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A b s tr a c t

Current research in the field of particle micromanipulation demands high
skills from a series of feasible techniques designed for many applications
in our modern technological world. The delicate task of micromanipulation quite often reaches limitations when changing the suspension medium, increasing the manipulation rate, raising the positioning precision
or exchanging particles with those of other properties. Some micromanipulation methods are even prepared for automated processes, while
others are completely unsuitable.
In this thesis, a method based on time-varying electric fields is
employed for the task of particle micromanipulation that comprises an
interesting alternative to conventional techniques; since it can actuate individual or collective particle formations, permits high implementation
flexibility, enables easy adaptation to various environments and offers a
platform for later automation. Present work is focusing on the realization
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of particle micromanipulation systems incorporating boundary-guided
actuation of fine particulate objects by means of electric field waves
which act as contactless conveyor, instantly generating particle driving
forces. To realize such systems, the various needs of particle transportation and manipulations are introduced and exemplified in the design and
fabrication of three quite dissimilar microconveyors (expression for particle manipulation electric devices), each for a different task. As a first device, the electric panel permits collective particle conveyance, gathering,
dispersing and sorting on its plane surface. The second device, the electric tube, is a tool for pure mass transportation of particles from a feeding
container to a target location, while the third device, the electric dots, allows both collective and individual micromanipulation of particles above
an electrode matrix.
In broad strokes, traveling electric waves are created around slim
equidistant electrodes through application of time-varying, balanced,
multi-phase high voltages of < 1 kV amplitude. The non-uniform electric
field (< 57 kV/cm @ < 100 Hz) is transiently altering and progressing in
sync with the applied voltage phase. Particles, insulated by an inherent
thin film above the electrodes become triboelectrically charged when
non-conductive and induction charged when conductive, upon the activation of the electrodes. Dynamic forces of the electric field act against
adhesion and gravitational forces of charged particles and actuate them
in a plane perpendicular to the electrodes in a stepwise fashion from
electrode to electrode with the propagation speed of the wave.
Authentic dimension scaled simulations of potential on activated
microconveyors are successfully confirmed by analogous charge distribution measurements in high vacuum (@ 1.0 Pa) of a modified scanning
electron microscope. In ambient atmospheric and liquid media, particle
dynamics are directly captured by a high speed camera (frame rate @ 4.5
kHz) revealing the efficiency of particle actuation smoothing techniques.
These original methods include tracked particle conveyance and customized phase voltage profiles stimulating excellent particle actuation
required for micromanipulation. Further, particle property-triggered conveyance capabilities are demonstrated by examining a selection (< 80) of
both conducting and non-conducting heterogeneous particle substances.
Since these multi-environment microconveyors involve no moving
machine parts, the forces of the electric field can reduce overall energy
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consumption. Further, the extensibility of transportation and manipulation area is virtually limitless. Thus, it is expected that the AC electric
field methods described in this thesis will lead to new applications in
various fields, such as parts feeders and manipulators for micro electro
mechanical systems (MEMS). In the high frequency domain (> 1 MHz),
these non-contact conveyor techniques promise to contribute to precise
and efficient biological particulate manipulation needed in biomedical
science and engineering.
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Kurz f assung

Die heutige Forschung auf dem Gebiete der Mikromanipulation kleinster
Teilchen stellt hohe Anforderungen an eine Reihe bekannter Techniken,
die für zahlreiche Anwendungen unserer modernen Technologieumgebung entwickelt wurden. Die Mikromanipulation ist eine anspruchsvolle
Aufgabe, die nicht selten an ihre Grenzen stößt; sei es durch Änderung
des Umgebungsmediums, Erhöhung der Manipulationsrate, Steigerung
der Positioniergenauigkeit oder Austausch der Teilchen durch solche, die
andere physikalische Eigenschaften besitzen.
In dieser Abhandlung wird eine Methode zur Teilchenmanipulation eingesetzt, welche basierend auf dynamischen, elektrischen Feldern
eine interessante Alternative zu konventionellen Verfahren bietet. Diese
Technik erlaubt eine hohe prozessbezogene Einbindungsflexibilität, gestattet eine einfache Anpassung an mannigfaltige Umgebungen und bietet eine Grundlage für künftige Automatisierung. Die gegenwärtige Ar-
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beit
widmet
sich
der
Realisierung
mehrerer
TeilchenMikromanipulationssystemen, welche die Fortbewegung von feinen teilchenartigen Objekten mittels elektrischer Felder nutzt. Die dynamischen
Felder funktionieren als kontaktlose Teilchenförderer, die unmittelbar
Antriebskräfte auf geladene Teilchen erzeugen. Um solche Systeme zu
realisieren, sind die verschiedenen Notwendigkeiten für den Teilchentransport und die Teilchenmanipulation vorgestellt und in Design- und
Fabrikationsbeispielen von drei komplett andersartigen, aufgabenspezifischen Mikroförderern (neu eingeführte Terminologie für elektrisches
Gerät zur Teilchenmanipulation) dargelegt. Das elektrische Plattengerät
gestattet auf seiner Oberfläche eine Vielzahl von Teilchenmanipulationsmustern, wie kollektiven Transport, Anhäufen, Zerstreuen und Sortieren von Teilchen. Das elektrische Röhrengerät dient als Instrument für
reinen Massentransport von Teilchen, der von einem Startgefäss ausgeht
und zu einem Zielbehälter führt. Das elektrische Punktegerät erlaubt
hingegen durch seine Elektrodenmatrix beides, individuelle und kollektive Mikromanipulation von Teilchen.
Der zugrundeliegende physikalische Effekt kann wie folgt beschrieben werden: Wandernde, elektrische Feldwellen werden um äquidistante, linienförmige Elektroden durch das Anlegen von zeitlichvariierenden, polyphasigen Hochspannungen mit einer Amplitude von <
1 kV generiert. Das erzeugte elektrische Feld (< 57 kV/cm bei < 100 Hz)
ändert sich ebenfalls zeitlich und schreitet synchron mit der angelegten
Spannungsphase voran. Über den Elektroden auf einem dünnen Film
isoliert gehaltene Teilchen werden durch Reibungselektrizität, wenn sie
nicht-leitend sind, oder durch Induktion, wenn sie leitend sind, bei Aktivierung der Elektroden geladen. Die dynamischen Kräfte des elektrischen Feldes wirken gegen die Adhäsions- und die Schwerkräfte der geladenen Teilchen und bewegen sie in einer Ebene normal zu den Elektroden schrittweise von Elektrode zu Elektrode mit der Geschwindigkeit
der voranschreitenden Feldwelle fort.
Realitätsnah dimensionierte und skalierte Simulationen des elektrischen Potentials auf den aktivierten Mikroförderern sind erfolgreich
durch analoge Ladungsverteilungsmessungen im Vakuum (bei 1.0 Pa)
eines modifizierten Scanning Electron Microscope bestätigt worden. In
Luft und in flüssigem Medium sind die Teilchendynamik und Trajektorien, die die Leistungsfähigkeit einer ruhigen Teilchenbeförderung unter
Beweis stellen, direkt mit einer Hochgeschwindigkeitskamera (Bilderrate
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bei 4.5 kHz) erfasst worden. Unerlässlich für die Mikromanipulation sind
neue Methoden, die einerseits geführte Teilchenbeförderung und andererseits speziell generierte Profilkurven von Phasenspannungen involvieren, die beide besonders ruhigen Teilchentransport produzieren. Weiter
ist die Transportleistungsfähigkeit, die von den physikalischen Teilcheneigenschaften abhängt, durch Experimente an einer Auswahl (< 80)
von leitenden und nicht-leitenden, heterogenen Teilchensubstanzen untersucht worden.
Da diese Multi-Umgebungsmikroförderer keine sich bewegenden
Maschinenteile aufweisen, kann die Anwendung des elektrischen Feldes
den gesamten Energieverbrauch reduzieren. Zusätzlich sind der Erweiterung der Teilchenmanipulationsfläche praktisch keine Grenzen gesetzt.
Es wird erwartet, daß die Methode der AC elektrischen Felder zusammen
mit den entwickelten Mikroförderern, die in dieser Abhandlung beschrieben sind, zu neuen Anwendungen in verschiedenen Gebieten wie
Teilchenzuführer und Manipulatoren für mikroelektromechanische Systeme (MEMS) führen wird. Im hohen Frequenzbereich der angelegten
Spannungen (> 1 MHz) versprechen diese kontaktlosen Fördertechniken
der präzisen und effizienten Manipulation biologischer Teilchen beizutragen, die in biomedizinischer Forschung und Entwicklung gebraucht
werden.
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1

Introduction

1 . 1 Motivation and Objective
'The Particle Age' – In our modern technological world, there is a growing importance of small and fine particles. Their sizes range from a visible one millimeter in diameter down to an invisible one millionth of a
meter, one micron. Unknown to us in our daily life, particles are the essential ingredients in many devices and appliances such as plain paper
copiers [WATSON79], laser printers and automotive shock absorbers
[CHEN91], [DAVIS92]. Particles also play a substantial role in industrial
applications including powder coating and powder injection molding.
Unprocessed material for food, agriculture, and metallurgical industries
are often composed of particles which need to be separated, filtered, or
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processed. Similarly, this trend strongly influences modern chemical
technologies where raw materials and feedstocks need to be processed
into particles and powdered dry products.
While useful and even essential for modern material and manufacturing, particles can also be a nuisance or to a greater extent a hazard
in other places. In modern-day environmental health science, fine particles in the air are a source of pollution and a well-known industrial
health hazard. Necessary devices are responsible for the collection and
removal of those hazardous particles from combustion gases. In the electronics and semiconductor industry, the difficulty in controlling contamination of solid-state devices such as highly sensitive very large scale integration (VLSI) circuits drastically reduces the yield of fault-free products. In some industry sectors, dusty air packed with fine particles carries
the risk of fire and explosion.
Particles of biological origin, such as cells and DNA, which make
a living organism, are used by rapidly developing modern biomedical
science and engineering. This sector is very promising and needs good
equipment for precise and efficient object manipulation.
Some material specialists and technologists have designated the
1990s 'The Particle Age', based on rapid progress of development of new
particle materials and their many applications, accompanied by new
products and processes.
'The Particle Age' also refers to the many achievements needed to
gain the final products in a series of production steps. Particles appear in
a variety of materials, forms, and shapes and possess individual properties such as mass, moisture absorption ability, conductivity and permittivity. In an ordinary process, all these particles require transportation
and manipulation in order to be used and transformed to a next-level
product.
In modern industry, there are several techniques for handling particles. Each technique is fitted for a specific goal in the process and may
also take advantage of a specific particle property. These handling methods include classic pneumatic and hydraulic transportation by regulated
carrier gas or liquid flow. Particles are conveyed in bulk by long flexible
tubes and pipes [MASUDA76]. This purpose-oriented guidance of a mass
of particles to a fixed target container renders micromanipulation of single objects nearly impossible except in the realm of biomedical coulter
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counter apparatuses which are used for cell sorting. Similarly, transportation by surface vibrations can carry a bulk of particles to a fixed spot.
Apparatuses incorporating this technique form the group of parts feeder
which are conceived purely for mass transportation and not for controlled micromanipulation of objects.
In some cases, the existence or non-existence of a specific particle
property is set as conveyance trigger. As an example, [ALWARD86] and
[JONES87/95] demonstrate the use of magnetic fields to manipulate fine
magnetic particles. High-gradient magnetic separation makes even the
effective handling of very weakly magnetic micron-sized particles possible [OBERTEUFFER73/74]. The advantage lies in the property-oriented
separation of particles into magnetic and non-magnetic groups. However,
this technique is inapplicable in the handling of purely non-magnetic
particles.
In addition to above methods, it is conceivable to use microgrippers or shovels for single particle manipulation. The goal of these systems is to handle and assemble micro structures. [GREITMANN94/96],
[HOLZER94/95] and [SUZUKI94] report a solution to grasp and hold small
particles or cells by chopstick-like grippers. A micromanipulator system
which dislodges adhered contamination particles from solid state devices
by a probe is developed for vacuum environment [SAEKI92]. Another approach with a single probe permits pick-and-place operations of fine
particles [MIYAZAKI96]. [CODOUREY95] and [RODRIGUEZ96] describe a
nanorobot system for automated micro-parts manipulation with a resolution in the order of a nanometer. This goal-oriented method allows manipulation of single particles despite their different properties.
Some methods make use of focused laser beams [NISHIOKA95].
The produced optical pressure which is sufficient to confine fine particles
or cells in a gradient trap permits micromanipulation in aqueous solutions. A different method employs ultrasonic standing wave fields again
in aqueous environment for micromanipulation of fine particles
[KOZUKA96]. Particles are confined in acoustic radiation pressure traps.
Both methods are non-contact and work preferably in a liquid environment.
Above listed methods are related by the common purpose of particle handling. However, they are all together restricted to a particular
range of handling abilities, such as bulk transportation, discrete handling
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or property-oriented manipulation. With the appropriate use of forces
generated by an electric field however, it is possible to create very compact devices for particle handling, possessing advantages over the aforementioned methods and therefore providing an interesting alternative.
Electrostatics, which is a major domain in the field of physics and
specifically used as basic effect for particle handling in this thesis, is the
study of interaction between electrically charged bodies. The study of
this effect has a very long history. It was first reported more than 2500
years ago by Thales, a famous Greek philosopher, who rubbed amber
with a piece of silk that attracted small particles. Many initial works were
done by Gilbert (1603), Du Fay (1733) and Franklin (1752) [MASUDA84].
Lichtenberg (1760) made the historic definition of positive and negative
excess charge. Coulomb (1783) pioneered research into electricity and
magnetism and formulated Coulomb’s law [KNEUBÜHL88]. Volta (1800)
and Faraday (1831) also made substantial contributions. In 1873, Maxwell published A Treatise on Electricity and Magnetism which represents
a fundamental contribution to electromagnetic theory through Maxwell’s
Equations [MAXWELL1873].
The method of using forces of the electric field for particle manipulation has already been outlined in various papers and proven in applications, after renewed interest in the middle of this century

Fig. 1.1: Masuda’s model of dust col- Fig. 1.2: Masuda’s model of dust collector based on the plane-type
lector based on the ring-type
electric curtain [MASUDA70].
electric curtain [MASUDA70].
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[CORBETT70]. DC electrostatic forces were engaged in surface cleaning
and particle dispensing processes presented by [NOVICK89] and
[COOPER90]. Transportation of fine particles by a three-phase traveling
electric field was originally proposed by [MASUDA72] in the early seventies. The method has come to be known as an electric curtain, where
aerosol particles are continuously levitated against gravity. Plane- and
ring-type electric curtain apparatuses are shown in Figures 1.1 and 1.2
which include an electrode center-to-center pitch length of 100 mm. Frequency and phase-lag effects on fine particle transportation of the electric
curtain have been theoretically studied by [GAN-MOR92], where systems
with wide electrode gaps have been proposed. A series of these large
wavelength systems is presented as an overview in [MASUDA81]. Linear
motion of microscopic objects has been accomplished by [FUHR91], and
manipulation of cells by [SAITO66], [MASUDA88A], [PETHIG90],
[WASHIZU90] and [FUHR91].
The state of the art of these methods results in coarse, bidirectional (reversible directed) transportation of fine particles without
giving a solution for the feasibility of precise particle guidance on a plane
and in various environments. These open questions are now being further
answered by an extra attribute – precise and smooth particle manipulation in multiple directions on an open surface and in three practical environments.
The objective of this thesis focuses on the design, development
and modeling of systems for particle transportation and manipulation in
the interlayer of micro- and macro-world by making use of AC electric
fields as the non-contact particle conveyor. The energizing electrodes
integrated in these microconveyors (expression for particle manipulation
electric devices) are situated at an equal gap to each other and are of different designs, such as parallel, wound spiral or dotted conductors. As
approach to these objectives, device designs are proposed which include
the electric panel, tube and dots device; each incorporating a distinctive
particle actuation quality. The devices are connected to and activated by
a multi-phase, programmable, high voltage supply with an adaptive profile and an amplitude range of up to 2 kV.
One goal is to overcome fluctuating disturbances during the particle manipulation process, yielding a smooth and nearly smooth transit
over a panel’s surface. Approaches for improved conveyance, particle
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sorting, dispersing and accumulation are also introduced in this thesis.
The effective frequency- and voltage-dependent actuation characteristic
of a representative particle is analyzed in atmospheric, liquid and vacuum
environments by either high speed camera or scanning electrode microscope for a set of actuation technique. Property-oriented conveyance capabilities are obtained by testing a range of diverse conducting and nonconducting heterogeneous particle substances.
With regard to the proposed microconveyors, the basic physical
effects accounting for this contactless conveyor method are presented in
theory as a further objective. Further, experiments verify simulations
based on the theory.
Since no moving machine parts are involved, the forces of the
electric field can reduce overall energy consumption. It is expected that
the approaches described will lead to new applications in various fields,
such as parts feeders and manipulators for micro electro mechanical
systems (MEMS).

1 . 2 Traveling Wave and Particle Transportation
The underlying concept behind the microconveyors is introduced in this
subchapter, which concludes with a brief summary of objectives.
Different small-scale devices for particle micromanipulation using
an AC electric field traveling wave are proposed by [MOESNER94A/95A].
Systems with novel transportation and manipulation features, that instantly generate particle driving forces through electric field activation,
have been designed and produced. In an attempt to explain the traveling
wave, only slim and long parallel electrodes with a constant gap, which
form the skeleton of the electric panel device, will be considered in the
following interpretation.
Balanced, multi-phase high voltages from a programmable source
are supplied to a series of encased, parallel electrodes which are covered
and protected against electric sparkovers by a thin insulating film. Upon
the activation of the electrodes, a traveling electric field is created around
the electrodes which is transiently varying in sync with the applied voltage phase.
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Particles on the thin insulating film above the parallel field electrodes become – upon the dependent material – either triboelectrically or
inductively charged through the application of voltages to the electrodes.
Dynamic forces of this generated non-uniform traveling field-wave overcome adhesion and gravitational forces acting on the charged particles
and convey them in a direction in the plane perpendicular to the electrodes in a stepwise fashion from electrode to electrode.
The electric field strength and its resulting force acting on the particle depend on the applied voltage. Consequently, regulation of the voltage amplitude offers a means to tune the force on the particles. By this
transportation process, particles produce an overall conveyance velocity
in direct proportion to the frequency of the electric field and the electrode
gap.
A multi-channel, programmable, high voltage supply is connected
to the microconveyor, where every sixth electrode belongs to the same
phase state: a, b, c, d, e, or f. Figure 1.3 shows the principle of the eleca bc
de f

6
phase
y
x

Fig. 1.3 Electric Panel Device: electrode connection to each of the six phases
a, b, c, d, e, f.
TABLE 1.1

a
+
+
0
0

b
0
+
+
0
-

c
0
0
+
+

d
+
+
0
0

e
0
+
+
0
-

f
0
0
+
+

Supply sequence of three-phase
rectangular profile voltages

Sequence

Sequence

6 ELECTRODE ATTACHMENTS A, B, C, D, E, AND F
AND THEIR SUPPLY FROM A MULTI-PHASE VOLTAGE SOURCE
a
+
0
0
+

b
+
+
0
0

c
0
+
+
0
-

d
0
+
+
0
-

e
0
+
+
0

f
0
0
+
+

Supply sequence of six-phase
rectangular profile voltages

-8-

trode connection to each phase as an example on the electric panel device.
The supply sequence from the voltage source to the electrodes is
given in Table 1.1. Considering balanced rectangular profile voltages for
simplicity, the sequence is written with the 3 voltage states [+], [0], and [] for each a three- and a six-phase supply. Particle transportation occurs
with the variation of the sequence, i.e. the particle synchronously moves
with one phase. As a consequence, within one six-phase period, the particle is conveyed along a distance double that of one three-phase period.
Different types of balanced high voltage profiles are utilized, such as sine,
rectangular, triangle, ramp and customized waves, each having a different
effect on the particle conveyance dynamics.
In a summarized form, the objectives are to derive the theoretical
basis for understanding the traveling wave conveyor, to design, produce
and describe actual microconveyors, and to conduct experiments on
them for evaluation of particle conveyance characteristics under various
conditions.

1 . 3 Outline of the Thesis
In Chapter 2, the theoretical considerations behind the particle manipulation by AC traveling electric fields are presented. For a better understanding, first, the boundary-guided traveling electric field-wave is described in a mathematical form. Then the electric field potential distribution around and above activated electrodes and on various microconveyors is illustrated by the finite difference method calculation. Finally, particles dynamics are introduced for the electric curtain, the hopping, and
the surfing mode.
The third chapter gives a survey of the microconveyors, their designs and fabrications. The electric panel device is presented first as a
versatile type, then as a type with bi- and multi-directional particle conveyance ability and last as a type with features, such as phase inversion
and particle sorting. The design and fabrication of two further microconveyors, the electric tube and the electric dots, are also illustrated.
Through measurements, the microconveyors are interpreted by an am-
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plitude and phase chart, modeled as equivalent circuits and described by
their prime electric parameters. Finally, the programmable voltage
sources activating the electrodes are presented and their features are
highlighted.
Chapter 4 contains a comprehensive overview of the particles employed and their materials, sorted by property classes. Some of their
shapes are pictured and shown in scanning electron microscope photographs.
The fifth chapter is dedicated to experiments carried out on the
electric panel device. Tests are made in a modified scanning electron microscope, with a high speed camera and by direct observation in various
environments. Panels damaged by voltage overload and fabrication errors are discussed.
Experiments on electric tube devices are illustrated in Chapter 6.
Some experimental setups and an analysis in the scanning electron microscope are presented.
In Chapter 7, experiments on the electric dots device are initiated
by observation of particle dynamics by high speed camera. Various
analysis steps are described which have been conducted in the scanning
electron microscope environment and subsequently verified with simulations.
The last chapter concludes and summarizes this work and discusses possibilities for future research based on the thesis.
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2

Theoretical
Considerations

The aim of this chapter is to theoretically consider and describe the
physics behind the transportation and manipulation of particles by AC
electric fields. An attempt is made to produce a clear introduction of the
theoretical circumstances with regard to the practical usage.
Comprehensive experimental results of following main-chapters
will additionally emphasize to the insight of contactless, traveling wave
particle conveyors.

