards the cell. This motion involves accelerating of the end effector
to a required operational speed and decelerating to a full stop. The abrupt changes
in acceleration or deceleration often result in residual vibration. When the grasping
motion is carried out at high speed, the residual vibration has a greater impact on the

process. It may cause location change of the target cell, damage it and lead to a long
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4. VIBRATION CONTROL FOR STABLE GRASPING AT HIGH SPEED

Figure 4.1: The microhand with the end effectors.

settling time of the system.

To realize successful grasping of microobjects at high speed, it is necessary to an-
alyze the vibration behavior and develop an efficient suppression method. Tao et al.
modeled the residual vibration and used an acceleration smoother to suppress the vi-
bration of the SCARA robot arm [64]. In the microrobotics field, most of the studies
focus on the vibration suppression of piezo actuators, as the oscillation is the natural
result of applying voltage to the piezo material [65-68]]. However, the residual vibra-

tion suppression in a microhand has not been studied yet.

There are a few existing approaches which can be applied to suppressing the vibra-

tion of the end effector of the microhand :

e Increasing stiffness of the system by structural design to increase damping [[70,

:

e Trajectory smoothing to achieve smooth acceleration and deceleration [72174]].
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4.2 Micromanipulation System

e Input shaping to cancel the system’s own vibration [75,76].
e Feedforward control [[77]].

e Feedback control [[78[79].

To achieve an effective damping in the system, we increase the stiffness of the
microhand by increasing the thickness of the end effectors. To further decrease the
residual vibration, we need to apply an appropriate control method. As we can predict
the behavior of the vibration (frequency, amplitude, settling time, etc.) for a specific
acceleration, we can implement the feedforward control to suppress the vibration in

the system.

The structure of the paper is as follows. In section 4.2, the microhand system is
described and the residual vibration of its end effector is explained. The vibration of
the end effectors of the microhand is analyzed in section 4.3. Finally, in section 4.4,
the vibration suppression through structural design and the feedforward control is pre-

sented. In addition, the experimental results are discussed.

4.2 Micromanipulation System

The experimental setup for the micromanipulation at high speed is shown in Fig. 4.2]
In this system, the main part is a two-fingered microhand. The microhand is composed
of two main parts: a lower and an upper module. Details of those modules can be
found in section 2.1.

The coarse and fine stages are controlled by a Linux PC (Dell, XPS600, Pentium
4 3.80 GHz) through commercially available stage controllers (Sigma-Koki: Omec-
4BG, Fine-503). The parallel link mechanism is controlled by the same PC through
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(Local Area Network)

PC (Linux) | PC (Windows)

High speed camera

-

~~
~.
~~

right &.Ieft .
fingers "

[

Two-fingered microhand

Figure 4.2: System configuration.
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a D/A board (Contec DA16-16(LPCI)L) and a drive amplifier (MATSUSADA, HIPZ-
0.15Px3). The displacements are measured with a strain gauge attached to the piezo-
electric devices, and sent to the PC through a strain amplifier (Kyowa MCD-16A) and
an A/D board (Contec AD16-16(PCI)EV) for PI control, in order to compensate the
hysteresis effect of the piezo actuator. This closed-loop control of the parallel mecha-

nism is shown in Fig. [3.3]and the duration of one control cycle is about 0.35 ms.

The two end effectors of the microhand and the target object are observed un-
der an IX81 motorized inverted optical microscope using an Olympus LUCPlanFLN
20x/0.45na Phl objective lens. The images are captured with a high-speed camera
(Photron FASTCAM MC?2) and displayed on a Windows PC (Intel Core 17 CPU,
2.93GHz with 4 GB RAM) monitor. The end effectors - the right and left fingers -
of this micromanipulator are glass needles which have a 1 mm diameter and sharpened
ends with a curvature of less than 1 um. While the left end effector is connected to
the lower module, the right end effector is mounted onto upper module. In total, the
microhand can therefore perform movements in a large workspace (coarse stage) with
high precision (fine stage), and grab, rotate and release objects by the relative move-

ment of the right end effector (parallel link).

The maximum speed of the microhand is 2.3 mm/s. As the feasible maximum
speed of the actuators depends on the applied voltage and the features of the actuator

itself, higher speed can be realized with other actuators.

When the stage runs at normal speed (0.1 mm/s), there is no effective vibration
for most of the microhand systems. To grasp a cell quickly, however, the end effector
of the microhand needs to move towards the cell at high speed. This motion involves
accelerating to required operational speed and decelerating to a full stop. The abrupt
changes in acceleration or deceleration often result in residual vibration. When the
grasping motion is carried out at high speed (> 1 mm/s), the residual vibration is

greater which may cause dropping and even damaging a cell during transportation. In
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addition, the settling time is longer, which is not a desirable feature in the high-speed
grasping of the microobjects. Therefore, to realize an appropriate vibration control

method, we carried out the vibration analysis in the microhand [80]].