2 . 1 Basic Principle
To explain the traveling wave conveyance principle, only long, slim and
parallel electrodes with a constant gap forming the skeleton of the electric panel, will be considered in the following interpretation.
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Balanced, multi-phase high voltages from a programmable source
are supplied to a series of parallel electrodes which are covered and protected against electrical breakdown by a insulating thin film. Upon the
activation of the electrodes, a traveling electric field is created around the
electrodes which is transiently changing with the applied voltage phase.
A static illustration of this situation is shown in Figure 2.1 where two
electrodes are seen in edge view. Their opposite potentials at equal amplitude produce an electric field which penetrates the insulation layer and
exerts a force on the charged particle.
The particle charging process is mainly a surface-dominated process and is described as following. Particles on the thin insulating film interface above the encased field electrodes become, either triboelectrically
charged through contact friction for non-conductive objects when placed
on the surface or induction charged through the application of voltages
to the electrodes for conductive objects [MASUDA74]. Fixation of permanent charge onto particles is only feasible when the particulate objects
are kept isolated from ground. Consequently, any conductive and nonconductive particle material may maintain its acquired charge, if a sufficient insulation is guaranteed [KOYANO96]. The requirement of complete
insulation from earth is guaranteed by the thin film covering the electrodes. Again, activation of the electrodes induces a charge around the

F=qE

+

-

Fig. 2.1: Electric field around two electrodes in edge view with opposite potential at equal amplitude. A positively charged particle is actuated in
direction of the electric field gradient.
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electrodes on the film surface [NIINO92/93], [MELCHER76] which, afterwards, is herein confirmed experimentally. The charge on the surface is
then acquired by the nearest conductive particle.
In the following considerations of the charge quantity on the particle surface, particles in the micrometer range are idealized to be spherical
and effects from any molecular interactions or chemical reactions are neglected. Furthermore, it is assumed that the charge is distributed homogeneously on the surface.
For a conductive particle, the acquisition of the charge induced resides on the surface of the particle and is nearly instantaneous. The total
charge q (C) is the integration of the surface charge and yields
[NOVICK89]:

ε0 ⋅π 3 2
q=
⋅d ⋅E
6

Eq. 2.1

where E is the electric field strength (V/m), d is the diameter (m) of the
spherical particle, and ε0 is the permittivity of free space (8.85 10-12 F/m).
For a non-conductive particle, the main forms of dynamical triboelectric contacts are sliding, rolling, vibration on the surface and impact charging [CHANG95] and [HARPER67]. The total charge acquired is
dependent on various parameter such as force of contact and velocity of
frictional motion. The most likely explanation of this phenomenon is that
the temperature of the contact point affects the charge transfer [CROSS87].
The maximal charge that a triboelectrified particle can hold on its surface
amounts to [BLYTHE79] and [SECKER84]:
q = ε 0 ⋅ π ⋅ d 2 ⋅ EB

Eq. 2.2

where EB is the breakdown field strength (V/m) of air that reaches approx.
3 MV/m. Even today it is not possible to predict with certainty whether a
specific material will charge negative or positive, or make more than a
very rough estimation of the charge magnitude that will be generated
[CROSS87]. For example, charging of fine particles materials can typical
achieve charge-to-mass ratios on the order of 10-4 C/kg [CHANG95].
During the process of frictional charging, contact charging (tunneling effect of electrons) can also be present which results in charge redistribu-
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tion. When two surfaces of different chemical nature are brought together, a gain of potential energy can be achieved, stimulating contact
charging. The actual charge redistribution is usually described as a
quantum mechanical tunneling effect through the potential barrier. The
potential barrier of a metal particle may be caused by a thin layer of oxide covering the surface [CHANG95] and [HARPER67].
The bulking effect is most easily recognized in the ideal case
where n charged spherical particles (diameter d), initially separated from
each other, are collected together into a macroparticle (diameter D) as
shown in Figure 2.2. If the individual particles are already charged to the
maximum allowed by the dielectric strength of air, then the particle conglomerate generates an electric field around itself exceeding the breakdown limit. Ionization of the air is caused which is neutralized to a degree by air ions and charges above the electrodes on the film. The exceeding charge Q released from the macroparticle is formulated by the
expression [BLYTHE79]:
Q = n ⋅ q − qD

Eq. 2.3

where qD is the charge on the macroparticle with radius D and is calculated by Equation 2.1 or 2.2. Later in experimental considerations, this
form of macroparticle is seen again, where particles are conveyed in
groups forming an overall checker board pattern.
Besides the mechanism of charging, a second important aspect has
to be considered, namely, the mechanism by which the particle materials
concerned retain the charge. Usually, the charge imparted on a particle

Individual Particles
with Diameter d

Macroparticle
with Diameter D

Fig. 2.2: The electrostatic effect of bulking particles. The macroparticle incorporates n charged particles which may cause a release of excess
charge.
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vanishes within a certain time τ. This charge relaxation time τ is defined
as the time needed to discharge a particle to a charge level of 37% of the
initial charge q0. It is calculated from [SECKER84] and [YANAR95]:
q(t ) = q0 ⋅ e − t / τ

Eq. 2.4

τ = ε0 ⋅ ε ⋅ ρ

Eq. 2.5

as:

where ε and ρ are the relative permittivity and the electric resistivity (Ωm)
of the surrounding media, respectively.
A non-uniform traveling field wave is generated by applying timevarying phase voltages to the electrodes. Dynamic forces of the electric
field wave act against adhesion and gravitational forces of the charged
particles (Subchapter 2.5) and drive them in a direction in the plane perpendicular to the electrodes stepwise from electrode to electrode. The
actuation of a positively charged particle is illustrated in Figure 2.1 where
the particle conveyance is in a direction parallel to the electric field gradient.
The necessary high voltages with up to 1 kV amplitude are produced and managed by a multi-channel programmable source. In the
scope of this thesis, various microconveyors are designed and fabricated
admitting a multi-phase supply of the voltage. Consequently, individual
electrodes have to be connected to their appropriate voltage phase. A favorable solution is the six-phase microconveyor structure, where every
sixth electrode belongs to the same phase: a, b, c, d, e, or f. This device
allows an adaptive usage by selective application of two-, three- and sixphase voltages.

2 . 2 S i m u l a t i o n o f E l e c t ri c F i e l d P o t e n t i a l
D i s t ri b u t i o n w i t h F i n i t e D i f f e r e n c e M e t h o d
In experiments, microconveyors are typically used in three- and sixphase actuation modes. Furthermore, the individual single phase voltage
is of a particular wave profile such as sine, rectangular, triangular, ramp
or other character. It is now of interest to obtain the potential distribution
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of the electric fields on an electric panel and dots device. The focus of
the following potential simulation is restricted to static voltage values
from sine and rectangular voltage profiles that are applied to the electrodes.
∇2V = 0

Eq. 2.6

Laplace’s equation (Equation 2.6) may be used for finding the potential distribution in the region between two conductors, given the
charge distribution on the surfaces of the conductors or the potentials of
the conductors or a combination of the two. Since the potentials on the
electrodes are known, this problem may be solved from the Laplace’s
equation, neglecting any space charge effects. In this subchapter, attention is directed towards seeking the solution of Laplace’s equation within
a finite region bounded by a closed curve on which a boundary condition is specified at every point. The following discussion covers a differential method which solves the equation by effectively integrating over
the whole of the bounded problem which is to be investigated. The solution for electric field potential is first obtained over a mesh of points
called nodes. By using numerical techniques, potentials are then obtained at any other defined point in the model. The technique chosen
here is the Finite Difference method [MCALLISTER85], [PHILIPPOW86],
[RAO94] and [RAMO94].
The accuracy of the solution of Equation 2.6 depends on the fineness of the mesh. In the Finite Difference computer program running on
a fast workstation (Sun Ultra 1 Creator), the mesh is regularly spaced. The
program itself runs on a Mathematica interpreter [WOLFRAM91]. Additional improvement implies the inclusion of more mesh points even in
areas where this is not necessary to improve accuracy. An alternative
method for refining the solution is to initially use a coarse mesh and to
zoom in on areas where the fields of more accuracy are desired. A new
boundary is drawn around the expanded area and then a new model is
set up with a finer mesh to cover the region of interest, using the potentials from the first computation on the new boundary.
Traditionally, the Finite Difference method is used for solving field
problems with two-dimensional geometry presented by the twodimensional Laplace’s equation (Equation 2.7). In its application, a
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regular net is imposed over the microconveyors as shown for a small
segment in Figure 2.3.

∂ 2V ∂ 2V
+
=0
∂ x 2 ∂ y2

Eq. 2.7

The nodal points at which a solution will be calculated are the intersection of the mesh lines. The first stage in considering a solution
method is to derive a relationship between a node and its four closest
neighbors. The potential at node (i, j) is supposed to be Vi,j. Now, by
Taylor’s Theorem, if the spacing between node (i, j) and the next node
(i+1, j) in the x- direction is hx, then Vi+1,j may be expressed as the infinite
series:
Vi +1, j

1 ∂V
1 ∂ 2V 2
= Vi, j +
hx +
hx + L
1! ∂x
2! ∂x 2

Eq. 2.8

where the derivatives are those at node (i, j). Analogously, for node (i-1, j)
on the negative x side of node (i, j),
Vi −1, j

1 ∂V
1 ∂ 2V 2
= Vi, j −
hx +
hx − L
1! ∂x
2! ∂x 2

Eq. 2.9

The addition of these two equations results in Equation 2.10.
y

i, j+1
hy
hx

hx

i-1, j

i, j

i+1, j

hy
j=2

i, j-1

x
j=1
i=1

i=2

Fig. 2.3: Mesh used by Finite Difference method.
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Vi +1, j + Vi −1, j

∂ 2V 2
= 2 Vi, j + 2 hx + δ
∂x

Eq. 2.10

where δ represents a small correction comprising the higher order terms
and can be made as small as desired by making h x small enough. However, the smaller the spacings become, the more running time is required
on the computer.
Thus

∂ 2 V Vi +1, j + Vi −1, j − 2 Vi, j
=
hx 2
∂x 2

Eq. 2.11

is approximately true.
Similarly, if the spacing in the y direction is hy:

∂ 2 V Vi, j+1 + Vi, j−1 − 2 Vi, j
=
hy 2
∂y 2

Eq. 2.12

Adding these two equations, it is found that Laplace’s equation is formulated as:
∇2V =

Vi +1, j + Vi −1, j − 2 Vi, j
hx 2

+

Vi, j+1 + Vi, j−1 − 2 Vi, j
hy 2

Eq. 2.13

Or, if hx = hy = h (i.e. the mesh spacing is the same in both coordinate directions):
∇2V =

[

]

1
Vi +1, j + Vi −1, j + Vi, j+1 + Vi, j−1 − Vi, j
4

Eq. 2.14

Regarding Laplace’s equation, the equation can be now written as
Vi, j =

[

1
Vi +1, j + Vi −1, j + Vi, j+1 + Vi, j−1
4

]

Eq. 2.15a

In the model of the electric panel device, the boundary nodes and
the nodes at the electrode positions already have potentials assigned to
them. The potential of other internal nodes are initially set to zero and a
table is made of all nodal potentials.
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The Finite Difference mesh with equal spacings is now scanned
sequentially, updating the tabulated value of the potential at each point
according to the Equation 2.15a. The scan takes place horizontally mesh
line by mesh line and is repeated until errors Vε resulting from an finitedifference approximation are reduced by succeeding approximations until all errors are within specified limits.
Vε = Vi, j −

[

1
Vi +1, j + Vi −1, j + Vi, j+1 + Vi, j−1
4

]

Eq. 2.16

This relaxation method produces fairly consistent values for the
potential. For graphical presentation, a spline fit using nodal potential
values is needed to generate smooth results.
As an effective tool, the Finite Difference method is now employed
for simulation of potential fields on two types of microconveyors which
are structurally introduced in Chapter 3. The potential on the electric
panel device is of interest in yz cross-sections and in xy manipulation
surfaces. Then the last simulation renders the potential in the xy surface
of the electric dots device.
In a cross-sectional configuration of the electric panel, a regular
net is imposed over 12 electrodes connected to their appropriate phase a,
b, c, d, e, and f and defined in a table which is then scanned sequentially
by means of the finite-difference approximation until all computed errors
are within specified limits. The simulation of the potential is shown in
Figure 2.4 and the corresponding applied six phase voltage values are
listed in Table 2.1, that represent sample points of a sine profile. Further,
the surrounding material is assumed to be homogenous in this model.
A gradation bar in the simulation of Figure 2.4 indicates the potentials between maximum (light) and minimum (dark) values. The more
distant a potential is from the electrodes, the smaller its value becomes.
The equipotential lines at the ±2.5 mm mark represent a negligible small
potential of ±0.1 mV. In this dimensionally true-scaled sample, the electrodes measure 50 μm in diameter and are placed at pitches of 400 μm.
In a second simulation, the condition is set analogously to the preceding sample with exception of the electrode width that is broadened to
150 μm. As a consequence, the overall potential is more widely distributed. The ±0.1 mV equipotential line reaches now over the absolute 2.5
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mm mark. In close proximity to the electrodes, the potential gained most
magnitude which has a direct effect on the particle manipulation as will
be demonstrated later in Chapter 5 and 7. The advantage of slim electrodes lies in their accuracy in particle positioning, while wide electrodes
may exert a larger actuation force on the particle. Notably, both cases incorporate identical electrode pitches at various diameter. Equal condition
can be created by enlarging the pitch of the wide electrodes from the
present 400 μm to approx. 500 μm.
So far, only the homogenous case has been described. In practice
however, the cross-sectional configuration consists of layers with different permittivities. A simplified example with two regions is illustrated in
Figure 2.6 where the potential has been calculated by a supplementary
equation formulated as followed:

ε
⎡
Vi, j+1 + r2 Vi, j−1 ⎤
⎥
ε r1
1⎢
Vi, j = ⎢Vi +1, j + Vi −1, j + 2
⎥
ε r2
4⎢
⎥
1+
ε r1
⎢⎣
⎥⎦

Eq. 2.15b

Functioning as transfer element for the potential, the application of
this equation is purely limited to the line of nodes right on the division of
the two media. The potential of the nodes in the remaining region is obtained as usual by Equation 2.15a.
The potential on the left hand side in Figure 2.6 is calculated by
setting the two relative permittivities εr1 = 1 and εr2 = 3.5 reflecting relevant approximations for atmospheric and epoxy-polymer media, respectively. With respect to the real device, the division of the regions is defined at a distance of 50 μm above the electrodes. Thus, the application
of six-phase voltages (Table 2.3) produces a potential simulation with a
clearly visible inhomogeneity around the medium division. Further, the
potential in atmospheric medium 1 acquires more magnitude than the
potential in other medium 2. A contrary potential distribution is obtained
for glycerin as upper medium 3 with a high relative permittivity of εr3 =
41.1 and shown on the right hand side of Figure 2.6. This sample clearly
indicates that an extreme difference in dielectric constants of both media
hinders the free spread of potential in both associated regions.
The potential distribution of the cross-sectional configuration permits further a prediction on the particle actuation property. The actuation
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of a charged particle on the surface layer essentially depends on the local
electric field strength which is related to the potential difference divided
by its distance (Equation 2.17). Previous simulations show the exponential reduction of the potential when moving away from the electrodes. In
a similar manner, the thickness of a surface layer influences the actuation
force on the particle. Consequently, an increased thickness of the layer
reduces the actuation performance by an exponential factor.
2

V1 − V2 = ∫ E dl

Eq. 2.17

1

The following simulations focus on the potential distribution in the
particle xy manipulation surface.
The computational result in Figure 2.7 pertains to the application
of three-phase voltages of sine profile sample values (Table 2.4). The potential in Figure 2.8 is obtained by a Finite Difference calculation under
condition of a virtual six-phase voltage supply to the electrodes, again of
sine profile (Table 2.5). In both diagrams, the same three- or six-phase
sequence is selected for the activation in x- and y-direction. As a result, a
checker board pattern is obtained. The gradation bar in the graphs indicate the potential in a range of ±100 V and the number of equipotential
lines is 9 between the minimum and maximum potential.
A clear difference between the dark areas of Figures 2.7 and 2.8 is
the size. The energizing pattern of three-phase voltages (Figure 2.7) produces small, but more numerous activation areas as compared to the sixphase pattern (Figure 2.8) where the activation areas are approximately 4
times larger, but also 4 times fewer in number on the same sized surface.
This circumstance reflects practical observations of different particle conveyance mannerisms for the three- and six-phase application case where
it has been noted that a larger activation area is responsible for transportation of larger groups of particles than a smaller area. On the contrary, it
appears that smaller activation areas allow more sophisticated manipulation of particles as experiments will show in Chapters 5 and 7.
The potential distribution calculation in Figure 2.8 corresponds
very well with the checker board pattern of conveyed real particles in the
same figure where the white box indicates the location corresponding to
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Fig. 2.4: Cross-sectional view of electric panel device with 50 μm diameter electrodes. Potential distribution is clearly visible around activated electrodes
by their equipotential lines in homogenous material of constant permittivity. The corresponding Table 2.1 contains applied phase voltages.
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Fig. 2.5: Cross-sectional view of electric panel device with wider electrodes of
150 μm diameter. As in previous simulation, the potential distribution is
clearly visible around analogously activated electrodes. The corresponding Table 2.2 contains applied phase voltages.
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Fig. 2.6: Cross-sectional view of the inhomogenity produced by two spaces of
different permittivity. The media division appears 50 μm above the
electrodes for both the samples. The corresponding Table 2.3 contains applied phase voltages and relative permittivities.
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TABLE 2.3
PHASE VOLTAGES [V] &
RELATIVE PERMITTIVITIES
USED IN FINITE DIFFERENCE METHOD.
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Fig. 2.7: Potential simulation in particle manipulation surface of a mesh type
electric panel device with virtual three-phase voltage supply of sine
profile. The corresponding Table 2.4 contains applied phase voltages.
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Fig. 2.8: Potential on particle manipulation surface of an electric panel device
with virtual six-phase voltage supply of sine profile. The corresponding
Table 2.5 contains applied phase voltages. The photograph reveals
groups of actuated particles which appear in a checker board pattern.
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Fig. 2.9: Potential in particle manipulation surface of an electric dots device with
virtual three-phase voltage supply of sine profile. Electrodes of region g
are kept at 100 VDC. The Table 2.6 contains applied phase voltages.
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the simulation. It is not difficult to see a good agreement with the overall
pattern-structure. The photograph does not show particles which are
positively or negatively charged; they are simply confined in the light
and dark activated areas of the simulation.
The last simulation (Figure 2.9) depicts the potential in the manipulation surface of the electric dots device with 6 arrays of 50 μm pinpoint electrodes. Again, the dimensions perfectly correlate with the real
device described in detail in Chapter 3. The three-phase voltages listed in
Table 2.6 reflect sine profile sample values. Further, a peculiarity is indicated by g and p which represent two ribbons of electrodes applied by
100 VDC and one narrow area with phase electrodes, respectively. The
light region is constantly kept at 100 V, whereas the potential of the enclosed area is changing in a time-varying manner.

2 . 3 Boundary-Guided Traveling Electric Field Wave
In addition to the previous iterative numerical studies, an analytical formulation is presented. Early theoretical considerations of circularly
symmetric potential distribution and differential equation of particle motion have been obtained by [WUERKER59] where the electrodynamic
containment of charged particles is investigated. Non-uniform time variant focused electric fields are employed to suspend particles in dynamic
equilibrium by a quadrupole levitation trap. Similarly, three-dimensional
electric field traps are used for manipulation of cells [SCHNELLE93].
Again, confining forces are generated by alternating and rotating fields in
circular multi-electrode structures.
In the present case, the configuration is planar, but the formulation
of the potential has a similar character. To determine the kind of wave
needed to drive particles along a solid boundary given by the manipulation surface, the solution of Laplace’s equation neglecting any space
charge effects (Equation 2.1) for a half plane (z>0) tied to a sinusoidal
potential is examined:
V = −V0 exp ( − kz ) cos ( ky − ωt )

Eq. 2.18
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where k = 2π / wavelength λ, λ = 6 • electrode pitches for the six-phase
structure, ω = 2π • frequency of the applied phase-voltage, and V0 is the
peak voltage on the boundary along z = 0. This voltage wave and its coordinate system is illustrated in Figure 2.10. The origin is chosen at the
potential minimum at t = 0 to facilitate later discussion.
The components of the electric field E are
Ey = −

∂V
= − kV0 exp ( − kz ) sin ( ky − ωt )
∂y

Eq. 2.19

Ez = −

∂V
= − kV0 exp ( − kz ) cos ( ky − ωt ) = kV
∂z

Eq. 2.20

Thus, a graph of the voltage wave serves as a scaled graph of Ez as
well. In a strict sense, the negative slope of the voltage wave is Ey. In this
manner, the analogy between a charged particle and a surfer riding an
ocean wave is suitable and quite useful. Indeed, it is clear to envision the
particle riding along in the trough of the wave with its equilibrium position behind the potential minimum, where the force provided by the potential gradient is just large enough to balance sliding friction when in
contact with the surface. Further, taking into account that the stability of
such a motion requires a positive curvature to the potential, it follows that
particles can ride the wave only behind the minimum. It is especially to
note that Ez is also directed here toward the surface boundary and thus
serves to keep particles in contact with the surface over the electrodes or
drive them back toward the surface should they separate from it for any
reason. With reference to Figure 2.10, it should be noted that if a particle
lags the potential minimum by more than a quarter wave, it will experience a force qEz. If this force is large enough to overcome short-range
adhesive force, the particle will separate from the surface of the electrode
grid while being simultaneously propelled forward. For it to occur, however, some mechanism such as sticking is essential to drive the particle
sufficiently far back on the wave. It is also to point out that for the
charged fine particle transported on the microconveyor, gravity is small
compared with the electrostatic and short-range adhesive forces.
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Fig. 2.10: Idealized qualitative traveling voltage wave moving along a surface at
z = 0 for surfing (a), hopping (b) and curtain (c) mode structures.

Now, from experience with the real process of particle transportation and manipulation, it is known that an electric field of 10 to 40 kV/cm
is usually sufficient for the actuation process. Setting E0 = kV0 = 30
kV/cm, V0 ~ 30 λ / 2π is obtained with wavelength λ in microns for a relation between V0 and wavelength. For example, λ = 100 μm, V0 = 50 V
or λ = 1 mm, V0 = 500 V satisfy above relation. This range of wavelength
and voltage is easily producible. Moreover, latitude is available to increase the field up to 48 kV/cm without breakdown [SCHMIDLIN91].
The design of the microconveyor for the six-phase case is indicated schematically in Figure 2.11. The edge view of a planar series of
line electrodes that are connected to a six-phase source is shown. If the
phases are shifted 60° in sequence and connected as illustrated, the voltage profile produced by phases a and d at ω t = 0 will appear as Va and is
expressed by a Fourier series in the form [MELCHER89B]
V1, 4 = V ( y) sin(ωt ) =

∑ Vn cos(kn y) sin(ωt )

Eq. 2.21

odd n

where k n = 2πn / λ. In the plane of the electrodes, the periodic potential
distribution between the electrodes is approximated as being linear
[MASUDA85]. A sixth and a third cycle later, the same wave is produced
by phases b, e and c, f, respectively. They are formulated as
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Fig. 2.11: Schematic edge view of six-phase transport electrodes showing finite
step voltage wave at ω t = 0 (Va) and 2/6 cycle later (Vc) and the sum
of potentials from six phases.

V2, 5 = V ( y − λ / 6) sin(ωt − π / 3)
=

∑ Vn sin(nπ / 3) sin (kn y) sin(ωt − π / 3)

Eq. 2.22

odd n

V3, 6 = V ( y − λ / 3) sin(ωt − 2π / 3)
=

∑ Vn sin(n 2π / 3) sin (kn y) sin(ωt − 2π / 3)

Eq. 2.23

odd n

Combining the three gives a general form
V ( y, z, t ) = ∑ Vn exp( − kn z ) sin (ωt ± kn y)
n

− , n =1, 5, 9,L
+ , n = 3, 7,11,L

Eq. 2.24

In this manner, a superposition of waves running in both directions
is obtained. The desired wave is the fundamental (n = 1), similar to Equation 2.18. To suppress the unwanted harmonics, advantage can be taken
of the fact that their amplitudes decay exponentially with increasing z
and n. Further, the effectiveness of the six-phase design lies in the fact
that all the even harmonics are eliminated by symmetry [MELCHER89C].
The approximation of Equation 2.18 permits usage also for the
three-phase electrode configuration when adjusting the wavelength information to λ = 3 p, where p = electrode pitch.
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2 . 4 Particle Dynamics and Electric Curtain, Surfing
and Hopping Mode
Since the attention of this thesis is merely directed toward particle transportation and manipulation supported by specially designed AC electric
field devices, only a basic theoretical description of particle dynamics is
provided in the following. Good theoretical evaluations and discussions
of particle electrodynamics are manifested in many thematically overlapping papers among which [MASUDA70/88], [YEN78], [WEISS83/84],
[MELCHER89B], [SCHMIDLIN91], [HEMSTREET85/92], [GAN-MOR92] and
[HU94] cover and highlight this field.
Particle dynamics on a horizontal panel during actuation are described by the differential equation of motion for a particle having a
charge q, for the horizontal motion y as:
my˙˙ + Dy˙ = qEy − uFz*

Eq. 2.25

and for the vertical motion z as:
mz˙˙ + Dz˙ = qEz + mg − Fz

Eq. 2.26

At this place, m is the mass of the particle, and Dẋ is Stokes drag
(D = 6 π η a ), with a being the radius of the particle, η the viscosity of the
suspension media, and u the coefficient of sliding friction. These equations show a balance between the driving forces on the right hand side
and the forces acting on the body on the left hand side. The drag force
associated with the velocity is a dissipating force with D being a constant
for a body moving though the suspension media. The normal force Fz
includes the adhesive and charge dependent short-range forces. Fz* is
Fz + q Ez when the resultant is toward the grid surface, and the particle is
in contact with the grid. If both of these conditions are not satisfied, Fz* is
zero which is true for most time during the motion. The second equation
has an additional term, mg which is the accelerating downward force
caused by gravity g. A lighter particle mass, a greater charge or an increase in field strength will increase the motion a body displays in the
field.

- 30 -

The particle dynamics equations help to understand what conditions must be met for the particle to catch the traveling wave. In analogy
to a surfer which must paddle initially in order to be able to ride the
wave, the particle needs a sufficient force supplied by the wave itself to
bring it up to speed. As a consequence, the particle transportation pattern
being produced is determined by the trigger conditions resulting from
above equations.
Three forms of bi-directional (reversible directed) particle transportation being described by the same particle dynamic Equations 2.25
and 2.26 are shown in Figure 2.10 and reported: the electric curtain
mode [MASUDA73], [MASUDA74] and [WEISS82], the hopping mode
[MELCHER89A] and the surfing mode [SCHMIDLIN95]. In the following,
the major differences are summarized:
Hopping mode (Figure 2.10b) is produced by devices of medium
wavelengths structures (< 7.5 mm) which are in the range of electric curtain devices. During the hopping mode, particles are lifted from the
transport surface by the electric field of the wave and propelled forward.
When striking the transport surface, the particle motion is arrested, until
the wave catches up and initiates the next hop. The average speed of the
particles is equal to the wave speed at sufficiently low frequencies,
though a slower asynchronous hopping mode is possible at higher frequencies. Repeated hopping is physically possible, but requires some
mechanism such as sticking that forces the particle to rest, until the wave
catches up to the particle to trigger the next hop. Evidently, minimum
time for sticking or degree of resting must be available, granted at a low
frequency region of 1 Hz to 100 Hz. For the hopping, a particle should
have extended into the second quarter wavelength where it is stopped
before the next wave maximum as indicated in Figure 2.10b.
Surfing mode (Figure 2.10a) occurs in structures of relative short
wavelength (< 2 mm) producing very strong electric fields (> 4 kV/cm)
without causing air ionization. Particles containing charges are transported without spoiling or altering the charge on the particle via electrical discharges. Particle synchronously moves at the speed of the wave
and also in phase relation to the wave such that the normal force of the
wave continuously forces them toward the surface of the conveyor
structure rather than away from it. Thus, in absence of surface scattering,
the particles move in sliding contact with the surface at all times. In the
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presence of surface scattering, the particles are repeatedly deflected away
from the surface, but the wave returns them back toward the conveyor.
The surfing mode supports application of highest frequencies (< 2.6 kHz).
For surfing, the particles should be found on the quarter wave behind the
wave minimum as shown in Figure 2.10a.
Electric curtains (Figure 2.10c) are produced by relatively long
wavelength structures (< 30 cm) operating at sufficiently high voltages of
up to 30 kV amplitude at a frequency of around 60 Hz. Since air ionization is induced, the initial charge of powder particles may be neutral.
Curtain mode always occurs when Stokes drag prevents the particle from
keeping up with the phase velocity, i.e. the motion is asynchronous. The
particles are lifted out of the contact with the electrodes and pushed in
the direction of the wave while orbiting in a cycloid. The particle movement is much slower than the wave while continuously repelled away
from the electrode surface. The difference between the repulsion and attraction force balances gravity and results in continuous levitation. Thus,
the curtain mode requires gravity.
The mode of transportation in which experimental results in this
thesis agree best is the hopping mode. However, the microconveyors discussed herein have a comparable wavelength to the surfing mode structure. More massive particles have greater hopping mode tendencies, i.e.
larger mass causing short-term particle sticking on the surface. The typical mass of particles considered herein is in the order of 10'000 times
greater than of fine particles considered in reference papers.

2 . 5 Foundations of Adhesion Forces
Basically, there are gravitational and adhesive forces acting on particles
which are deposited on the manipulation surface. The adhesive forces are
typically divided into three primary components, as shown together with
gravity in Figure 2.12.
Van der Waals force is caused by instantaneous polarization of atoms and molecules due to quantum mechanical effects [FEARING95].
This atomic force produced by momentary movements of electrons can
be quantified by [ARAI95]:
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Fig. 2.12:Adhesive forces between particle and planar surface: gravitational,
electrostatic, van der Waals, and capillary forces [FEARING95].

Fvdw =

H ⋅d
12 ⋅ z 2

, where z << d .

Eq. 2.27

The force is expressed by the relation between the Hamaker constant H,
the particle diameter d and the particle-surface distance z. The Hamaker
constant H usually lies between 10-19 and 10-18 J [Cross87]. The secondorder dependence of the Van der Waals force on particle-surface distance
suggests that coarse surfaces may reduce the effect of the Van der Waals
force.
Capillary force originates from omnipresent humidity in the atmosphere which coats surfaces with a thin water film, usually of monolayer thickness, depending on the moisture-content of the air. Between a
hydrophilic particle and a nearby surface, the capillary force can be expressed by [ARAI95]:
Fcap = π ⋅ d ⋅ γ

Eq. 2.28

where d and γ are the particle diameter and surface tension force, respectively. By employing hydrophobic surfaces and conditions of very
low humidity, the particle-surface capillary force is greatly reduced
[ZESCH97].
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As a third component, electrostatic attraction force arises from triboelectrified charge generation [MASUDA78] or charge transfer during
contact of the particle with the surface. This force is based on Coulomb
force and can be formulated by [ARAI95]:
Fel =

π ε − ε0 2 2
⋅
⋅ d ⋅σ
4 ⋅ ε0 ε + ε0

Eq. 2.29

where ε and ε 0 are the dielectric constants of plane and air, σ is the
charge density of the surface and again, d is the particle diameter for idealized geometry. Since however the particle conveyor method described
in this thesis is based on time-varying electric fields, the influence of
electrostatic force as adhesive component may be diminished in a controlled manner by induced charges above the activated electrodes.
The aforementioned adhesive forces are all surface forces and
therefore it is worthwhile to note that their strength is proportional to the
contact area [FEARING95]. It is further observed that temperature has an
effect on the adhesive force for some organic particles. Hereby, the adhesive force remarkably increases with rising temperature [OTSUKA81].

2 . 6 Summary
Initial condition of charge affixed on particles has to be met in order to
give an actuation trigger to the traveling electric field wave. Once the
charge is assigned to the particle, preservation must be guaranteed
through sufficient insulation which is provided by the thin film. Activation of electrodes induces charges around them and on the surface. This
charge is then assimilated by conductive particles. Seen globally, the
traveling field causes induction charging of conductive particles. On the
other hand, non-conductive particles obtain the necessary charge from
contact-electrification between each other or the surface.
Various simulations of electric field potential distribution are numerically obtained by the Finite Difference method. The potential is
computed for two systems, the electric panel and electric dots device, revealing a good understanding of distribution around the activated electrodes and expansion in heterogeneous medium. Thus, it is clearly dem-
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onstrated that electrode structures form the potential that is influencing
the final particle motion. This numerical method is a valuable tool in the
design of microconveyors.
An analytical description of the boundary-guided traveling electric
wave is presented which may help to explain the riding conveyance
mechanism produced by the voltage wave. The particle dynamics formulated in two differential equations of motion generally describes three
transportation behaviors: electric curtain, surfing, and hopping mode.
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3

Electric Devices for
Particle Transportation
and Manipulation

3 . 1 Introduction
The micromanipulation of particles by the contactless traveling wave
conveyor is mainly triggered by the following factors: the charge quantity distributed on the particle surface, its relaxation time which is a
product of the particle’s permittivity and conductivity, and the electric
field strength. Microconveyors provide the basic means for a controllable
electric field generation as well as a charge emission acquired by the
particles.
The particle conveyor traveling wave is produced by multi-phase
voltages applied to a set of electrodes. The created dynamic electric field
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uses the electrodes as its primary guidance when it is formed around
them. Therefore the design of the electrodes is a key-element that influences the following factors:
•
•
•
•
•

Limitations on particle dimension
Limitations on transportability of particles (properties such as mass)
Precision of particulate object positioning
Surface size of manipulation zone
Purpose of particle manipulation, i.e. uniform transportation versus
sorting

To get the most benefit from the non-contact conveyance capability, it is necessary to choose the appropriate electrode design for the task
and incorporating it into the microconveyor. In the scope of this thesis,
three different particle manipulation systems have been designed for the
benefit of discrete particle manipulation needs:
• The electric panel device permits multi-directional particle manipulation on a plane surface. Various techniques are built into the system to
improve particle conveyance dynamics.
• The electric tube device is purely for bulk transportation of particles.
• The electric dots device allows fine and position-oriented manipulation of particles.
In the following subchapters, the distinct designs and precise steps
for the fabrication of microconveyors will be reported. Moreover, their
model is derived through their electrical characteristics and presented as
equivalent circuits.
This chapter discusses two types of multi-phase high voltage
power supplies as the source of the AC traveling electric field. Significantly, the actuation dynamics of the particles are highly dependent upon
each voltage phase excitation profile which is produced at a low bandwidth by the source. The influence of different profiles resulting in corresponding particle actuation is also examined within the scope of this thesis.
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3 . 2 Electric Panel Devices
3.2.1 Versatile Types of Electric Panels
The electric panel device is composed of slim parallel electrodes encased
in transparent epoxy resin compound, covered by an insulating thin
cover-film and supported by an acrylic substrate as shown in Figure 3.1.
Individual electrodes are attached phase-wise to the power supply.
The parallel electrodes of the experimental electric devices have an
average center-to-center pitch length of 400 μm, a diameter width of 50
μm and are situated parallel to the surface at a depth of 25 μm to 75 μm.
In the scope of this thesis, three microconveyor types have been designed and fabricated. The electric panel represents the most flexible device for particle manipulation in this category. Concerning accessibility
and operability, the panel and the dots device provide an unobstructed
observation of the object actuation on the surface; whereas the electric
tube keeps particles in a guiding pipe shape which renders direct observation difficult.
Electric panel devices may be fabricated by a number of available
techniques. In this thesis, two common techniques are taken into closer
consideration for the panel production step: an adaptive technique for
customized fabrication and a industrial technique used for commercial
printed circuit board (PCB) production.
Width

a
b
c

Pitch

Epoxy & Cover Film
Electrodes

Acrylic Substrate

Fig. 3.1: Basic, cross-sectional composition of an electric device with threephase electrode attachments.
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The fabrication techniques based on the final use of the panel device are ramified into the specific purposes, i.e. particle sorting, manipulation, accumulation, dispersing and tracked transportation.
3.2.2 Custom-Built Electric Panel for Bi-Directional Particle
Conveyance
Particles on this type of electric panel are bi-directionally (reversible directed; expression originally used for electronic bus and buffer elements)
conveyed for the ideal case, where particles do not progress in lateral direction. Depending on the supplied electrode voltage sequence, particles
can be bi-directionally carried by the traveling electric field in positive
and negative y-direction. Figure 3.2 illustrates the basic bi-directional
particle actuator concept. The electric panel is connected to a six-phase
voltage supply. By activation of a sequence, particle are conveyed in direction of the traveling field. A reversal of the sequence inverts the direction of actuation.
Guaranteeing a consistent gap length between the electrodes is the
main difficulty posed by self-fabrication of an electric panel: The slender
field electrodes should be parallel to each other and also to the surface.
One solution to this difficulty may be the use of a mesh, where the
horizontal threads are interlaced through the warp on the loom in a
woven fabric as shown in Figure 3.3. The threads are made out of nylon
providing a constant gap between the copper warp which forms the
electrodes. The idea to use a mesh originated from Sekisui Chemical Co.,
Ldt. and is also patented in [HIGUCHI94].
ab

c

de f

6 Phase
y
x

Fig 3.2: Simplified perspective of the electric panel for bi-directional particle
actuation.
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The insulated metallic fabric can be woven with a gap as small as
a few microns. The mesh samples implemented in the experimental
electric panel were fabricated by Unitika U. M. Glass Corp., Tokyo. The
scanning electron microscope (SEM) photographs of Figure 3.4 and 3.5
depict a metallic warp in horizontal direction and the supporting nylon
threads in vertical position. The stainless steel warp in Figure 3.4 produces a stiff fabric. The use of steel electrodes complicates the postfabrication process of connecting wires from the voltage source. Copper,
while a good choice from a bonding standpoint, is softer, making posttreatment a more delicate process. Hence, the copper-nylon mesh is
coated with paint to add stiffness.
The delicate gauze is affixed and embedded in polymerized resin,
Nylon Threads
Copper Warp
Electrode Supply

Source
Fig 3.3: Fabric with nylon threads and a copper warp. The copper warp is
connected to the voltage source in a post fabrication process.

Fig. 3.4: SEM micrograph of a nylon- Fig. 3.5: A nylon-copper fabric with
stainless-steel fabric (Unitika
paint coating (Unitika samsample)
ple) used in Panel #1.
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covered by a thin insulating polyethylene terephthalate (PET) film
(Mitsubishi Material Corp., Osaka), which plays an essential role for the
particle charging process, and supported by an acrylic substrate (Panel
#1). PET as the cover film material functions as insulator and is further an
element of the triboelectric material series [MOORE73], promoting frictional charging of particles. The copper warp is connected to the multiphase voltage supply. The cross-section in Figure 3.6 shows the composition of the electric panel device and the successive connection of the
electrodes to their corresponding phases.
For the fabrication process, the use of epoxy resin is favored due to
the good availability and the low relative permeability of ε r = 3.7. Here,
the type used is Plakiast epoxy resin compound made by Nisshiri Corp.,
Tokyo. Best results are achieved by vacuum molding of the panel in a
treatment tank. The vacuum/pressure cycle is repeated for an appropriate
number of cycles until most air evacuated the sample. Then the hardening process is initialized. As a result, a bi-directional electric panel device
with 75 x 100 mm2 manipulation surface has been fabricated.
Another way of manufacturing would be to use paint on the mesh.
The main handicap of paint-affixed mesh is its relatively weak resistance
to high voltages which results in electrical breakdown between electrodes of different potentials. A substantial improvement is gained by
weaving polyamide-imide (PAI) enameled electrodes to a fabric. This
technique is described in the following section.

6 Phase
Fig. 3.6: Cross-sectional composition of basic structure. The bi-directional
particle actuation panel schematically shows the periodically repeated
connection of the electrodes to a six-phase voltage source.
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3.2.3 C us to m- Bu il t E le ct ri c Pa ne l fo r Mu lt i- Di re ct io na l Pa rt ic le
C on v ey an ce
The concept of an electric panel device with a multi-directional
(reversible directed in two dimensions) particle manipulation feature is
depicted in Figure 3.7; there, particles are diagonally driven in a single
direction. Two sets of parallel electrodes are arranged rectangularly and
parallel to each other. This method allows particles to be conveyed multidirectionally within a plane. Figure 3.7 portrays an electric panel device
with a six-phase voltage supply in both directions.
The above panel may be produced using two different techniques,
which are described in the following as the 'two-layered type' and the
'mesh type', in reference to their fabrication method [HIGUCHI95B/C].
d
a bc

e f

a bc

d e f 6 Phase

y
x

6 Phase

Fig 3.7: Simplified perspective of a six-phase electric panel device for multidirectional particle manipulation.
Cover Film
Insulation
Film
6 Phase

Electrodes
Acrylic Substrate
6 Phase

Fig 3.8: Exploded view with sandwich-like structure of the two-layered electric panel device.
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The Two-Layered Type
The two-layered type electric panel device consists of two layers of basic, bi-directional electric panel frameworks. The panel electrodes are
piled orthogonally to each other as presented in Figure 3.8 for the sixphase case. The two layers are insulated by a thin polyester interface
film.
Both layers contribute to the multi-directional particle conveyance.
The different layer distances from the surface results in unequal electric
field force generation of each layer. Consequently, the upper layer generates a more intense electric field at the surface than the lower layer with
an identical voltage supply. Therefore, the supply of the lower layer has
to be adjusted by a factor proportional to the increased distance.
The divergent layer interspace is distinctly visible in Figure 3.9,
showing the basic, cross-sectional structure of the two-layered type. The
distance between the two conductor layers consists of 12.5 μm of insulation film layer and 7.5 μm of epoxy compound.
A self-fabricated sample of the two layer type device (Panel #2) is
shown in Figure 3.10. Both layers are located on an acrylic substrate and
are supplied through the connections on the upper left side.
Cover Film
Epoxy

6 Phase
6 Phase

Electrodes
Acrylic Substrate

Fig 3.9: Cross-section of a two-layered electric panel device. The two electrode layers are kept apart by an interspace of 20 μm and generate an
electric force which is proportional to the square of the distance to
the surface. Consequently, the force produced at the surface by the
lower segment is less than that of the upper.
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Fig 3.10: Photo of an experimental, multi-directional electric panel device
(Panel #2). The three-phase voltage supply links, which provide both
layers via connection arrays, are visible in the upper left corner. The
size of the manipulation surface is 72 x 98 mm2.