4.3 Vibration Analysis in the Microhand

4.3.1 Oscillation Observation

The oscillations of the end effectors during and after the motion were recorded with a
high-speed camera. The camera was set to capture images at 2000 frames per second
with a magnification of 20X (252 x 252 um? image size and 1 pixel = 0.494 yum). With
this configuration, the oscillation could be easily observed. The magnitude and the re-
lation to the moving direction (perpendicular or parallel to the end effectors) could be

identified roughly and directly from the captured images.

For more accurate and faster handling of big image batches, the end effector posi-
tion is saved to be used in image processing. With image processing, the contours of
the end effectors are detected based on the difference in brightness between the back-
ground and the end effector. The coordinates of the end effector tip are determined as
follows. The topmost pixel of the contour corresponds to the y coordinate. Calculat-
ing the centroid of the contour and assuming a constant angular orientation of the end
effector, the x coordinate can be derived, as seen in Fig. 4.3] This algorithm can be

applied to the image batches saved beforehand.

To analyze the vibration of the system, the fine stage moves with the speed of 2.3
mm/second for 80 um. An exemplary plotted result of the oscillation is given in Fig.
4.4l The vibration during the motion is small. The residual vibration after the motion
is great however. Looking at the magnitudes of the oscillations, we can say that the
right end effector oscillates with higher magnitudes (up to 29.1 um) than the left one

(5.76 um). Furthermore, the oscillation in the y-direction is smaller than the one in

50



4.3 Vibration Analysis in the Microhand

) topmost
pixel

contour

= .

Figure 4.3: Position detection that is showing the contour, centroid and end effector tip.

the x-direction. Since objects are grabbed and held by the relative movement and force
in the x-direction, vibration control with the aim of removing the oscillations in the

x-direction was prioritized.

4.3.2 Frequency Analysis of Oscillation

As Discrete Fourier Transform (DFT) takes a discrete signal in the time domain and
transforms it into its discrete frequency domain representation, the DFT is an appropri-
ate method for frequency (spectrum) analysis. Let X, ...., Xy—1 be complex numbers.
The DFT is defined by the formula:

N-1 B
Xk:Zx,,e*ﬂ”kﬁ k=0,...N—1. 4.1
n=0

A Fast Fourier Transformation (FFT) computes the DFT and produces exactly the
same result as when evaluating the DFT definition directly; the only difference is that

an FFT is much faster.
The data sets (obtained from image processing) were analyzed using the FFT. The

objective of this analysis was to determine the frequencies occurring within the end

effector oscillations. This analysis provides information about the nature and cause of
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110

Position (um)

0 100 . 200 300 400

Figure 4.4: Oscillation of both end effectors in x and y caused by 80 ym motion.

the vibration. In addition, it shows the highest present frequency.

The FFT analysis shows that the frequency spectra of the left and right end effec-
tors are quite different, as shown in Fig. 4.5] The left end effector oscillates with but a
single —its natural- frequency (170 Hz). The right end effector sways with the super-
posed frequencies. The highest occurring frequency is the right end effector’s natural

frequency, at about 260 Hz.

4.4 Vibration Suppression of the End effectors

4.4.1 Structural Design to Increase Damping

To increase the damping of the system, the thickness and mass of the fingers were con-

sidered. Equation (4.2)) shows that a heavier finger has a lower natural frequency (Fy).

52



4.4 Vibration Suppression of the End effectors
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Figure 4.5: Result of Fast Fourier Transform of x position of the left and right end effec-

tors.

| EI

E stands for elastic modules, while 7 stands for the moment of inertia; m represents
the mass of weight, and L is the length of the end effector. Moreover, a thicker finger
oscillates with a considerably smaller magnitude (4.3) where 6,,,, represents the max-

imum deflection and w stands for applied force.

wL*
Smax < e 4.3)

With respect to the dynamics theory of a beam under uniform load, the microhand
was redesigned by increasing the thickness (4 times) and the mass (3 times) of the end
effector’s holders by considering structure of microhand system as shown in Fig. .6
For the left end effector, the amplitude of the oscillation was decreased to the imper-

ceptible level (max. deflection ~1 um with a settling time of 20 ms). On the other
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Figure 4.6: End effectors before (left) and after (right) structure modification.

hand, for the right end effector, the vibration was still great (max. deflection: 25.88
um, settling time: 173 ms) as illustrated in Fig. The settling time is the time taken
from motion completion time to the time when the end effector vibration fall within a
fixed threshold (set to = 1 pm in our experiments). The natural frequency of the right
end effector is 60 Hz as shown in Fig. f.8] The parallel link mechanism, moving the
right end effector, has very thin and long spherical joints, which are the main cause of

the vibration.

Seeing the differences in magnitude as well as in the means of actuation (the right
end effector can be actuated relatively to the global motion of the hand), we decided to
work on the right end effector. The residual vibration control of the right end effector

is discussed in the next section.