The Mesh Type
Electric panel devices of the mesh type need a sufficient insulation material enameling individual electrodes in order to endure high potential
differences in the nodal points which can be as high as 666 kV/cm and to
sustain material stress during the fabric production process. A fairly effective insulation material is PAI. It has a melting temperature of Tm =
260° C, tenacious properties and a specific resistance of 1014 Ωμm and
thus assures a dielectric strength of up to 2756 kV/cm under ambient
conditions. A mesh segment is photographed with a SEM and shown in
Figure 3.11. The pitch length is about 400 μm and the copper electrode
diameter is about 50 μm. The insulation thickness of the electrodes
measures 10 μm.
Compared to the two layer type, an advantage of the mesh type is
that the electrodes are on average equidistant from the surface. Therefore,
the horizontal and the vertical electrodes produce almost equal electric
force at the surface with the exception of the nodal point area.
The assembly of the mesh type is similar to that of the two layer
device type. One difference is the absence of an interspace insulation.
Figure 3.11 depicts an actual sample of a mesh type electric panel device
(Panel #3). Since the individual electrodes are insulated, it facilitates the
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connection to the six-phase voltage supply links, which appear in the
upper right corner of the image. The size of the manipulation surface area
is 75 x 100 mm2.
Compared with the two-layered type, the use of an electrode mesh
into electric devices facilitates the fabrication process and also permits
future production of large panels. Since the electrodes are on average
equidistant from the manipulation surface, the electronics of the voltage
supply need no further adjustments in order to produce an electric field
of equal strength.

Fig 3.11: SEM micrograph of a metallic mesh incorporated into the multidirectional electric panel device (Panel #3) consisting of enameled
electrodes (sample produced by Unitika and Mitsubishi Cable Co.,
Ltd.). The electrodes are coated with PAI. Underlying is a photo of
the fabricated mesh type device with a six-phase voltage supply for
both, the vertical and horizontal set of electrodes.

3.2.4 Fabrication of Electric Panels by Etching Techniques
The fabrication technique of non-commercial printed circuit boards has
been adopted in order to produce customized electric panel devices. This
is an efficient and inexpensive option compared to industrial fabrication,
allowing fast alternation of prototypes.
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A pattern as shown in Figure 3.12 is programmed in a Pascal
macro script and designed by Mini CAD 5.0.0. (Diehl Graphsoft Inc.,
USA) where the electrode thickness and the gap are precisely definable
parameters. This pattern is printed with 400 dots per inch (dpi) resolution
and with solid toner constancy on a transparency film. In an exposure
box (Sunhayato Inc., Japan; Box-W10), the pattern is projected on a
photosensitive circuit board using UV light which is then fixed by a
quick developer spray (Sunhayato, DP-303). Subsequently, the pattern is
etched at 40° C in etching liquid (Sunhayato, H-1.000A). Two different
substrate materials are utilized: paper phenol and glass-epoxy
(Sunhayato, 15K and 34K). With the aforementioned process, an electrode width resolution of 100 μm has been achieved.
The electrode pattern of Figure 3.12 reflects the difficulties in combining all of the electrodes to their appropriate voltage phase. This sample of a three-phase type illustrates the necessity to include a second
conductor layer for one phase which is connected with the single electrodes through holes. The other two phases have been directly connected
with their electrodes in the first layer. In comparison, a six-phase pattern
demands connections for four phases in the second layer. Two masks are
required to produce a three- and six-phase supplied electric panel device.

Fig 3.12: Etching pattern printed on a transparency film for projection onto a
photosensitive circuit board (71% reduced size). The average electrode width is 150 μm and the constant pitch is 1.1 mm (Panel #4).
The manipulation surface is 70 x 66 mm2.
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A prototype-etched electric panel device is pictured in Figure 3.13,
which incorporates parallel electrodes with a constant pitch length of 1.1
mm (Panel #4). Additional panels with an identical electrode width of
0.15 mm have been fabricated. Those panels include electrode center-to
center lengths of 0.61 mm (Panel #5) and 0.42 mm (Panel #6), respectively.

Fig 3.13: Photo of a prototype-etched electric panel device for bi-directional
particle conveyance (Panel #4). The total panel size is 74 x 103 mm2.

3.2.5 Ele ctric Pane ls fo r Particle Grou ping by Ph ase I nvers ion
Tec hniqu e
Due to the simple electrode design, the electric panel can be fabricated
with particle grouping features, as profiled in the following two Figures
3.14 and 3.15.
Figure 3.14 shows the perspective of a modified electric panel device (Panel #7). The six voltage phases a,b,c,d,e, and f are inverted over
one half of the plane. The point of sequence inversion is marked by an
arrow. This phase inversion technique [MOESNER95C] allows particles to
be gathered in the area of the central electrode, or dispersed to the two
peripheral electrodes when applying a reversed voltage profile sequence.
By reverting the voltage phases to a non-inverted configuration, the particles are bi-directionally conveyed across the entire surface.
An approach to achieving multi-directional particle grouping is
shown in Figure 3.15 (Panel #8). It is conceivable that gathering is
achieved by combining two sets of electrode skeletons of Figure 3.14 in a
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rectangular arrangement. Thus, the device is of either a two-layered or a
mesh type. By applying the phase inversion technique in both rectangular directions, particles are selectively accumulated into 9 different locational spots and along 6 separate lines as well as conveyed arbitrarily
over the entire surface. The programmable voltage supply operates the
switching between multi-directional particle conveyance and grouping
[MOESNER95D].

a bc
y
x

de f

6 Phase

Fig. 3.14:Electric panel device (Panel #7) for bi-directional particle transportation in y-direction and grouping along central or peripheral line
regions.
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Fig. 3.15:Electric panel device (Panel #8) for multi-directional particle handling and grouping in central and peripheral areas.

3.2.6 Electric Panels for Particle Sorting
The electric forces, which are generated by the electric field between the
electrodes and are acting on charged particles, depend greatly on the
clearance between the electrodes; this fact is easily comprehensible from
the following equations:
F(r) = q E(r)

Eq. 3.1
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E(r) = -grad U(r)

Eq. 3.2

F=qE

Eq. 3.3

E=

U
d

Eq. 3.4

Neglecting the magnetic field, Equation 3.1 describes the electric
force F(r) at a spatial position r on a test charge q in the electric field E(r).
Since the electric field is irrotational, an electric potential U(r) exists and
is characterized by Equation 3.2. In an attempt to simplify some theoretical considerations, two parallel electrodes out of the electric panel
skeleton are regarded to represent a parallel plate capacitor which is
analogously described in Equations 3.3 and 3.4. Herein, F represents the
electric force in a pre-defined dimension on a particle with charge q in an
electric field E. The field itself is created by a potential difference U and a
distance d. Thus the smaller the distance, the greater the force exerted on
the particle with the same charge and the same applied voltage.
As a result, particles on the panel surface are expected to be sorted
according to their properties, such as mass and size-distribution. The design of a sorting electric panel device incorporates electrodes with line-

Fig 3.16: Mask of sorting panel (Panel #9). The etching pattern is printed on a
transparency film for projection on the photosensitive printboard
(51% reduced size).
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arly increasing gap lengths. The electrode width and the supplied voltage
amplitude are kept steady.
Two sorting panels have been fabricated; one device has a threephase voltage supply and is etched as prototype (Panel #9), the second
device has a six-phase supply and is industrially fabricated (Panel #10).
Figure 3.16 shows the mask of the prototype-etched sorting panel
(Panel #9) which has a linearly increasing electrode pitch from 0.37 mm
(left) up to 1.74 mm (right). Figure 3.17 depicts the photo of the fabricated

Fig 3.17: Photo of a prototype-etched sorting panel (Panel #9) on glass-epoxy
substrate with a size of 103 x 151 mm2.

Fig 3.18: Photo of an industrially fabricated sorting panel (Panel #10) with
proportions of 110 x 180 mm 2. The linear gap increase from left to
right is clearly shown in the 4.2 x magnified segment.
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sorting panel. The electrode width diameter and thickness is in the range
of 100 to 140 μm and 25 to 30 μm, respectively and the surface dimension is 70 x 135 mm2.
The same concept has been incorporated into a flexible printed
circuit board (FPC) which has been fabricated by industrial standards.
The use of flexible prints offers the advantages of free panel bending for
surface shaping and the possibility of employing both surfaces for particle actuation.
Figure 3.18 shows the photo of such a fabricated sorting panel
with six-phase voltage contacts (Panel #10). A small segment of the surface is displayed with a magnification of 4.2. The electrode gap varies
linearly from 0.1 mm to 1.5 mm, whereas the electrode width is kept constant at 0.1 mm.
Besides linearly increasing gap lengths between the electrodes,
further patented ideas on particle sorting [HIGUCHI94C] include the use
of exponentially increasing gap lengths and the influence of external
forces such as gravity and centrifugal forces in order to trigger best property-oriented separation of particles. These external forces are already
effective on normal electric panels. Further, inclined panels with a convex bending may possess an extra particle separation attribute. Gravity is
successively increasing with the climbing particles, so that particles may
be extracted at defined levels. Similar techniques can be applied to the
electric tube device for the task of particle sorting [HIGUCHI94B].
The manufacturing has been done at NOK Corp., Tokyo. The FPC
fabrication process is summarized in Figure 3.19 and explained in detail
for structurally related electrostatic actuators in [NIINO94]. 25 μm thick
polyimide (PI) film serves as a base material of the 17.5 μm Cu layer (a).
In a next step, two flexible Cu boards are bonded together with a 20 μm
thick epoxy resin adhesive to a sandwich-like structure as in (b). The
through-holes are prepared by punching the perforations and plating the
hole walls (c). Both Cu film sides are connected via the conductive
through-holes with 150 μm diameter. Further, the photoresist method
helps to produce the desired structure out of the Cu layers by forming a
photoresist layer, exposing, developing and etching the pattern. Afterwards the resist is peeled off (d). Finally, a 25 μm thick cover PI film is
attached onto the Cu electrode structure with epoxy resin adhesive (e).
The PI film serves as the manipulation surface.
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a)

Cu Film (17.5 μm)
PI Base (25 μm)
Epoxy Adhesive (20 μm)

b)
Through-Hole (150 μm)

c)

Etching & Peeling

d)
Epoxy Adhesive (20 μm)
PI Film (25 μm)

e)

Fig 3.19: Simplified FPC fabrication process steps. A total number of 6 masks
are necessary to produce this flexible printboard.

3.2.7 Topography of manipulation surface
Angular Speckle Contouring (ASC) measurements [HERTWIG94] are used
to develop a qualitative picture about the condition of the surface boundary, where particles are actuated on. This non-contact, optical full-field
measurement technique using speckle interferometry enables reproduction of topographical surface information. Through a beamsplitter, resultant optical path difference images are captured in a CCD camera and algorithms reconstruct the 3D geometrical structure of the surface
[LEOPOLD96].
This method is applied to the surfaces of two electric panel devices of mesh type and the results may be seen in Figure 3.20 as the 3D
surface topography of an early version (Panel #3.old, left) and a second,
improved version (Panel #3, right). The scanned surface measures 9.7 x
6.8 mm2. The earlier version is constructed bottom-up without vacuum
molding method while the improved version is built top-down with vacuum molding. Although the overall peak-valley which represents the
difference between minimum and maximum profile value is determined
as root-mean-square (RMS) to 22.63 μm and to 11.19 μm for the first and
second examination, respectively, Figure 3.20 fails to make clear the difference in character of both surfaces. For this reason, the profile along a
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line in y-direction is evaluated for both cases and represented in Figure
3.21 revealing a clear difference in valley depth. The hollows are drastically improved in the second sample by the top-down fabrication.
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Fig. 3.20:Topography of electric panel devices: early type (Panel #3.old, left)
and improved type (Panel #3, right) [HERTWIG97].
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Fig. 3.21:Profile evaluation along a line in y-direction reproduced for both
panel samples [HERTWIG97].
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Fig. 3.22:Global comparison of the peak-valley values determined line-by-line,
again for both panel samples [HERTWIG97].
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In an attempt to analyze the distribution of valley depth over the
surface, profiles such as in Figure 3.21 are evaluated along the complete
length of the x-axis, and the peak-valley for each profile is obtained.
Thus, the distribution of all peak-valleys along the x-axis is represented
for the first and second, improved sample (Figure 3.22). As a result, it is to
note, that the improved sample has hollows of nearly the same width, but
with valley depths reduced by a factor of two and more. Flatter, more
even surface topography directly benefits the conveyance quality of particles, especially in the care of very fine particles which could easily become trapped in crevices.

3 . 3 Electric Tube Devices
A tube device is built by multiple electrodes spirally forming the coil.
The spiral pipe with its tube formed shape is illustrated in Figure 3.23.
The proposed function of this microconveyor is transportation of large
quantities of particles from a defined feeding location A to a distant point
B. The electric tube device is named after its particle guiding shape and
belongs to the group of devices with minimal fabrication complexity
[MOESNER95A]. Early tube types have been introduced by [MASUDA70].
a b c d e f

Particles

Fig. 3.23:An electric tube device. Similar to a magnetic coil, it is formed of six
spiral electrodes wound into a single layer.

3.3.1 Fabrication
Both the electric tube and the electric panel device are composed of slim
electrodes at a constant gap and embody the same principle for particle
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conveyance. Compared to the production of the electric panel, the electric tube is fabricated with less complexity. The complete tube consists
merely of 3 electrodes for the three-phase case or 6 electrodes for the sixphase case as outlined in Figure 3.23. Enameled electrodes are wound up
single layered on a polyethylene (PE) film of 68 μm thickness and fixed
at defined and constant gap-widths with an epoxy compound. The internal electrode face, which is covered by a thin PE film, forms the particle
leading tube.
This electric tube device is meant for particle mass transportation
taking an inherent advantage of utilizing multiple electrode attachments
as the six-phase case shown in Figure 3.24. In combination with an apd e f a b c d e f a b c d e f a b c

Opening
Diameter
Wall
Thickness

a b c d e f

Pitch

Width

6 Phase

Fig. 3.24:Cross-section of the electric tube device illustrating its structural
proportions and its six-phase voltage supply attachments.

Fig. 3.25:SEM micrograph magnifying a segment of the three-phase electric
tube device (Tube #1). Underneath photo shows the electric tube device right next to a specimen container. The tube’s outer diameter
and the length is 7.0 mm and 44.3 mm, respectively.
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propriate phase supply sequence, which influences the generated electric
field strength, the frequency and in general the size of the activation area,
particle transportation is stimulated by their particular physical properties.
Figure 3.25 shows both the SEM micrograph and the photo of a
three-phase electric tube device (Tube #1) with an electrode diameter of
226 μm and a typical electrode center-to-center pitch length of 512 μm.
The inner and outer diameter is 6.3 mm and 7.0 mm, respectively. The
length is 44.3 mm, excluding the three-phase supply attachments.
Two more electric tube devices using six-phase supplied electrodes have been built: one implements electrodes with round and the
other with rectangular cross-section. The electric tube device with round
cross-section electrodes has an electrode diameter of 226 μm and a pitch
length of 256 μm (Tube #2). The rectangular version has an electrode diameter of 214 μm and a pitch length of 234 μm (Tube #3). Both tubes
possess a particle transportation length of 63.0 mm and 82.5 mm for either case. All fabricated tubes incorporate a 68 μm thin PE film, have an
inner and outer diameter of 6.3 mm and 7.0 mm, respectively.

3 . 4 Electric Dots Devices
In comparison with the previously defined electric panel and tube device
classes, the electric dots device possesses no long parallel electrodes for
direct particle actuation. Its individual electrodes are formed and focused
into pinpoint-sized conductors, which are connected separately to the
voltage source. The underlying concept of the electric dots device is illustrated in the outline of Figure 3.26.
3.4.1 Fabrication of a Dot Matrix Device
The manipulation electrodes appear as a matrix of dots in the manipulation surface. The device incorporates a bundle of insulated conductive
wires placed in an orderly arrangement and embedded in a supporting
body. The surface has been evenly ground to a plane normal to the wires.
The newly formed manipulation surface is sensitive to impurities and is
subsequently protected by a thin film. A similar approach to produce
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Fig. 3.26:Perspective outline of the electric dots device. The pinpoint-sized
electrodes are the key elements in the manipulation surface. Each dot
electrode is separately linked to the supply interface.

parallel, line electrodes of small scale is chosen by [KANEKO93]. Aluminum and polyimide film sheets of 1 μm thickness are bonded in a concatenated manner. Again, the surface is ground to a plane normal to the
sheets producing microscale electrodes.
Prototype versions of electric dots devices have been designed and
the results are pictured in Figure 3.27 and 3.28. The first device is made
of embedded conducting wires twisted to a bundle, whereas the second
device is produced of similar wires but individually arranged. Problems
in these experimental prototypes arise from uneven gaps between the
electrodes. These irregular distances produce a highly non-homogenous
and unfavorable electric field distribution. To a greater extent, successful
actuation of particles is even hindered by the large electrode dimension

Fig. 3.27:Photo of an electric dots Fig. 3.28:Photo of the second protoprototype device (Dots #1).
type version (Dots #2). The
The incorporated wires have
dots of rectangular shape
a diameter of 226 μm.
have a length of 214 μm.
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and small gap distances between electrodes. Once a particle is caught on
an electrode, the difficulty is to actuate it to the next electrode, as experiments proved. Another approach is derived from these disadvantageous consequences.
In an attempt to effectively actuate particles, the diameter of the
electrodes should be reduced to a pinpoint and the gaps enlarged. A new
series of microconveyors that incorporate metallic fabrics is proposed
and designed. The dots have a center-to-center pitch length of 400 μm
and a diameter of 50 μm as shown later in Figures 7.1 and 3.31. The
electrodes are protected by either a thin PE or PET film of 68 μm or 12
μm thickness, respectively.
A variant involves one straight row of electrodes (Dots #3) as
shown in Figure 7.1. The particles are manipulated on the film surface
along the electrodes. Contrary to expectation, the actuation pattern of the
particles is electrostatically disturbed by the interfering adjacent regions
which gather attractive or repulsive charges. This effect must be suppressed for successful implementation of this device.

Fig. 3.29:Photograph of the entire electric dots device (Dots #4). The manipulation surface is at the top; a magnification is shown by the SEM micrograph. The electrodes are individually connected to the voltage
supply interface.
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A potential approach is found by the introduction of six rows of
electrodes and an electrostatical shield using two thin aluminum films of
about 100 μm thickness. An improved version of the electric dots device
with six rows of electrodes (Dots #4) is shown in Figure 3.29. The SEM
picture exposes a part of the manipulation surface. The entire device is
pictured in upright position. The proportions are 180 mm in height, 80
mm in width and 110 mm in depth.
The insulated body with the embedded electrodes is kept by

Fig. 3.30:View of the manipulation surface which is kept between two shielding
aluminum film strips. Two alligator clips keep the metallic layers on
a desired potential (Dots #4).
Aluminum Film
AC

DC

Spacer Grid

DC
Aluminum Film

0.9 mm

Fig. 3.31:Surface of the electric dots device (Dots #4) showing 6 rows of electrode dots and the spacer-grid. The surrounding is covered by a thin
shield of aluminum film.
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clamp fixations, visible as the black parts in Figure 3.30. The surface is
masked by two aluminum stripes leaving a straight gutter wherein the
actual particle manipulation takes place over the electrodes. Through attached alligator clips, the desired electric potential is transferred to the
two conductive shields. Figure 3.31 shows the actual electrode-guided
manipulation surface. The single electrodes are kept in equal distances
by a spacer grid. The inner two electrode rows acquire a multi-phase
voltage sequence actuating the particles. The outer four rows and the
shielding conductor film are held on a pre-assigned electric potential.

3 . 5 Modeling of Particle Handling Electric Devices
A general electric model that manifests most of the designed microconveyors contributes to understand their physical parameters and is therefore subject to the following considerations.
In a first step, the microconveyors have been measured by an impedance / gain phase analyzer (Hewlett Packard 4194A). Impedance
measurements have been done in a test frequency range of 100 Hz to 1
|Z|

φ

Amplitude [Ω] / Phase Response

10M
1M 180°
100k
90°
10k
1k

0°

100
-90°
10
1 -180°
100

1k

10k

100k

1M

Frequency [Hz]
Fig. 3.32:Bode’s diagram revealing amplitude- and phase-frequency characteristics of the electric panel device (Panel #3).
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MHz; the resistance measurement sensibility goes up to 100 MΩ. As a
representative measurement, Bode’s diagram is displayed in Figure 3.32,
which indicates the amplitude- and phase-frequency characteristics of
two sets of adjacent electrodes on the mesh-type Panel #3.
The salient point of the amplitude response curve is at a value below 100 Hz. At the measurement starting frequency of 100 Hz, the amplitude |Z| and the phase φ measure 5.89 MΩ and -89.45°, respectively. A
brief analysis of both parameters implies the existence of a resistance and
a capacitor as key elements in the equivalent circuit.
The Bode’s diagram has been approximated by the RC circuit in
Figure 3.33. At a frequency of 100 kHz, the calculated approximation of

R=1
G

C

Fig. 3.33:Equivalent circuit of the microconveyors as a result of the modeling
process.
Ic 0

I

Im
P = GV
Ic = ωCV

Q = ωCV

δ
ϕ

2

Re

2

S
V

Il = GV

Fig. 3.34:Real and imaginary coeffi- Fig. 3.35:Coefficients of the effective
cient of the complex current
power S: the real, active factor P and the wattless, reacvector.
tive factor Q.
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the two elements outputs a resistance of 633 MΩ and a capacitance of
286 pF. The RC equivalent electric circuit provides the best approximation for all microconveyors under consideration.
The current passing through the equivalent circuit of Figure 3.33 is
attributable to two coefficients, each a component to the cumulative vector which is presented in Figure 3.34. The argument ϕ specifies the
phase difference between the current and the voltage. The complete formulation of the conditions in Figure 3.34 is expressed in Equation 3.5 by
presenting the total impedance of the equivalent circuit
Z = Z e jϕ =

R
1
=
G + jωC R + jωRC

Eq. 3.5

Since the equivalent circuit of the microconveyors is purely capacitive, the effective power consists of a considerable reactive portion.
The active and reactive component yielding the total power is formulated
in the complex notation of Figure 3.35 and Equation 3.6. The higher the
capacitance and applied frequency rises, the greater the reactive power S
becomes
S = P + j Q = GV 2 − jω CV 2

Eq. 3.6

In an attempt to describe the DC voltage-dependent resistance and
the frequency dependent capacity as a function, the customized electric
panel device with a 420 μm pitch (Panel #6) has been evaluated as a representative microconveyor by an ultra high resistance meter (R8340A,
Advantest Corp., Japan) and by a LCZ-meter (NF2330, Electric Instruments Corp., Japan). The resistance meter R8340A has a sensitivity up to
3.0 1016 Ω with a current range of 10.0 fA to 19.999 mA. The resistance
and capacity of Panel #6 has been measured via the GP-IB interface of
the meter apparatuses and transferred to the personal computer NEC9821. The panel is placed under a Faraday cage. The parameters have
been determined and are plotted as the statistical median values in Figures 3.36 and 3.37. The median represents the middle value in a distribution, above and below which an equal number of values is situated
[HÜTTE91]. It is consequently the location in a distribution with 50%
probability. An important aspect is that the influence of outlier values is
suppressed. The three curves represent the resistance and capacity measurements of the three phase pairs 1-2, 1-3, and 2-3.
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Fig. 3.36:Graph of resistance versus Fig. 3.37:Graph of capacity versus applied frequency (Panel #6).
applied DC voltage (Panel #6).

The curves in both graphs produce a good approximate solution.
The method of approximation however demanded different, curve-related
approaches. For the resistance curve, a polynomial of third order
(Equation 3.7) and for the capacitance, an exponential approach
(Equation 3.9) were chosen. The calculated value of each unknown factor
is listed in the Tables 3.1 and 3.2. The quality of the approximation is
evaluated by the product-moment correlation or Pearson’s coefficient rR
and rC which are expressed by Equations 3.8 and 3.10. The closer rR and
rC are to the unit, the better the correspondence between the measured
values and the calculated approximations [PRESS92].
R = a0 + a1V + a2 V 2 + a3V 3

Eq. 3.7

3

rR =

∑ ( Rk − R) ( R(Vk ) − R(Vk ))

k =1
3

∑ ( Rk − R)

k =1

2

3

∑ ( R(Vk ) − R(Vk ))

Eq. 3.8
2

k =1

where:
Rk = actual value

R(Vk ) = calculated value

R = mean of actual values Rk

R(Vk ) = mean of calc. values R(Vk )
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POLYNOMIAL APPROACH: CALCULATED PARAMETERS OF THE APPROXIMATE SOLUTION AND
ITS CORRESPONDING PEARSON’S COEFFICIENT rR FOR EACH OF THE THREE PHASE-PAIRS.

Phase Pair

a0 [Ω]

a1 [Ω V]

R 1-2
R 1-3
R 2-3

-1.36e+12
-1.76e+12
-8.88e+11

5.84e+10
1.11e+11
4.17e+10

C = b0 + e b

1

a2 [Ω V 2 ]
8.66e+07
2.46e+08
4.87e+07

a3 [Ω V 3 ]
2.14e+05
2.68e+05
1.57e+05

f

rR
0.99988
0.99992
0.99998
Eq. 3.9

3

rC =

∑ (Ck − C) (C( fk ) − C( fk ))

k =1
3

∑ (Ck − C)

k =1

2

3

Eq. 3.10

∑ ( C ( f k ) − C ( f k ))

2

k =1

where:
Ck = actual value

C( fk ) = calculated value

C = mean of actual values Ck

C( fk ) = mean of calc. values C( fk )
TABLE 3.2:

EXPONENTIAL APPROACH: CALCULATED PARAMETERS OF THE APPROXIMATE SOLUTION
AND ITS CORRESPONDING PEARS ON ’S COEFFICIENT rC FOR EACH OF THE THREE PHASE-PAIRS .

Phase Pair
C 1-2
C 1-3
C 2-3

b0 [F]
186.35
195.93
193.36

b1 [s]
-4.01e-07
-3.89e-07
-3.80e-07

rC

0.93615
0.91779
0.93435

Since the six-phase mesh type electric panel device consists of
two rectangular sets of parallel electrodes, a further interesting investigation compares the resistance and the capacity of intersected and parallel
electrodes of each set. The median values of 15 phase-pair measurements
of parallel electrodes are computed and presented together with the median values of crossed electrodes. The resistance and the capacity are
shown in Figures 3.38 and 3.39, respectively.
The resistivity measurements of one crossed and two parallel electrode series in Figure 3.38 confirm that PAI, the electrode coating mate-
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rial, is responsible for the conductivity as the dominant part between two
electrodes. As seen from the characteristic curves, the highly-sensitive resistance meter is unable of detecting any difference between nodal points
of crossed electrodes, which are separated by 20 μm of PAI, and between
parallel electrodes, whose interspace is filled by epoxy resin.
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Similarly, the coherent measurements of capacitance in Figure
3.39 show a characteristic independent of the electrode configuration.
The curve of the crossed electrodes is situated exactly between the
curves of the parallel electrodes. Under exclusion of the electrode configuration, the capacitance is further a function of the interstitial material
permittivity. Thus, it is assumed that the capacitance affinity is due to the
permittivity of epoxy and PAI.
For the completeness of the modeling, a general characterization
of various microconveyors is presented in Figure 3.40 and 3.41 which
reflect the resistive and capacitive median values of electric panel and
tube devices in three- and six-phase mode. Corresponding devices and
their resistive and capacitive parameters are explicitly enumerated in TaTABLE 3.3:
CHARACTERIZING RESISTIVE PARAMETERS OF SOME SELECTED MICROCONVEYORS. THE
RESISTANCES OF VARIOUS MICROCONVEYORS ARE LISTED BY MIN. / MAX. RANGE VALUES
AND BY MEDIAN VALUES.

Panel #3: 0.40 mm Pitched, 6 Phase
Panel #4: 1.10 mm Pitched, 3 Phase
Panel #5: 0.61 mm Pitched, 3 Phase
Panel #6: 0.42 mm Pitched, 3 Phase
Tube #1: 0.51 mm Pitched, 3 Phase
Tube #3: 0.23 mm Pitched, 6 Phase

Min. R [Ω]
2.50e+12
9.56e+12
3.74e+12
5.78e+12
1.15e+13
5.39e+12

Max. R [Ω] Median R [Ω]
9.20e+13
3.68e+13
1.77e+14
9.28e+13
1.26e+14
7.20e+13
3.57e+14
9.40e+13
1.30e+15
3.27e+14
1.11e+14
6.07e+13

TABLE 3.4:
CHARACTERIZING CAPACITIVE PARAMETERS OF SOME SELECTED MICROCONVEYORS. THE
CAPACITIES OF VARIOUS MICROCONVEYORS ARE LISTED BY MIN. / MAX. RANGE VALUES
AND BY MEDIAN VALUES.

Panel #3: 0.40 mm Pitched, 6 Phase
Panel #4: 1.10 mm Pitched, 3 Phase
Panel #5: 0.61 mm Pitched, 3 Phase
Panel #6: 0.42 mm Pitched, 3 Phase
Tube #1: 0.51 mm Pitched, 3 Phase
Tube #3: 0.23 mm Pitched, 6 Phase

Min. C [pF] Max. C [pF] Median C [pF]
234.00
253.00
249.30
48.37
73.00
49.90
100.00
106.00
104.20
186.29
195.00
192.50
31.62
33.00
32.00
74.92
77.00
76.10
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ble 3.3 and 3.4, respectively. It is to note that the electric dots device exhibits comparable parameters to the parallel electrode configuration of
the mesh type panel.
Particle actuation electric devices are optimally described in their
region of operation by the median parameters for resistance and capacitance shown in Table 3.3 and 3.4.

3 . 6 Programmable High Voltage Power Supplies
The objective of directed particle manipulation is supported by the development of programmable voltage supplies. Adaptable sources provide
new possibilities on voltage amplitude- and frequency-dependent actuation of particles, taking advantage of their individual physical properties
and its associated driving trigger role. The profile of the individual phase
voltages turns out to be a dominant factor, since particles are transported
within a bandwidth of under 200 Hz, which can be considered as low
and very low frequency. This circumstance of low frequency conveyance
trigger is relevant in most observed particle actuation processes. Consequently, specific voltage profiles have a typical effect on the particle actuation dynamics.
The voltage supply energizes the electrodes of the microconveyor.
The voltages are delivered via the attachment a, b, c for three-phase or a,
b, c, d, e, f for the six-phase case. The potential differences between the
electrodes create the electric fields which act on the charged particles on
the film-surface. In case, the furnished voltages follow a periodically
changing profile, the electric field follows these variations and particles
get transported with the phase from electrode to electrode.
There are two basic types of high voltage supplies. The first supply, the rectangular profile voltage supply, produces programmable sequences. The number of channels has been kept at 16, which make this
source flexible in its usage. The second supply, the customized wave
profile supply, generates programmed periodical voltage contours. A selection of 8 profiles has been programmed onto a digital signal processor
(DSP) system. The supply platform offers a total number of 8 output
channels.
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3.6.1 Rectangular Profile Supply
Circuitry and Fabrication
The rectangular profile supply can be easily fabricated, allowing the efficient development of multi-channel outputs. Basically, it consists of
photo MOS relay switches (AQV258, Matsushita Electric Works Ldt., Japan) and both the adjustable positive and negative high voltage source
with an absolute DC voltage-output of 1.1 kV (5.5 mA HQL-1.1, Matsusada Precision Inc., Japan). The personal computer NEC PC-9821 delivers signals via its standard printer-port to the logic unit which operates
the switches.
The whole logic design is based on TTL compatibility. The signals
from the centronics bus enter an OR logic, then addressable latches and
flip-flops for signal buffering. After the next trigger, the signals are 2 to 4
demultiplexed and buffered again as the final signals for the photo MOS
relay switches.
At first, a prototype of the rectangular profile supply was fabricated
and tested successfully. This positive result led to the decision to produce
the circuitry through a professional printed circuitboard (PCB) technique
at Alphax Corp., Tokyo. The fabricated circuitboard is pictured in Figure
3.42. Since the circuitry is symmetric, the identical PCB, which is projected for 8 channels, is used twice in order to obtain 16 output-channels.
Figure 3.43 pictures the internal view of the rectangular profile
supply. On the right, the constant high voltage source block is visible,
followed by two large filtering capacitors, the main part of the logic and
the relay switch arrays on the left. All control parameters such as both
voltage levels and load currents are adjusted and read on the front panel.
Figure 3.44 displays the voltage supply prototype attached via a connection bridge to an electric tube device. The operation and control functions of the prototype and later versions are identical.
An advantage of the supply is the standardized connection to the
printer port of most PCs. Together with the software, the system allows
open portability. The software, which directly accesses the printer port,
includes time critical routines and predefined sequences as the basic
elements. The substantial program components are as follows:
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outp(PRPORT,x) is a low-level routine provided by the Borland C
compiler. Its task is to access the printer-port at PRPORT (pre-defined
register address) in write-only mode and transmits the integer variable x.
vvall16(+1,+1,0,-1,-1,0,0,0,+1,+1,0,-1,-1,0,0,0,time) is the dominant
high-level routine in which a voltage level sequence of [+,+,0,-,,0,0,0,+,+,0,-,-,0,0,0] is sent to the 16 output-channels of the voltage
supply. Three voltage states [+], [0] or [-] may be assigned to each
channel. The positive and negative voltage levels are manually adjusted.
The frequency, that rectangular profile sequence cycles run, is specified
by the variable time in the routine header.

Fig. 3.42:PCB of the rectangular profile supply (48% of original size). A set of
8 channels and its logic is combined onto a printboard of 100 x 150
mm 2.

Fig. 3.43:Internal view of the rectan- Fig. 3.44:The prototype of the rectangular profile supply as seen
gular profile supply. In this
from above. The assembled
configuration, the Tube #3
PCB is on the right with 8
device is attached via a conchannel photo MOS relays.
nection bridge.
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Resulting Output Signals
The output of the 16-channel photo MOS voltage supply has been subject to various measurements. The output-signal of channel 1 with respect to the reference ground of the source has been analyzed by the
digital oscilloscope Nicolet Pro 42 (Nicolet Instrument Corp., Japan) with
a high voltage protection probe (Kikusui P250-3). The graphs in figures
3.45 and 3.46 display the results of some signal probing with an amplitude of 800 V at a frequency of 1.0 Hz.
The access of the printer port allows output signal frequencies of
up to 400 Hz which is already higher than the bandwidth required by the
microconveyors.

1

Phase Voltage [kV]

Phase Voltage [kV]

On the whole, there are various sequences feasible for microconveyors with a six-phase voltages supply. Since six is directly divisible by
two and three, it is conceivable to use one and the same device with a
six-phase attachment in a two-, three- or six-phase mode. The two-, three
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Fig. 3.47:Supply sequence of six-phase (Rectangular #1, left) and three-phase
(Rectangular #2, right) profile voltages.
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and six-phase modes allow 4, 6 and 1 variations, respectively. Two of the
variations are highlighted in Figure 3.47 which further illustrates the relation between sequence advancement and particle conveyance. The
complete overview of feasible two-, three- and six-phase sequences is
cited in Appendix A.
The charged particle is attracted by the area carrying charge of
opposite sign and repelled from the area that holds charge of the same
sign. If the sequence in Figures 3.47 propagates one step, the particle will
react with a step in direction of progression. Continued propagation of
the sequence results in particle conveyance.
3.6.2 Customized Wave Profile Supply
System Design and Setup
Customized creation of phase voltage profiles is the key issue in the ability to influence particle dynamics at a low bandwidth. The achievement
of this goal is set with the design and development of a system which incorporates a DSP system and dynamic high voltage amplifiers for tailormade wave profile generation.
The customized wave profile supply is a dual processor system
which consists of a NEC PC-9821 and a Lory Accel DSP4200 system
(MTT Corp., Kobe Japan) equipped with an Intel 80386 processor and a
Texas Instruments TMS 320C30, respectively. Peripheral equipment such
as 8 channel AD- and DA-converters (DSP4216 and DSP4226) and high
voltage amplifiers (Model 609, TREK Corp., USA) are necessary for a desired generator performance. The TREK amplifier has a bandwidth of 35
kHz.
Figures 3.48 and 3.49 show the signal flow within the system. The
program runs on both PC and DSP allowing data and control parameters
to be continuously exchanged via a dualport RAM. The powerful DSP
generates the programmed wave profiles with a clock-rate of 50 ns and
outputs them via 8 DA-converters (DAC) with 12 bit resolution. Since the
expensive TREK amplifiers were available only at a small quantity, the
number of output channel is reduced to 6.
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PC Host

TREK High
Voltage Amplifier

Digital Signal
Processor
DSP
TMS 320C30

Electric Device
6 phase

Fig. 3.48:System showing the signal flow chart between DSP and TREK amplifiers.

NEC
PC-9821
Dual Port
RAM
DSP
TMS 320C30
DAC Output
Ch 1

Ch 2

Ch 3

Ch 4

Ch 5

Ch 6

TREK
Amplifier
6 Phase
High Voltage

Fig. 3.49:Block diagram of signal flow from PC via DSP to TREK amplifiers.

The output signals from the DACs have an output range of ±10.0
V. As a consequence, the TREK voltage amplification factor of 1 kV/V
produces signals of up to ±10.0 kV. Thus the voltage has to be restricted
to ±0.8 V, since a typical voltage of up to ±0.8 kV is applied to the microconveyors. The DACs are able to generate a direct output of ±0.8 V,
however by using only 8% of the whole voltage range, the noise level increases. This noise is reduced by trimming the complete available DACrange down to the allowable range with help of isolation pre-amplifiers
which also protect the DSP system from any damaging backfeed amplification.
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Resulting Output Signals

1

Phase Voltage [kV]

Phase Voltage [kV]

The customized wave profiles are generated with a 60° phase shift for
each of the 6 output-channels. Figures 3.50.-54. depict a set of wave signals measured by a digital oscilloscope. The overall noise is kept under
the 100 mV level at the output.
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Fig. 3.50:Sine profile with an ampli- Fig. 3.51:Triangular profile with an
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Fig. 3.52: Ramp #1 profile with an Fig. 3.53: Ramp #2 profile with an
ampl. of 0.8 kV at 1.0 Hz.
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Fig. 3.56:Customized #3 profile with an Fig. 3.57:Customized #4 profile with an
amplitude of 0.8 kV at 1.0 Hz.
amplitude of 0.8 kV at 1.0 Hz.

It bears mentioning that the customized #1 - #4 profiles of Figures
3.54 - 57. are morph-fusions of sine and rectangular #1 profiles. As will
be shown in Chapter 5, the sine and rectangular profile have a different
influence on the particle conveyance dynamics. By combining only the
favorable actuation qualities triggered by the two profiles, the above new
profiles were generated.

3 . 7 Summary
The structure of a microconveyor determines the type of manipulation
and is considerably influencing the conveyance quality. Three types of
systems have been presented by their design, their fabrication process
and their true appearance in figures, clearly disclosing particle manipulation objectives. In most of the cases, a device is custom-built because industrial fabrication is not yet practicable or merely too expensive. On the
other hand, fabrication of structurally simple electric panel devices is
within the scope of common industrial etching techniques. The following
Tables 3.5 and 3.6 give an overview of microconveyors and their structural particulars such as electrode spatial extents, particle manipulation
surface areas, thicknesses of layer, and substrate dimensions.
The electrical model is introduced by its representative equivalent
circuit. The voltage-dependent resistive and frequency-dependent capacitive parameters are formulated in equations for one microconveyor.
General median values are for resistance at approx. 6.5 1013 Ω and for
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capacitance at approx. 150 pF. These values give a qualitative description
of the electrical nature of the microconveyor.
Two types of programmable high voltage supplies have been proposed: rectangular profile voltages at 16 output channels and customdefinable profile voltages at 6 amplified output channels. The channels
are restricted to max. 1.1 kV amplitude at <400 Hz and <10 kHz, respectively.
TABLE 3.5:
STRUCTURAL DIMENSIONS OF ELECTRIC PANEL AND TUBE DEVICES SUCH AS ELECTRODE
PITCH, WIDTH AND HEIGHT. ADDITIONALLY, THE DEVICES ARE INDICATED BY THEIR
CORRESPONDING SUBCHAPTER, WHERE THEY ARE DESCRIBED IN MORE DETAIL.

Electric Panel Device
1)
2)
3)
4)
5)
6)
7)
8)

Panel #2
Panel #3
Panel #3.old
Panel #4
Panel #5
Panel #6
Panel #9
Panel #10

(3 Phase)
(6 Phase)
(6 Phase)
(3 Phase)
(3 Phase)
(3 Phase)
(3 Phase)
(6 Phase)

Electric Tube Device
9) Tube #1 (3 Phase, Round)
10) Tube #2 (6 Phase, Round)
11) Tube #3 (6 Phase, Square)

Subchapter

Pitch
[mm]

Electrode w / h
[μm]

3.2.3
3.2.3
3.2.3
3.2.4
3.2.4
3.2.4
3.2.6
3.2.6

0.43
0.40
0.40
1.10
0.61
0.42
0.37 ~ 1.74
0.10 ~ 1.50

50 / 50
50 / 50
50 / 50
145 / 30
180 / 30
100 / 30
370 ~ 1740 / 30
85 / 15

Subchapter

Pitch
[mm]

Electrode w / h
[μm]

3.3.1
3.3.1
3.3.1

0.51
0.26
0.23

226 / 226
226 / 226
214 / 214

TABLE 3.6:
STRUCTURAL DIMENSIONS OF ELECTRIC PANEL AND TUBE DEVICES SUCH AS COVER FILM
THICKNESS OF MANIPULATION SURFACE. FOR THE ELECTRIC PANELS , THE SIZE AND THICKNESS
OF BOTH THEIR MANIPULATION SURFACE AND THEIR SUPPORTING SUBSTRATE IS LISTED. FOR
THE ELECTRIC TUBES , BOTH THE INNER AND OUTER DIAMETER OF ITS STRUCTURE IS SHOWN.