4.4.2 Residual Vibration Control of the Right End Effector

To decrease the residual vibration further, we need to apply an appropriate control
method. Trajectory smoothing and input shaping are not available approaches for the
microhand system, as the signal can not be changed during the motion for the fine stage
we use with a controller to move both end effectors. The velocity and the distance of

the motion can be decided by the user but the signal to the controller can not be altered
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Figure 4.7: Vibration of right end effector after structure modification.
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Figure 4.8: Vibration frequency of the right end effector is 60 Hz.
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during the motion. Although the feedback method is a reliable way to control the vi-
bration, the sampling time should be at least 10 times of the vibration frequency, which
is not feasible for the current system. As we can predict the behavior of the vibration
(frequency, amplitude, settling time, etc.) for a specific acceleration however, we can

apply the feedforward control to decrease the residual vibration of the system.

4.4.2.1 Real Time Image Processing

To realize the vibration control in real time, the image processing can no longer be
done on a batch of images saved beforehand. The finger position has to be determined
directly after capturing an image. Therefore the processing time has to be decreased as

much as possible.

The image width was constrained by defining a region of interest (ROI). By ob-
serving the oscillation (4.3.1)), we learn that the finger moves less than the maximum
distance between the two following frames. This distance depends on the frame rate
and the lens used. A 20X magnification lens (1 pixel = 0.494 um) was chosen to cover
a big workspace of 252 x 252 um?. The ROI to be processed in the following frame is
defined by adding this maximum distance to both sides of the current finger position.

As aresult, an image capturing and processing rate of 2000 Hz was realized.

Sometimes, the finger oscillates too strongly and will not be within the processed
region (occurrence < 1%). In this case, the ROI is reset to the center of the image in

order to increase the chance of redetecting the finger in the next frame.

The controller output has to be sent to the computer commanding the parallel link
mechanism. The connection between the two computers used was tested for possible
sending rate and delay time. A sending rate of 2000 Hz with a transmission delay time

of 0.5 ms was ascertained.
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Figure 4.9: Block diagram of the vibration control system.

4.4.2.2 Control Loop Design

Considering the control aims, the deviation between the actual and the target position
is processed and fed back to the system. The difference is calculated on the Windows
computer doing the image processing. The result is then sent to a second computer
(Linux), responsible for moving the parallel link mechanism, as shown in Fig. [4.9]
The two computers are connected via a regular LAN. The system has to be set up
on two different computers, because the high-speed camera only provides a Windows
driver, while some control tasks for the microhand require an ART-Linux computing

system.

There are two levels of vibration control, as seen in Fig. @} The first level is the
feedback control (PI) of the parallel mechanism, meant to compensate hysteresis of the
piezo actuators. However, we need to choose P and I gains very carefully so as not to
produce any vibration of the piezo actuators. Results show that, while compensating
hysteresis to avoid producing any vibration, P and I gains should be very small (P:0.3,
1:0.1) which takes about 3 ms to complete parallel mechanism motion. Second level of
vibration control is achieved with the feedforward method. The feedforward control

starts according to image processing results. The parallel mechanism moves the right
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end effector to the opposite direction of the oscillation to control the residual vibration.

In summary, it can be stated that an image capturing, processing and error calcula-
tion rate of 2000 Hz is achieved. The delay time for sending the data to the Linux PC is
0.5 ms. Thus the entire control loop can be run at 1000 Hz. The delay between giving
a command on the Linux PC and the parallel link executing the command is about 3

ms. In total, however, the entire delay time should add up to 4.0-4.5 ms.

4.4.2.3 Set-Point Determination

To control the vibration, the actual end effector position has to be compared to a set-
point value. This is the value the control task aims to reach. The set-point for the
control task once the global motion has ended is identical to the targeted position of
the end effector. By converting the moving distance d into an amount of pixels and
adding it to the initial position (posgp), the coordinates of the destination (pos ., ) can

be calculated (#.4).

POSdest = pOSO“”d/)L
4.4)
where : [A] = um/ pixel

The ratio A depends on the lens in use. In the case of the 20X magnification, it is

A =0.494.

4.4.2.4 Experimental Results and Discussion

The procedure of the high-speed grasping motion is as follows: First, the fine stage
runs with 2.3 mm/second for 80 um to make the end effectors approach to the target
object quickly. When the end effectors reach the target position, the system informs the
parallel mechanism in real time by visual feedback, in order to suppress the residual

vibration. When the fine stage stops, the parallel mechanism moves the end effectors
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Figure 4.10: Vibration after compensation.

to the opposite direction of the residual vibration for a decided number of cycles using
the feedforward control, in order to settle the oscillation. During the feedforward con-
trol, there is no sensory information used. With the feedforward control, the residual
vibration of the right end effector is decreased. The settling time is 49 ms, with a max-

imum deflection of 15.36 um, as seen in Fig. 4.10]

In brief, to achieve stable grasping at high speed, we analyze the vibration of the
end effectors. Analysis results show that