Panel Device
Cover film
Substrate
[μm]
1)

Acryl

25

Manipulation
Surface [mm3]
72 x 98 x 0.18

Substrate
[mm3]
123 x 123 x 2.3
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2)
3)
4)
5)
6)
7)
8)

Acryl
Acryl
Glass-Epoxy
Glass-Epoxy
Glass-Epoxy
Glass-Epoxy
Polyimide

Tube Device
9)
10)
11)

PE
PE
PE

12
12
25
25
25
25
25

75 x 100 x 0.09
75 x 100 x 0.09
66 x 70 x 0.09
65 x 70 x 0.1
66 x 70 x 0.06
70 x 135 x 0.07
70 x 163 x 0.06

149 x 170 x 3.0
180 x 190 x 2.3
74 x 103 x 1.6
75 x 99 x 1.6
79 x 102 x 1.6
103 x 151 x 1.6
110 x 180 x 0.16

68
68
68

Inner / Outer φ [mm]
6.3 / 7.0
6.3 / 7.0
6.2 / 7.0

Length [mm]
44.3
63.0
82.5
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4

Particles

4 . 1 Introduction
By definition, a particle is described as any finite object that may be considered to have mass and an observable position in space. This chapter
contains an overview of particles employed in experiments and their
materials, associated by classes. Some of their representative shapes are
shown in SEM photographs. A comprehensive catalogue of particle substances is provided in Appendix B.
In the course of this thesis, various microconveyors have been designed and constructed. Due to the small dimension of their electrode
configuration, represented by miniature electrode diameter and electrode
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pitches, high electric field strengths at a relative low supply voltage are
achieved. At a low frequency, balanced traveling electric fields generate
sufficient actuation force to drive particles of a very wide size range
stretching from particles of 400 μm down to ultrafine particles of 5 μm
diameter.
In general, particles can be described by their dimension, shapes,
size distributions and mass, their hydrophilic or hydrophobic state, conductivities, dielectric and magnetic constants, all possible varieties of
chemical impurities, and structural imperfections. In practice, each of
these particle properties has an effect on the particle charging and actuation ability and general conveyance quality. Additionally, one can imagine employing one or more properties for selective particle manipulation.
The knowledge of a specific trigger influencing particle actuation allows
its successful conveyance or its suppression from any motion.
Two representative samples utilized in experiments are shown in
Figure 4.1. As one can see, particles of the same material can have highly
dissimilar shapes although the remaining properties may be identical.
This first example of two particle groups visually describes one clear
difference leading to a completely different actuation behavior.
Experiments show that spherical particles yield optimal conveyance quality. Consequently, the round shape of particles is favored for investigations described in later chapters through various traveling electric
field triggered particle dynamics.
Particles are collected from various producers and distributors, es-

Fig. 4.1: SEM images of iron particles (left & right). Well-shaped, spherical
and rough, fissured particles are shown for contrast. Samples are
shown as No. 11 and No. 10 in Table B.1 of Appendix B.
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pecially as samples from the Powder Technology Exhibition 95,
Makuhari Messe, Japan. The following companies contributed the major
bulk of particle substances: Endo Metals Corp., Japan • Soekawa Chemicals Corp., Japan • Mitsubishi Material Corp., Japan • Nihonshinkinzoku
Corp., Japan • H.C.Starck-V Tech Ldt., Japan • Toray Industries Inc., Japan • Elf AtoChem, Texas, USA • Fuji Xerox Corp., Japan (toner #1) • Ricoh Corp., Japan (toner #2)

4 . 2 Actuation of Diverse Particle Substance Classes
In experiments, metal, glass, and polymer particles form the three largest
categories which are also most promising in a series of actuation tests
conducted on the 400 μm pitched Panel #1 when additionally possessing
a spherical shape. A selection of nearly 80 different types of substances
are examined, and about half of the tested particle substances showed a
sufficiently good frequency-dependent transportation behavior. The applied rectangular #1 profile three-phase voltages are of 500 V amplitude
and of a frequency set at two values 2.5 Hz and 25 Hz. For investigation
of non-conveyable particle substances, the frequency is additionally
swept from 1 Hz to 50 Hz. Typically, raising the frequency higher than
the 100 Hz order caused the particle actuation to cease with this lowfrequency configuration.
It is observed that spherical particles smaller in diameter than the
electrode pitch length are suitable for conveyance in most of the experiments. However, in cases where the particle shape is rough with sharp
edges or simply clustered, it is believed that the charge distribution is
mostly concentrated at the edges, thus perturbing the actuation process.
An additional actuation influencing attribute is the hydrophilic moisture
absorption capability and moisture content of the particle.
Particle conveyance analysis which resulted in a good actuation
behavior is shown in Figure 4.2 for a set of particle materials. The graph
shows particle substances arranged by their sizes and classes, with the xaxis reflecting the particle size in microns and the y-axis listing the particle materials involved in the analysis. An associated catalogue of particles is in Appendix B. Further, SEM images of three typical particle surfaces are shown in Figure 4.3.
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Substances with particle behavior showing poor or even no conveyance performance are listed in Figure 4.4. The group of metal and
plastic substances in the graphic representation equals the group of remaining particles which contains organic and very large samples. Some
of the samples are clustered or heavyweight such as Pb. A typical set of
Particle
Materials:
Ni
Ag/polyviny.
Ag
Cu
Ni
Fe
electroly.iron
Pd
Al powder
Fe
Cu
Ni
Cu
Fe
Al

Metal

SP - L5
SP - L8
SP - L10
SP - L15
SP - L20
glass balls
SP - L100

Glass

MP 2701
MP 1400
MP 1000
MR 20G
MBX20
MBX50
UB - 24 M
UB - 56 HW
UB - 47 L

Polymer

cobalt oxide
ZrC
toner #1
carbon black
ITO 11 - S (1)
ITO 11 - S (2)
Micro-Hyca ZrO2
amberlite
UB - 108 L

Remnants

0

50

100
150
200
250
300
Range of Particle Diameter [μm]

350

400

Fig. 4.2: Particle actuation analysis with good conveyance behavior. Particle
substances are arranged by their sizes and classes.
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(a)

(b)

(c)

Fig. 4.3: Al spheres (a), Ag/polyvinylpyrrolidone powder (b) and MBX50
beads (c) with diameter size of 200~350 μ m, 20 μ m and 50 μ m, respectively. Samples are shown as No. 2, No. 19 and No. 45 in Table
B.1 of Appendix B.

three substances is illustrated as SEM images in Figure 4.5 representing
massive, conglomerate and organic samples. Organic particles tend to be
softer and less spherical in geometry than inorganic particles. This causes
them to have a larger surface area than inorganic particles with similar
volume. The combination of softness and larger surface contact area
makes organic particles more difficult to move [MITTAL95].
An expansive catalogue containing a selection of employed particle substances and their actuation qualities is given in Appendix B. All
sizes listed are measured from SEM images.
At the top of Figure 4.2, a picture shows particles kept in small
glass containers being preserved in a dry box at 30% RH. The frequent
high humidity in Japan causes particles to clump together and increases
their moisture content [OTSUKA81]. Additionally, during the experiments,
the influence of moisture-induced adhesive forces may be reduced by
utilizing an air-conditioned chamber. Most of the experiments are conducted in this chamber, which is described in Subchapter 5.3.1. It is observed that the thin water film over experimental equipment and moisture
contents of particles is considerably reduced when leaving equipment
and particles for at least 3 hours in the chamber, resulting in improved
particle actuation performance.
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Particle
Materials:
Fe
Fe
Pb
Fe

Metal
800 ~ 1500

T800H
TP-104
UP - 142 B
UB - 06 MF
UB - 114
UB - 2022 L
UF
UB - 2325 S
acrylic strips

Polymer
1000 ~ 1400
1700 ~ 2360
10000

Cu 2O
VC
silica gel
toner #2
bismark brow
NbC
flow beads
Fe2 O3
cylcodextrin
starch, soluble
Fe2 O3 (mix)
Si
Micro-Hyca ZrO2
stearic acid
poly methyl m.
Micro-Hyca ZrO2
4-4' isopropylid.
NaCl
alum
sugar
succinimide
boiling stone
pebax
amilan

Remnants

800
450
490
800
900
4000
4000
4000
0

50

100
150
200
250
300
Range of Particle Diameter [μm]

350

400

Fig. 4.4: Particle actuation analysis with poor or no conveyance behavior.
Particle substances are arranged by their sizes and classes.
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(a)

(b)

(c)

Fig. 4.5: Pb pieces (a), LDPE flow beads (b) and starch saccharides (c) with diameter size of 100~300 μm, 20 μm and 50 μm, respectively. The samples
are shown as No. 16, No. 54 and No. 61 in Table B.1 of Appendix B.

4 . 3 Summary
Nearly 80 different particle substances are investigated for their actuation
capability. Good actuation behavior is typically exhibited by particles
which are:
• Spherical in shape.
• Individually smaller than electrode pitch.
• Hydrophobic or dry with very low moisture content in substance.
Further, particle analysis revealed poor or no actuation behavior when
the particles and their substances include one or more of the next attributes:
• Non-spherical, rough or clustered characteristic surface configuration.
• Dimension of single particle larger than electrode pitch.
• Hydrophilic substance with high degree of moisture absorption and
content.
In the experiments of the following chapters, the usage of spherical
and metallic particles (No. 2 and No. 11 in Table B.1 of Appendix B) is
favored to investigate particle actuation dynamics on various microconveyors, even though glass and polymer spheres show excellent conveyance performances, too.
The humidity as a source perturbing sample substances must be
controlled at a low level during storage and during experiments. This
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precaution reduces also the thin water film extending over the particle
manipulation surface and experimental equipment.
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5

Experiments on
Electric Panel Devices

5 . 1 Introduction
The electric panel device supports various particle manipulation and
transportation features such as particle guidance and accumulation as
depicted in Figures 5.1 and 5.2, respectively. An electric panel attachment with shape of an hour glass, lets particle pass through the transfer
canal and gather at the adjacent corner. During operation, the six-phase
voltage energized bi-directional actuation panel (Panel #1) in Figure 5.1
is positioned with an incline of up to 45°. In this configuration, particles
are driven upwards against gravity. In another demonstration, an electric
panel device (Panel #8) used for particle accumulation and dispersion is
shown in Figure 5.2. In this sample, the phase inversion technique intro-
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20 mm

Fig. 5.1: Counterclockwise hour
glass. Particle guidance
is attached to surface
(Panel #1).

20 mm

Fig. 5.2: Inversion technique allowing particle accumulation at defined locations all over the surface (Panel #8).

duced in Subchapter 3.2.5 allows a group of particles to be gathered at
the upper right corner, arranged in the center of the upper line and then
separated into the left and right corner. Further, this technique yields particle assemblies along predetermined lines in central and peripheral areas.
The key to these and other features is based on pure actuation of
particles. The aim of finding optimal conditions and parameters for favorable particle micromanipulation characteristics is the issue of this chapter.
Among the three basic microconveyor types, the electric panel
offers optimal unobstructed observation of particle actuation on its manipulation surface. This attribute makes the electric panel an ideal platform for various experiments.
The basis of the following experiments is initiated by the objectives such as examination of surface guided traveling wave progression,
achievable particle actuation qualities, and influencing structure-oriented
factors. Analysis and investigations include:
• Examination of the traveling wave conveyor and its transient charge
distribution.
• Extensive investigation of particle actuation dynamics.
• Improvement of particle dynamics by tracked (laterally guided) conveyance technique suppressing fluctuations.
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• Influence of adaptive low bandwidth voltage profiles on particle dynamics.
• Progression mode of particles in vertical direction.
• Effect of gravity.
• Structural influence of electric panel on particle conveyance.
• Failures and problems of electric devices.
Observations are only carried out on the electric panel devices. Its tests
are made in a modified scanning electron microscope, with a high speed
camera and by direct quantitative observation under an optical microscope.

5 . 2 Particle Handling
Particles are actuated by traveling electric fields as the macro-effect.
However it is evident with a closer observation that the transient charge
distribution influences the particles and their resulting conveyance. Attractive and repulsive forces are responsible for this micro-effect.
Scanning electron microscopy is an excellent tool for sensing
charges and charge distributions on particles and on surfaces of energized electric panel devices. This is the primary method for examining
the relationship between charge and particle progression [MOESNER96A].
As the SEM is employed as charge distribution sensor, it has to be
modified in order to hold the experimental electric device.
5.2.1 Experimental Setup
Experiments are accomplished in the Hitachi S-2460 Nature SEM which
examines non-conductive as well as wet, organic samples without special
preparation such as metal coating or critical point drying. This electronoptical equipment is able to operate in two vacuum modes which are in a
range of 1.0 Pa to 270 Pa (0.01 ~ 2 Torr). It has a resolution of 4 nm at
high vacuum (0.01 Torr) and 6 nm at low vacuum, as well as a magnification range of x20 to x200'000. The complete S-2460N system is shown
in Figure 5.3.
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Moreover, two output interfaces for static and one for dynamic recording of scanned images make this electron-optical equipment an indispensable tool. Recording facilities include a conventional Polaroid
camera and a magneto-optical disk filing system for static images and a
video cassette recorder (VCR) on the integrated video amplifier unit for
dynamic images.
Two special high voltage vacuum gauges have been fabricated; a
sample is shown in Figure 5.3. It passes multi-phase activation voltages
from the source directly to the microconveyor sample in the vacuum
chamber. The stainless steel gauge, which incorporates eight voltage
transferring copper attachments, are perfectly sealed and mounted to the
chamber as shown in the enlargement of Figure 5.3.
After an electric panel device is prepared for viewing, it is placed
into the specimen chamber below the electron gun. Maximal sample
sizes of 150 mm are allowed. The electron beam with an accelerating
voltage of up to 25 kV, produced by the electron gun, is focused by
electromagnetic lenses as it progresses down the acceleration column
toward the specimen. Individual electrons from the beam strike the surface of the sample, causing secondary electrons to be emitted from it.

Fig. 5.3: S-2460N variable pressure SEM. The high voltage vacuum gauge
transmits the supply voltage phases directly to the electric panel device in the specimen chamber.
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5.2.2 Charge Detection by Scanning Electron Microscope
Originally, SEM apparatuses are used for analysis of specimen with
resolution as small as a nanometer. In addition, their electron scanning
ability make them a superb quantitative charge distribution sensor. Thus,
the usage of a modified SEM opens many possibilities not only for the
static observation of charge distribution on activated electric devices, but
leads to the dynamic observation of traveling charge distribution and associated particle conveyance.
The 400 μm pitched mesh-type electric panel device (Panel #3) in
the SEM specimen chamber is energized by the external voltage supply
and kept at high vacuum condition. The activation voltage amplitude of
500 V induces a charge distribution on the film surface. Depending on
the activation mode, Figures 5.4 and 5.5 show scanning results of a threephase and six-phase supply, respectively. The SEM accelerating voltage
is 25 kV for both cases.
Typically, the electron beam of the scanning electron microscopy
process causes secondary electrons to be emitted from the surface. As a
result, negative charge distributions appear light in the image. On the
contrary, the electron beam is absorbed by proton saturated surface regions and displays these as unclassifiable dark areas.
Figures 5.4 and 5.5 give a good image of the activated electrode’s
mesh structure through their charge distribution on the film surface. Single electrode lines show a dashed character caused by activated crossing
electrode lines. As seen from the top, the upper and lower interwoven

Fig. 5.4: SEM micrograph of an acti- Fig. 5.5: SEM micrograph of an activated three-phase electric
vated six-phase electric panel
panel segment.
segment.
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electrode portions are clearly discriminable. In the nodal points of positive supplied electrodes, the shown charge accumulation has the highest
density and forms activated areas. Figure 5.4 discloses several small areas with a negative charge concentration, by contrast, there is only one
larger area in Figure 5.5. Obviously, the positive charge produces activated areas of similar form but unfortunately undetectable by electron
scans.
The micrographs have been taken in the slow monitoring mode
which produces high resolution pictures by image enhancing algorithms.
Consequently, this observation mode allows only static analysis of the
charge distributions. In subsequent experiment, the TV mode through the
video unit is used to output dynamic SEM image sequences.
5.2.3 Theoretical Verification
In Subchapter 2.3, the finite difference method has been described as a
numerical tool for potential field calculations. In an attempt to verify the
obtained measurements of Subchapter 5.2.2, the numerical calculations
of the potential distribution are done under the same structural conditions
and shown graphically in Figures 5.6 and 5.7.
The applied phase voltage values used in the calculation are listed
in Table 5.1 for each of the three- and six-phase case.
The result in Fig. 5.6 refers to the graphical computation of a threephase case. The graph in Figure 5.7 is obtained by the potential distribution calculation of a six-phase voltage supply to the electrodes. In both
diagrams, the same three- or six-phase supply sequence has been chosen
for the two activation dimensions. As a result, this checker board pattern
is obtained. The potential of each electrode has been kept in the range of
±10 V. The white and black areas represent the 10 V and -10 V level, respectively. There are 9 equipotential lines between the minimum and
maximum potential.
The two SEM micrographs in Figures 5.4 and 5.5 depict the
charge distribution on an activated electric panel device (Panel #3). As
previously pointed out, the white parts in the image represent the negative charge on the surface. Positive charge is not detected by the SEM
and therefore appears black. Since charge and potential is considered to
be analogous [RAO94], the SEM images can be compared directly with
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PHASE VOLTAGES USED IN POTENTIAL DISTRIBUTION CALCULATIONS.
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Fig. 5.6: Potential field calculation of Fig. 5.7: Potential field calculation of
Panel #3 with three-phase
Panel #3 with six-phase voltvoltage supply.
age supply.

the potential distribution calculation of Figures 5.6 and 5.7. White dashed
frames have been inserted to visualize the corresponding place where the
SEM images fit into. As one can see, there is a strong correspondence
between the two pattern shapes.
5.2.4 Results
The altered S-2460N SEM, which holds the microconveyor, appears to
be a excellent tool for sensing charge distributions on activated electric
devices. For better examination, the electric panel device is chosen because it permits unobstructed observation from above.
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Static electron scans of the charge distribution reveal a good
matching with finite difference method calculations of the potential distribution.
A clear difference between the white areas in Figures 5.4 and 5.5
for the micrographs and Figures 5.6 and 5.7 for the calculations is the
size. The energizing pattern of three-phase voltages produces small, but
more numerous activation areas as compared to the six-phase pattern
where the activation areas are approximately 4 times larger, but also 4
times fewer in number on the same sized surface. This result is reflected
in the observation of different particle conveyance behavior for the threeand six-phase case independent of the wave profile. It has been noted
that a larger activation area is more suitable for transportation of larger
particles than a smaller area. Alternatively, it appears that smaller activation areas allow more sophisticated handling of particles. Further examination of particle actuation dynamics will confirm this initial explanation.

5 . 3 Tracked Particle Conveyance
In this form, tracked (laterally guided) particle conveyance technique is
exclusively applicable to two-layered (Panel #2) or mesh type (Panel #3)
electric panel devices. Alternatively, a similar method is employed for
electric dots devices to trigger particle confinement as illustrated in subsequent Chapter 7.
In the general case of particle transportation, a simple set of parallel electrodes is sufficient, but particles actuated by the traveling electric
field usually respond with a lateral fluctuation when hopping from electrode to electrode on the surface. The cause of this disturbance is believed to lie in the unevenness of electrode interspaces and inaccuracies
in the fabrication process which may produce a non-uniform electric
field. A further explanation is found by considering the imperfect sample
shape propagating asymmetric surface charge distribution which imposes a torque on the particle itself. For particle micromanipulation, this
effect is undesirable. In the low frequency range, the voltage profile has
an impact on the transportation performance, as verified experimentally.
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This effect may be suppressed by multi-directional particle conveyance panel devices, where DC voltages [+], [0], [-] are applied to one
set of parallel electrodes. Since actuated particles possess enough charge
for common conveyance, it is conceivable to use the attraction of particles towards energized electrodes to confine them to a line. As depicted
in Figure 5.8, the AC-supplied electrode array works as the particle conveyor, whereas the DC-supplied array constrains particles to track on a
line above the activated electrode. Therefore, this method is referred to as
tracked particle conveyance [MOESNER95B].
Significant, quantitative improvement is shown in Figures 5.9 and

DC
y
x
AC
Fig. 5.8: Three-phase configuration of tracked conveyance technique. One set
of parallel electrodes is energized by DC voltage and confines particles, whereas the other set actuates particles by their AC supply.

Spreading
Range

Spreading
Range

Initial
Position

Initial
Position

Fig. 5.9: Wide spreading range. Lat- Fig. 5.10: Narrow range. Tracked coneral fluctuation causes partiveyance technique confines
particles on electrodes and
cles to scatter over surface
actuates them as on tracks.
(Panel #2).
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5.10 which allow a direct comparison between untracked, vacillating and
tracked, persistent conveyance of test particles. A two-layered electric
panel device type (Panel #2) is employed with three-phase voltage supply. As a result, the particle spreading range of the tracked conveyance is
less than half of the non-tracked method.
The analysis of particle actuation responses requires considerable
effort and is nearly impractical to accomplish in real time. As a consequence, a slow motion image capturing system, described in this chapter,
is used in order to gather qualitative information on particle conveyance
dynamics.
5.3.1 Experimental Setup
All methods making use of electric fields have to take special account of
omnipresent ambient humidity. The humidity varies during the day and
generally lessens the effect of the electric field by coating surfaces with a
thin film of moisture. Quantitatively, humidity is described as relative
humidity (RH) which represents the ratio of the amount of water vapor in
the air at a specific temperature to the maximum amount that the air
could hold at that temperature, expressed as a percentage.
Consequently, experiments should be conducted under controlled
conditions such as those provided by the PSL-2F environmental test
chamber (Tabai Espec Corp. Osaka, Japan). This temperature and temperature / humidity cycling chamber offers balanced temperature and
humidity control on a programmable basis. The ambient condition for
experiments is set to 20° C and 30% RH.
The experimental setup in Figure 5.11 reveals the test chamber
which holds the observation equipment in a 60 x 85 x 60 cm 3 (W x H x
D) space. The key component enabling slow motion capture of particle
actuation is the Fastcam-Ultima-13 high-speed camera (Photron Corp.,
Tokyo). It incorporates 320 MB random-access memory (RAM) which
can record sequences at a rate of 4500 frames per second (FPS). The
RAM can hold up to 5120 frames which corresponds to 1.13 s. From the
optical side, an image intensifying photomultiplier guarantees sufficient
picture illuminance at highest capture rates. The 8-bit-image consists of
400 x 512 pixels. As shown in Figure 5.11, the camera is positioned directly above the manipulation surface at a distance of 5 mm surveilling a
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surface area of 6 x 6 mm2. An acrylic box accommodates the electric
panel device (Panel #3) with the test particles. Since the air flow cycles
inside the chamber, the box is covered and closed during observation.
In the upper left corner of Figure 5.11, a monitor is shown which
assists contrast adjustments before the measurement and helps to survey
particle conveyance at normal speed and in slow motion.
Automated extraction of particle center point information is done
by off-line image processing. The image processing and analysis equipment SPICCA (Nippon Avionics Co. Ltd., Japan) reads images acquired
using the high speed camera and converts them to binary images. The
software package ZVECP (Arc Technology Corp., Japan), which runs on
the SPICCA system, recognizes contrast-rich particulate samples and
determines their point of center with 1/10 pixel resolution.

Fig. 5.11:Particle actuation tracing system consisting of an environmental test
chamber housing a high speed camera and the electric panel device.
The camera is connected via the image storage unit to the monitor.

5.3.2 O ne D irec ti on al C on ve ya nc e Ob se rv at io n by H ig h Sp ee d
C am e ra
A two-layered, 400μm pitched electric panel device (Panel #2) performs
handling of particles by the tracked conveyance technique. The lower set
of electrodes is kept at a DC voltage for the tracked particle confinement;
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the upper set drives the particles. The actuation is captured by high speed
camera.
Three different voltage wave profiles are applied to the electrodes
and the resultant particle actuation is closely observed. The profiles include rectangular #1 & #2 waves (Figures 5.12 and 5.13) and a sine wave
(Figures 5.14 and 5.15).

x-Displ. [mm] y-Displacement [mm]

3.0
2.0
1.0
0
0.4
0
-0.4

y-Displacement [mm]

0

0.3

0.6
0.9
Time [s]

3.0
2.0
1.0
0
-0.8

3.0
2.0
1.0
0
0.4
0
-0.4

1.2

0

y-Displacement [mm]

x-Displ. [mm] y-Displacement [mm]
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μm diameter are monitored at a recording rate of 4500 FPS over a time
span of 1.2 s; the observable total distance of motion is 5 mm. The test

-0.4
0
0.4
0.8
x-Displacement [mm]

0.3

0.6
0.9
Time [s]

1.2

3.0
2.0
1.0
0
-0.8

-0.4
0
0.4
0.8
x-Displacement [mm]

Fig. 5.12:Tracked particle dynamics Fig. 5.13: Tracked particle dynamics
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particle responds with conveyor dynamics which are shown in Figures
5.12 to 5.15 for the two rectangular and the sine voltage waves, respectively. Tracked conveyance is displayed in the first three graphs, while
common, untracked conveyance with its high lateral fluctuation is shown
in the last graph as a sharp contrast. Among the measured dynamics, the
tracked conveyance stimulated by sine voltage profile yielded best confinement and highest degree of smoothness.
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tangular #1 & #2 profiles, it is evident that the reversed oscillation response is the outcome of different accelerations caused by the electric
field. A rectangular profile triggers the oscillation while changing from
one stage to the other. Damping occurs while the profile remains at one
stage. In comparison, the sine phase-voltage is a continuous profile without any abrupt changes. The oscillation increase follows with the wave
progression until the field has reached its strength to drag the particle to
the next electrode.
In this context, it is interesting to employ customized #1 - #4 wave
profiles incorporating only the favorable elements of the produced transportation characteristics. Related experiments are shown in Subchapter
5.4.
Among the tracked conveyance dynamics, particles driven by a
sine profile respond with an overall smooth and low-fluctuation behavior.
For the rectangular profiles, which result in high particle acceleration
between the gaps, the tracking method maintains the lateral fluctuation
within a well defined range which is dictated by the pitch of the tracking
electrodes. It is of interest to note that the rectangular #1 profile, which
contains an additional step, produces a visibly smoother conveyance
than that produced by the rectangular #2 profile. The abrupt change from
positive to negative voltage level in the rectangular #2 profile provokes a
high acceleration on the particles, reducing the confinement capability of
tracking electrodes. Summarily, it is noted that the kind of profile curve
has a direct influence on the particle confinement quality.
5.3.3 Estimation of the Force on a Conductive Particle
The force estimation under the condition of previous subchapter is following being calculated. Equation 2.1 from the theoretical considerations
delivers an approximation of the charge on a conductive particle. Then
the maximal force of the electric field on the particle may be formulated
as:

ε0 ⋅π 3 2 2
F=
⋅d ⋅E
6

Eq. 5.1

where ε 0 = 8.85 10-12 As/Vm, particle diameter d = 2.5 10-4 m and idealized maximal electric field strength E = 28 kV/cm reflects the previous
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experimental conditions by a good manner. Introduction of these values
into Equation 5.1 produces an estimation of the force to F = 2.24 10-5 N =
22.4 μN.
A rough estimation from the experimental observation may be
done by the following formulation:
F=

π 3
⋅d ⋅ρ⋅a
6

Eq. 5.2

where density of iron ρ = 7.86 103 kg/m3 and maximal acceleration a =
3.94 m/s2. The maximal acceleration is extracted from the experimental
data of previous subchapter. Equation 5.2 produces an approximated
force of F = 2.5 10-7 N.
The interpretation of the two results states that first, the theoretical
outcome uses the idealized maximal field strength and maximal surface
charge. In reality, the electric field strength acting on the particle and the
assimilated charge on the surface may be much smaller. Additional adhesion and drag forces are also neglected. Second, the result from the experimental data is based on the maximal acceleration of the particle in
wave propagation direction neglecting any lateral or even vertical accelerations. The actual force may be larger by some factors.
5.3.4 Diagonal Conveyance Observation by High Speed Camera
On multi-directional electric panel devices, another class of tracked conveyance is feasible: the diagonally tracked particle conveyance. Its creation comes from the application of AC voltages to both the perpendicular
sets of parallel electrodes.
Instead of tracked confinement on an electrode as discussed in the
Subchapter 5.3.2, particles are actuated with the conveyor wave synchronously in x- and y-direction. By this means, the particle is transported diagonally with respect to the electrode mesh in a plane on the surface.
Three-phase of rectangular #1 profile voltages are employed for
both electrode sets. The voltage and frequency are adjusted to 500 V
amplitude and 1.2 Hz, respectively. Due to the lowered frequency, the
high speed camera captures the 280 μm test particle at a recording rate
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of 2250 FPS in order to take full advantage of the entire available observation window.
After automated image processing, the particle dynamic graphs are
obtained and depicted in Figure 5.16 for the trajectory and in Figure 5.17
for the transient particle progression in each the x- and y-direction. The
qualitative actuation characteristic represents a fairly tranquil conveyance
in diagonal direction on the surface.
Comparison with prior analysis of one directional tracked conveyance shows that the present observation is free of any oscillations when
the particle moves from one electrode nodal to the next. The superposition of two perpendicular traveling fields actuates the particle by confining it and suppressing oscillations at the same time.
5.3.5 Dynamic Analysis in SEM
The usage of a modified SEM opens many possibilities among which is
the dynamic observation of traveling charge distribution and particle
conveyance. For this purpose, a test particle is positioned on the manipulation surface and observed by the SEM as a sequence of actuation
steps.
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one directional tracked conveyance technique, which is described in
detail in Subchapter 5.3.2. Specifically, the track holds the particle on a
line, which is shown by a white, horizontal charge distribution in the recorded sequence of Figure 5.18. The perpendicular electrodes actuate the
particle. The sequence reveals how the particle moves step by step over a
length of 6 electrode pitches covering an overall distance of about 2 mm.
This sequence from (a) to (f) illustrates two facts: first, the particle is conveyed by the electric field of the AC-activated electrodes, and second, the
particle is kept on a line by the DC-energized electrode.
Since the general electron beam scanning and the image enhancing algorithms of the TV mode need a certain time until the picture is
constructed, the oscillation of the particle is not detectable with this SEM
equipment. The particle must be actuated slowly at a frequency of 0.1 Hz
because of the low scanning rate of the SEM.
5.3.6 Results
Tracked conveyance technique applied on multi-directional electric
panel devices offers a good means to reduce lateral particle fluctuation
during transportation and to smoothen overall characteristics. One-

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 5.18:Dynamic sequence of SEM images revealing tracked conveyance of a
single particle from right (a) to left (f).
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directional tracked conveyance results in particle oscillation when hopping stepwise from electrode to electrode. Actuation triggered by rectangular profile voltages produces disturbances which are caused by high
accelerations at level switching points. In comparison, the supplying of
continuous sine profile voltages proved to yield the smoothest conveyance dynamics. Stepwise particle oscillation is successfully suppressed
and compensated by superimposing a second perpendicularly-traveling
field. The resultant particle actuation is in diagonal direction to the electrode sets.
Dynamic SEM observations reveal a transient charge distribution
and its associated particle conveyance. Regarding tracked actuation, one
must remember the particle is driven by the electric field of the AC activated electrodes and second, that the particle is confined to a line by the
DC energized electrode. Low electron scanning rates preclude observation of any oscillation associated with particle motion from one electrode
node to the next.

5 . 4 Voltage Profile-Dependent Conveyance Characteristic
Actuation dynamics analysis is a useful tool for the study of the effect of
electric traveling waves on particulate objects. At low bandwidth, particles respond to different voltage wave profiles with a particular actuation
characteristic. It is an aim to study the correlation between applied voltage profile and resultant particle conveyance characteristic by investigating the influence of some wave profiles which have been prepared in
Subchapter 3.6.2.
5.4.1 Experimental Setup
The experimental environment is assigned to an ambient atmospheric
condition of 20˚ C and 30% RH inside the Tabai environmental test
chamber. Particle dynamics are recorded and evaluated with the same
high speed camera setup as reported in Subchapter 5.3.1.
The single dissimilarity to former experimental setup is the application of a six-phase customized wave profile HV supply energizing the
electric panel device with adaptable voltage profiles as highlighted in
Subchapter 3.6.2. Since the system consists of just 6 channels, supply of
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six-phase AC voltages takes place without the feature of tracked particle
conveyance.
Iron particles are monitored by a high speed camera recording at a
rate of 4500 FPS over a time span of 1.0 s. The camera is positioned
above the surface and films particles within an observation window of 5 x
5 mm2.
5.4.2 Influence of Dissimilar Voltage Wave Profiles
Under the condition of six-phase voltage supply, four different voltage
wave profiles are produced by the DSP system, linearly amplified and
applied to the electric panel device (Panel #3). These include triangle,
ramp #1 and customized #1 & #3 profiles, the shapes of which are inserted in the upper left corner of Figures 5.19 to 5.22. The voltage is set at
500 V amplitude and the frequency at 2 Hz. Each profile has a different
effect on particle actuation dynamics.
Iron particles of 250 μm diameter are actuated and respond with
characteristics for normal, untracked conveyance. The transiently
changing actuation in x- and y-direction is recorded and shown in Figures 5.19 to 5.22. Since the particles are not confined on an activated
electrode line, pronounced lateral conveyance fluctuation is clearly visible in the transient x-displacements graph. The particle proceeding stepwise from electrode to electrode is depicted in the y-displacement.
5.4.3 Results
As depicted in Figure 5.19, the triangular profile excitation responds on
the test-particle with a similar dynamic as the rectangular #1 profile examined in Subchapter 5.3.2. Comparison with the rectangular profile reveals that the triangular profile produces an oscillation peak of smaller
intensity and nearly no damping.
Application of ramp #1 profile voltages result in a clear particle
proceeding from electrode to electrode as shown in Figure 5.20. The oscillation advances with the stepwise progression of the particle and its
period is wider than in other cases examined. It appears that the particle
is driven under continuous vibration.
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Considering the shape, the customized #2 & #4 profiles are
morph-fusions of sine and rectangular profiles. With respect to the resulting dynamics, these customized profiles have been designed to unite
the best qualities of both the sine and rectangular profiles. A quality criterion is low oscillating dynamics during actuation. Both the sine and rectangular profile excitations have desirable sections in the particle conveyance characteristics. These sections are compared with corresponding
passages in the profile and yield finally, the customized #2 & #4 profiles.
The transient y- and x-displacement in Figure 5.21 reveal an oscillation which is drastically minimized in Figure 5.22. This effect is
reached by inserting a zero level step into the voltage profile of Figure
5.21; the result in Figure 5.22 displays the stepwise particle progression
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with a minimum of oscillation.
Last results indicated the advantages of customized voltage profiles for microhandling and positioning of small particulate objects. Unfortunately, the complicated and expensive equipment shaping the profiles represents a drawback.
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Customized #1 & #3 profiles described in Subchapter 5.3.2 incorporate exactly the symmetric properties of the previous two profile samples #2 & #4. As expected, particle actuation has been thoroughly ineffectual and further studies were abandoned.
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5 . 5 Hopping Height
The hopping height is understood as the particle progression in zdirection. Ascertained from measurements, particles are actuated in a
plane on the surface. Microscopically seen, however, the traveling electric field and its associated transient charge distribution provoke particles
to hop from electrode to electrode. This motion with light bounding skips
takes place in the vertical z-direction.
It is of interest to determine a figure for this particle leaping behavior provoked by the traveling electric field. The complexity to obtain
a qualitative expression is given by the ineffectiveness of current equipment, as the high speed camera. Since the mass-dependent height can be
expected to reach a few microns, the ability to make direct optical measurements is quite limited. The overdimensioned structure of current
equipment such as high-speed camera add complexity to the obtaining
of a quantitative expression.
As a solution, the estimation of particles successfully traversing a
flat object of defined thickness delivers a sufficient measure to quantify
the hopping height with information on correlated supply voltage amplitudes and frequencies.
5.5.1 Experimental Setup
At an ambient condition of 21° C and 27% RH, the electric panel device
(Panel #3) is examined under the microscope. The obstacle to be traversed consists of thin PET films (Mitsubishi Chemical Co. Ldt., Japan) of
various thicknesses including 5 μm, 12 μm, 25 μm, 50 μm and 100 μm.
Two details which are taken into account involve the fringe and
the attachment of the film to the surface. For the most part, cutting of a
film sample produces a V-formation of the edge. The sharp side of the
edge has to point up when the film is positioned as shown in Figure 5.23.
Reversed fixation of the film would enhance particle passing over the
fringe similarly to a wedge. Second, the film has to be tightly attached
onto the manipulation surface. Isopropyl alcohol (IPA) which quickly
evaporates is infiltrated between film sample and surface to achieve closest possible contact.
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As depicted in Figures 5.23 and 5.24, a number of particles are
barred by the edge of a film sample (Figure 5.23); whereas most of the
particles are successful in surmounting the fringe in Figure 5.24 – only a
few were left behind. The rim of the film layer is positioned exactly between two electrodes. It is the location of expected maximum hopping
height of an actuated particle.
The following experiment attempts to measure the hopping height
while particles are conveyed towards film layer edges of various thicknesses. The rate of successful particles is quantitatively estimated and repeated in a second test sequence.
Height

Height

Fig. 5.23:Experimental observation of Fig. 5.24: Experimental observation of
particle hopping height. Film
particle hopping height. Film
layer fringe stops most of
layer fringe is a smaller obthe iron test particles.
stacle for test particles.

5.5.1 Results
The dynamic particle conveyance characteristic includes the hopping
height as an assigned element when particles progress stepwise from
electrode to electrode. Iron test particles with an average diameter of 250
μm are employed and observed at a supplied voltage amplitude range
between 150 V and 600 V. The frequency of the employed six-phase
supply is swept from 1 Hz to 40 Hz. Three variables having an impact on
the hopping height measurement are taken into account: the thickness of
the film layer, the applied voltage amplitude and the frequency. It is be-
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lieved that repulsive forces account for the major part of this hopping behavior.
Several experiments are carried out on the Panel #3, activated by
six-phase rectangular #1 voltage profiles. Quantitative estimation of particle rates successfully surpassing the obstacle is obtained and averaged
results are shown in Figures 5.25 to 5.28.
The graphs in Figure 5.25 show the rate of successful particles
overcoming the film fringe of 5 μm. At a low voltage amplitude of 100 V,
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a frequency of approx. 13 Hz shows the highest rate, which is easily increased by raising the applied voltage amplitude. At a phase voltage of
250 V amplitude, the rate rises above 95 % above the 5 Hz mark. The
curve indicates that many particles in fact jump higher than 5 μm. Furthermore, the hopping height diminishes in relation to a higher applied
frequency.
The rate of particles overcoming the 25 μm edge is represented in
Figure 5.26 – here, the frequency-dependent hopping height is easily
seen. Again, an increased voltage supply to the electrodes increases a
particle’s probability of hopping high enough to climb the edge.
Increasing the applied voltage allows particles to hop over a fringe
height of 50 μm in Figure 5.27 and even 100 μm in Figure 5.28. For the
later case, starting with a voltage amplitude of 400 V and a parallel increase of frequency, the hopping height is significantly advancing above
100 μm. The 100% rate is nearly maintained at increased frequencies
within the examined range.
Experimental results show a distinct voltage and frequency dependence of hopping heights of test particles. The hopping height also
varies directly with the particle mass. The formulation considering this
gravitational aspect is shown in Equation 2.26.

5 . 6 Manipulation Surface Cover Material
The material of the cover film influences the particle actuation. It has an
essential influence on the particle charging capability and the penetration
of the electric field through the layer. Generally, the relaxation time of the
charge on the cover surface is dependent on the permittivity and conductivity of the material.
In an attempt to characterize some cover materials, the quality of
particle actuation is observed at various supplied voltages and frequencies. It is assumed that the result has a direct correlation with the examined cover material.
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5.6.1 Experimental Setup
The experimental setup consists merely of the mesh-type electric panel
device (Panel #3), the rectangular #1 excitation profile HV supply, and
the observing microscope (Olympus Corp., Japan). At an ambient condition of 22° C and 31% RH, particles are placed on the manipulation surface under the objective lens. Iron particles of the sort used in previous
experiment of Subchapter 5.6 are taken as the experimental specimen.
A selection of distinct cover materials is employed in a test sequence and include: a 85 μm thick plain paper copy (PPC) sheet (Light
Printing PPC, Kyoyoushi Corp., Japan), a 95 μm PPC paper sheet (Xerox
Paper, Fuji Xerox Co. Ldt., Japan), a 100 μm overhead projector (OHP)
transparency film (PPC transparency film, Sumitomo 3M Ldt., Japan), a
127 μm OHP transparency film (OHP sheet, Seiko Epson Corp., Japan), a
10 μm cellophane film (New Kurerapp, Kureha Chemical Ind. Corp., Japan), and a 145 μm glass sheet (Micro Cover Glass, Matsunami Glass
Ind. Ltd., Japan).
A broad, thin cover sample is affixed neatly onto the manipulation
surface. The amount of air between the surface and the samples is largely
reduced by infiltrating IPA which evaporates quickly and leaves no gaps.
5.6.2 Experimental Results
Particulate samples on the cover film are tested and observed at a supplied voltage amplitude range between 150 V and 600 V. The frequency
of the employed six-phase supply is swept from 1 Hz to 40 Hz. The
quality of the particle actuation is determined by estimation of the quantitative number of conveyable particles. Hence, the quality is classified
into four levels ranging from no actuation to excellent particle actuation.
The characteristic is presented in the following graphs with a shading
which varies between dark and light representing poor and good particle
motion, respectively. The discrete experimental data has been fitted and
smoothed by a computer program in order to obtain these characteristic
curves.
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Figures 5.29 and 5.30 depict each the particle actuation quality of
PPC paper sheets. The characteristic reflects a clear dependence on the
applied voltage level and frequency. The response of both samples improves with a higher voltage amplitude. The optimal frequency range is
cover material dependent at around 15 Hz for the first and 10 Hz for the
second sample. Since the PPC paper sheet is especially produced for xerography where resinous powder is electrically transferred to the copying
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surface, the paper incorporates an electrostatic affinity that enhances the
copy quality. This property of the cover material negatively affects good
actuation of particles, however. Furthermore, paper is a moistureabsorbent, hydrophilic material which also hampers electric field penetration to a degree.
The characteristics of the OHP transparency film are presented in
Figures 5.31 and 5.32. Similar to the previous two samples, the cover
material of Figure 5.31 is designed for PPC usage and shows therefore an
analogous characteristic with the exception of a higher frequency acceptance. The material sample in Figure 5.32 is originally designed for
printers with incorporated piezoelectric inkjet technology. Since this film
is free of special electrostatic affinity coatings, an excellent particle actuation is reached for higher voltage amplitudes at a frequency of around
10 Hz. Films tend to accumulate moisture on the surface, rather than absorbing it interiorly. It is assumed that this improves electric field penetration.
Figures 5.33 and 5.34 describe the results of two materials with
very dissimilar thicknesses. The cover material in Figure 5.33 is a very
thin cellophane film with a similar behavior to the OHP transparency
films. It permits an acceptable particle actuation over a wide voltage amplitude and frequency range. Good characteristics start at a higher voltage at around 17 Hz. The conveyance qualities of the glass sheet in Fig600
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ure 5.34 increase with voltage. Best particle actuation is obtained at
around 13 Hz. In spite of the greater thickness, glass as a material adds a
good dynamic charge accumulation property to the surface.
The results of this experimental series concludes the beneficial
utilization of some cover materials for particle actuation. Nevertheless,
initial fabrication with a thin PE, PET or PI film layer gives best results
[EGAWA91]. It is further noted that cover film materials with an electrical
resistance in the range of 1013 Ω to 1015 Ω demonstrate a good accumulation of charge quantities on the surface. Thus, hydrophilic PPC paper
sheets with their natural affinity for moisture prevent ultra-high resistance
in ambient conditions which leads to weak particle actuation. The remaining cover materials yield overall good particle actuation characteristics. The favorable usage of glass as a cover material is undoubtedly a
boon to many applications.

5 . 7 P a rt i c l e T ra n s p o rt a t i o n w i t h I n f l u e n c e o f
G ra v i t a t i o n a l F o r c e s
Experiments have shown the ability of actuated particles to climb against
gravity. A case already cited is the counterclockwise hour glass at the introduction of this chapter. Particles are driven against gravity in a hour
glass shaped guidance, topping the electric panel.
This subchapter presents measurement results and analysis on dynamics of particles actuated on an inclined electric panel device.
5.7.1 Experimental Setup
The setup is similar to previously introduced experimental arrangement
of Subchapter 5.3.1. A new feature is the tilt-table mounted on the chamber wall as seen in Figure 5.35. The electric panel device (Panel #3) is
affixed onto it with non-conducting spacer rods and allows inclinations
from horizontal position up to 90°. The high speed camera poses on a
laboratory tripod and follows the preset gradient of the electric panel device.
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The ambient atmospheric condition is set to 20˚C and 30% RH inside the environmental test chamber. Generally, before an experimentation series is started, the circulation chamber needs preparation time of at
least 3 hours in order to reach and sustain the preset atmospheric condition.

Fig. 5.35:Fastcam particle tracing equipment on a solid tripod in the environmental test chamber. This setup allows particle conveyances to be recorded for electric panel incline angles up to 90°.

5.7.2 Results
Under dry ambient condition, six-phase voltages of rectangular #1 profile
are supplied to the electrodes at an amplitude of 700 V and at a frequency of 2 Hz. The tracked conveyance technique helps to facilitate the
particle tracing process with the high-speed camera; reduced lateral
fluctuations permit better focus on the influence of gravitational forces on
actuated particles.
Measurements are taken at six angular inclinations of the electric
panel device and listed graphically in Figure 5.36. Each extract represents the oscillation of a 250 μm diameter iron test particle, when proceeding one step to the next electrode in direction with the traveling
field. The distance |y1 - y0| equals an electrode pitch of 400 μm and the
oscillation of one step has a duration of 83.3 ms, which is equivalent to |t1
- t0| (Figure 5.36).
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Subchapter 5.3.2 concludes that test particles respond with a stepwise balanced oscillation when stepwise actuated on a horizontal electric
panel device, as shown in Figure 5.36a.
With an increasing tilt of the experimental microconveyor, gravity
begins to affect the particle dynamics, as seen in the graphs (b) to (f). The
nature of the traveling field and the growing impact of gravity provokes a
pre-oscillation with the lower center of oscillation, y2. As the slope of the
panel increases, the pre-oscillation center y 2 withdraws more and more
from the next electrode and its key-oscillation.
It is assumed that the wave-front of the traveling electric field attempts to move the particles along, but results in a retarding preoscillation. Particles remain in this pre-oscillation, until the electric field
produces enough actuation force to lift them to the next electrode. At 90°,
the resulting dynamics in (f) show that the center of oscillation is displaced by nearly a third of the total electrode pitch.
As a direct consequence, control of the voltage amplitude may
produce an interesting tool to trigger selective particle handling under direct influence of gravity. The mass of the particle is the main determining
factor which may lead to mass-dependent sorting of particles.
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Fig. 5.36: Step oscillation of a test particle. One oscillation is extracted for a stepwise advancing particle characteristic and compared with other gravitationally influenced oscillations. The panel is increasingly tilted in each
graph.
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5 . 8 Exp erime ntal Environmen t and its Influ ence on
Particle Actu ation
In previous setups, particle actuation is successfully performed under
ambient atmospheric and vacuum conditions. Additionally, transportation
of particles in fluids is of great interest for many applications. Therefore, a
fluidbed is affixed onto the electric panel device (Panel #3) permitting direct contact of the test liquid with the manipulation surface. The experimental setup is outlined in Figure 5.37.
Fluorinert FC-77 electronic fluid (3M Company, USA) is chosen as
the particle suspension liquid. It consists of perfluorocarbons, which are
completely fluorinated hydrocarbons (every H replaced by an F). Used in
modern industry, this expensive substance is an inert, non-toxic, nonflammable, non-ozone depleting and a dielectric liquid coolant. Since its
qualities as a dielectric media involve also high voltage insulation,
Fluorinert is appropriate for this application. The relative permittivity is
1.86 at a temperature of 25° C and at a frequency of 1 kHz.
Regarded as a whole, good results could be obtained for a test
particle being transported in dielectric liquid Fluorinert. The conveyance
behavior characteristics show an increased damping, compared to atmospheric conditions. Figures 5.38 and 5.39 present the dynamics and
trajectories of an actuated iron particle of 250 μm diameter, which is
monitored by a high speed camera at a recording rate of 4500 FPS over a

Fluorinert ®

DC
y
x

AC

Fig. 5.37:Outlined setup of the fluidbed containing test particles, mounted onto
the manipulation surface of the mesh type electric panel device (Panel
#3).
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time span of 1 s and over a distance of 5 mm. Six-phase and double
three-phase (Appendix A) rectangular #1 profile voltages are applied with
an amplitude of 700 V and a frequency of 2 Hz. The monitored particle
actuation over the surface and as a function of time in x- and ycomponents is shown in Figures 5.38 and 5.39 for tracked conveyance.
The DC voltage of Panel #3 is applied in the same manner as already described in Subchapter 5.3.
Both the excitation voltages generate an oscillation-free actuation
of the particle. The particle experiences increased damping in liquid as
compared with atmospheric conditions. As a result, the oscillation is significantly reduced and replaced by a slight overswing when stepwise
changing to the next electrode.
Comparison of both the excitation voltage profiles concludes a
different particle progression within the observed length. The six-phase
supply causes the particle to proceed stepwise with a 400 μm electrode
pitch. The other application mode, targets every second electrode. The
effect is attained by applying two adjacent electrodes from the same
phase. In a repeating sequence of six electrodes on three-phase supply,
the activation area is automatically enlarged at the expense of positioning
resolution. Since both the activation areas are similarly sized, larger particulate objects are more forcefully transported, but with a different precision. Because of the doubled phase number, six-phase activation has
twice the resolution of the double three-phase activation.
Since it is a dielectric fluid, particles immersed in Fluorinert tend to
preserve their charge. Because the charge relaxation time is the product
of liquid conductivity and permittivity (Equation 2.5), it is impossible to
apply low frequency voltages to non-insulating, ionic liquids and solutions to provoke actuation of submerged particles. Sufficient high frequency fields which respect a brief relaxation time are ideal for this immersed object actuation task.
For a similar reason, the thin film of moisture which covers objects
under high humidity atmospheric conditions has a very disadvantageous
effect on particle actuation when low frequency voltages are applied to
the microconveyor.
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5 . 9 Spark and Disruptive Breakdown Damage to
Electric Devices
Electrical breakdown happens when fabrication faults, stress impacts and
fatigue of the electrode insulating material lead to a dielectric failure.
Typical breakdown results are pictured in Figure 5.40 for interior surface
and in Figure 5.41 for peripheral locations.
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Failures inside the surface area are relatively infrequent and limited
in their extent. Material stress during mesh fabrication and postcontamination are factors which promote this weakening. Additional
electric panel fabrication stresses and air space inclusions result in
breakdown with a wide range in peripheral areas. The rare failure of Figure 5.41 stretches out over more than 3.2 mm.
Both the pictures expose black portions on the electrodes which
are produced by electrothermal migrations and spattered copper around
the breakdown center.
The ordinary voltage difference in the electrode nodal points
reaches up to 650 kV/cm. The PAI insulation material, however, possesses a dielectric strength of up to 2750 kV/cm for the same dimensions
and therefore should resist by more than 4 times to usually applied voltages. Harmless and non-destructive amplitudes range up to 700 V and 1
kV, respectively. Additionally, the vacuum molding method used in the
fabrication process contributes to high durability.

Fig. 5.40: Failures inside the surface Fig.5.41: Wide-reaching
electrical
area with limited extent.
breakdown in peripheral location.

5 . 1 0 Summary
As the first of three types of particle manipulating microconveyors, the
electric panel device is assigned the task of collective multi-dimensional
particle manipulation on its planar surface. Precise manipulation on the
order of a micrometer is achieved by an original method, tracked particle
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conveyance, which enhances confined actuation of discrete particles.
Customized #2 & #4 phase voltage profiles further produce the fine particle actuation required for micromanipulation. With help of a high speed
camera (frame rate at 4500 FPS), the particle dynamics are obtained in
both ambient atmospheric and dielectric liquid media, confirming the
smoothing and particle-confining character. Further techniques produce
spot- and line-accumulation of particles in selectable surface positions,
dispersion, and conveyance of particles in groups triggered by applied
multi-phase voltages.
Simulations of electric field potential distribution on activated devices are calculated with real-world dimensions and are successfully
validated by static charge distribution measurements in high vacuum (at
0.01 Torr) of a modified SEM.
As part of the dynamic conveyance characteristics, the hopping
height during particle conveyance and the actuation qualities of a selection of surface materials are observed and discussed, disclosing a clear
dependence on applied voltage amplitude and frequency. Among the
tested surface cover materials, the thin glass sheet arises as an attractive
alternative to polymer, allowing good particle actuation.
The influence of gravity on particle conveyance dynamics is further confirmed through experiments on an incrementally inclined manipulation surface. The existence of a pre-oscillation caused by the influence of gravitational forces has been presented from experimental results.
Generally, the life of the electric panel device and other device
types is shortened by fabrication defects, stress impact or fatigue. As a
consequence, parts of the electrode structure may experience electrical
breakdown, rendering the whole device useless.
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6

Experiments on
Electric Tube Devices

6 . 1 Introduction
The electric tube device serves as a point-to-point particle mass transportation instrument. Particles are carried in bulk from a feeding container to their target location. This feature is supported by the guiding
shape of the tube, effectively keeping the particles within the cylindrical
working space. Thus, particles do not contaminate the environment, but
are delivered target-oriented [MOESNER94B].
Two electric tube devices have been developed; one with threephase voltage supplied electrode structure (Tube #1) as depicted in Figure 6.1a and another with electrodes energized by six-phase voltages
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(Tube #3) as shown in Figure 6.1b. These non-activated electrodes incorporate a pitch length of 512 μm and 256 μm for the first and second device, respectively. Both tubes have electrodes with the same diameter of
226 μm. The electrodes are wound around a thin PE film cylinder with
68 μm wall thickness and secured with epoxy resin. Figure 6.1a discloses
some remaining traces of the bonding substance in the interspaces. These
external structures have no effect on the particle actuation, since particles
are transported inside the tube.
Despite of their easy fabrication and clean particle bulk transportation, the electric tube device is inconvenient to perform experiments on.
The closed structure prevents direct access of observation equipment. As
a consequence, the investigation of particle actuation behavior is studied
on the electric panel device with its unobstructed, open manipulation
surface. The results are expected to correspond since the basic concept of
equidistant electrodes is analogous.
Examinations done in the modified SEM illustrate time-varying
charge distributions, accompanying the traveling electric field.

(a)

(b)

Fig. 6.1: SEM micrographs of non-activated electric tube devices. The left
(Tube #1) and right (Tube #3) devices are designed for three- and
six-phase voltage supplies, respectively.

6 . 2 Experimental Setup
The structure of the electric tube device limits the number of particle actuation investigations which one may perform. One basic setup is shown
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in Figure 6.2 which shows a tube device (Tube #1) in upright position
held by a specimen container. The bottom of the tube is sealed by a rubber film plug and filled with a bulk of spherical iron particles. Threephase voltages are supplied to the electric device from the top.
Sine profile voltage generates the traveling electric field which
gives a propulsion force on the particles and causes them to climb the
interior wall of the tube. With a raising of the applied phase frequency to
60 Hz, particles are actuated at velocities of over 90 mm/s and are catapulted out of the top of the tube. This occurrence is pictured in the static
close-up of Figure 6.2. Particles leaving the tube are visible as thin dynamic lines radiating out from the opening of the tube. Other particles
follow and collect momentarily at the top before being ejected or dropping back inside. This example demonstrates the capability of the tube
device to transport a bulk of particles at a higher velocity.
In an attempt to study the particle conveyance inside the tube, a
flexible fiberoptic endoscope (Mitsubishi Cable Corp., Japan) with 4.0
mm diameter is inserted into the Tube #1. Usually, this medical instrument is employed for examining visually the interior of a bodily canal or
a hollow organ. It contains flexible fiber bundles in which individual fibers are spatially aligned, permitting optical relay of an image. This splitspectrum intensity-based optical fiber sensor is used for measurement of
particle microdisplacements.
The setup is illustrated in Figure 6.1.2. On the right side, a Sony
charge coupled device (CCD) camera is affixed to the fiberoptic endoscope which is introduced into the tube device. The microconveyor is
horizontally situated and attached to the voltage supply bridge on the left
side. The inserted picture in Figure 6.3 presents the image received from
the endoscope. Seen dynamically, it reveals the collective conveyance of
spherical iron particles inside the tube. It is found that particle progress in
contact to the surface and with an order, which is analogous to particle
conveyance on the electric panel device. Due to the close distance of the
endoscope lens head to the surface and particles, obtained images are
almost ineffectually unclear, resulting from a poor focus. Since a certain
analogy of particle actuation behavior between tube and panel device is
observed, further experiments with help of endoscopes are not taken into
consideration.
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In the next subchapter, both the activated tube samples are observed in the modified SEM illuminating more details on some activation
modes of multi-phase generated traveling electric fields.

Fig. 6.2: Tube-shaped microconveyor with three-phase voltage supply. This
setup of an upright positioned tube demonstrates the feasibility of
particle mass transportation against gravity.

Fig. 6.3: Setup of fiberoptic endoscope observing particle actuation inside the
electric tube device. An affixed CCD camera captures particle conveyance (image top left side).
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6 . 3 Analysis by Scanning Electron Microscope
Basically, the transient charge distribution progression inside the electric
tube device is of great interest, because of its function as direct particle
actuation trigger. Structural limitations, however, make these observations impossible and lead to the consequence to investigate external
electrode coil sections, which resemble tube internal qualities.
As a first device, energized electrodes of the three-phase tube
(Tube #1) are investigated in the SEM in order to monitor the surface
charge. Rectangular #1 profile voltages are supplied and resulting charge
densities are displayed in Figure 6.4. The sequence is captured in the TV
mode of the SEM. From left (a) to right (c), single charge progression
steps are revealed, repeating in this loop. As mentioned in Chapter 5,
light areas represent accumulation of negative charge.
The negative charge is concentrated on the PAI coated electrodes.
With each step in the supply sequence, the charge responds and is induced on the corresponding electrode insulator surface. This three step
cycle repeats itself each period. Similarly, the charge distribution is proceeding inside the tube and generating propulsion forces on the particles.
The second tube device (Tube #3) allows application of voltages in
various modes, summarized in Appendix A. The three-phase, the double
three-phase and the six-phase electrode activation mode are selected and
applied to the microconveyor in specimen chamber under high vacuum.

(a)

(b)

(c)

Fig. 6.4: Charge distributions on an activated three-phase electric tube #1 device. The sequence advances from (a) to (c) and iterates in this loop.
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Resultant charge distributions images are retrieved from the SEM and
pictured in Figures 6.33 and 6.6 for each of the phase modes.
Both the three-phase supplies (a) and (b) show a different charge
distribution when compared in Figure 6.5. Double three-phase voltages
activate pairwise adjacent electrodes of the same phase which is the only
distinction to normal three-phase voltages. In 25 kV accelerating voltage
SEM images, however, this three-phase activation (b) is difficult to distinct from a nearly identical images (c) of a six-phase activation. Lowering the electron accelerating voltage to 3 kV brings clarity, as it is shown
in Figure 6.6. Both the three-phase voltages produce a comparable images, distinct by a single and pairwise electrode activation. The distortion
of the images is related to the degree of charge deposition. In the samples
of Figure 6.6, the white negative charge distribution occupies the smallest
area, the zero voltage electrodes reveals about normal size and the positive charge carrying electrode area grows slightly over neighboring elec-

(a)

(b)

(c)

Fig. 6.5: Charge distributions on an electric tube device (Tube #3) in threephase (a), double three-phase (b) and six-phase (c) activation mode.
The SEM accelerating voltage is set on 25 kV.

(a)

(b)

(c)

Fig. 6.6: Charge distributions on an electric tube device (Tube #3) in activation modes corresponding to status in Figure 6.5. The SEM accelerating voltage is lowered to 3 kV, resulting in distorted images.
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trodes. At a low accelerating voltage, the nature of the electron scanning
method deforms images of activated sample sections because charged
samples deflect the electron beam. Negative charged areas are reduced
and positive enlarged, respectively. The charge distribution induced by a
six-phase supply (c) is interpreted by the SEM in the same manner for
two separate electron accelerating voltages.
Usual observations in the SEM are made between 20 kV and 25
kV producing realistic structural interpretation. If additional information
about charged sections is needed, the accelerating voltage is lowered and
resultant images are compared.
Unfortunately, interesting sections can just be studied for a short
time of a few minutes since the electron beam is continuously enriching
surfaces with fresh electrons and hence producing misleading results.
Higher accelerating voltages even hasten the deposition of fresh electrons.

6 . 4 Silent Discharge Ozone Generation
During experiments at the upright tube of three-phase structure (Tube
#1), ozone gas O 3 is generated in small quantities and recognized by its
pungent odor. Empirically, the ozone concentration increases with rising
frequency or voltage amplitude, which is confirmed by [MASUDA87/88B].
He observed that the ozone production rate in dry air is a linear function
of the applied voltage and proportional to the frequency. The ozone is
generated from air according to the chemical formulation [HORVATH85]:
3 O2

⎯
⎯→
←
⎯⎯

2 O3

Eq. 6.1

Silent discharge between the energized electrodes of the electric
tube device acts as principal possibility for ozone generation
[MASUDA77]. Similarly, some industrial and commercial available
ozonizer work with the method of high-voltage discharge, without the
need of spark or other visible phenomena [HORVATH85], and [KISS88].
Usually, 1.5 ~ 7.0 kV applied voltage and 0.05 ~ 60 kHz exciting frequency ranges are required to produce enough ozone. Electric discharge
in air generates ozone of about 7 mole per cent of concentration.
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Ozone is classified as a toxicosis and can cause poisoning. Further,
it is a strong oxidizing agent and used in disinfection and bleaching
processes. In the course of this thesis, however, the side-effect of ozone
production may be neglected, since voltage parameters required for silent
discharge are rarely reached during manipulation of particles. Generally,
ozone may be generated with any of the fabricated microconveyors.

6 . 5 Results and Summary
The electric tube device specializes in mass transportation of particles.
By the guiding form, this tool typically delivers particles from a feeding
container to a target location irrespective of smooth conveyance. Particles
loaded into an upright electric tube are successfully transported against
gravity at a moderate speed of 90 mm/s at 60 Hz. Experiments confirm
observations reported in Chapters 6 and 8, that six-phase voltages supplied stimulate particle actuation with a higher intensity. SEM images in
a dynamic sequence demonstrate the progression of charge distribution
and the clear difference between three-phase and six-phase electrode activation.
A considerable disadvantage of the electric tube device is that its
manipulation surface is enclosed, preventing direct observation of particle conveyance behavior. Since, however, the electrodes are equidistant,
the dynamics are believed to be analogous to those obtained from the
electric panel device.
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7

Experiments on
Electric Dots Devices

7 . 1 Introduction
The electric dots device consists of manipulation electrodes which appear in a matrix formation at the manipulation surface. As introduced in
Subchapter 3.4, fabrication of the surface is done by grounding a plane
normal to the wires and subsequently covering it with a thin film. The resultant dot electrodes have a center-to-center pitch length of 400 μm and
a diameter of 50 μm.
Generally, each electrode allows an independent voltage supply.
With a large number of electrodes, however, the electronic part of the
supply becomes more and more complex. Since the use of the rectangu-
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lar supply is projected for maximal 16 channels, a reasonable electrode
activation strategy is developed. The dot electrodes are combined in a
six-phase configuration, similar to the electric panel device permitting
investigatable particle actuation along an array of electrodes.
As shown in Figure 7.1, single iron particles are neatly manipulated from dot to dot on the Dots #3 device. The pinpoint electrodes are
arranged in an array and supplied by six-phase voltages. Particles move
in one direction at a distance in relation to the voltage phases. On the left
side, two particles are conveyed synchronously with the same phase.
This effect enhances by increasing the applied voltage amplitude; a small
group of particles is then simultaneously conveyed. Alternatively, lowering the supply voltage promotes phasewise actuation of individual particle. Unfortunately on the other hand, a weakened electric field may be
less reliable in conveying particles.
An issue is the existence of electrostatic forces on the nonactivated, surrounding surface extensively interfering and attracting particles, as authenticated in Figure 7.1. Deserter particles additionally start
interactions with actuated particles and noticeably disturb their course.
Mechanical removal is needed to clean the surface. A better design is
needed to scope with this nuisance.
An overworked, refined version of the electric dots device (Dots
#4) is illustrated in Figure 7.2. Its design incorporates 6 arrays of dot

1 mm

Fig. 7.1: Conveyance of iron particles Fig. 7.2:
over an array of electrode
dots (Dots #3 device). Peripheral electrostatic forces
interfere with actuated particles.

1 mm

Six arrays of electrodes for
actuation and confinement of
iron particles (Dots #4 device).

- 131 -

electrodes. The outer two rows are kept on DC provoking particle confinement and the inner two rows are on AC voltage producing particle
actuation. This method resembles the tracked conveyance technique
used to improve actuation quality on electric panel devices. Figure 7.2
shows iron samples at a distance of six voltage phases conveying in a direction along the center electrodes.
In the following observations of particle manipulation, two additional thin aluminum film shields are affixed to the surrounding surface
as shown in Subchapter 3.4. The peripheral electrostatic disturbance is
eliminated when keeping the shields on a predefined potential. High
speed camera and modified SEM help to investigate particle motion on
the electric dots device in the next subchapters.

7 . 2 Observation by High Speed Camera
At the ambient condition of the environmental test chamber (20° C at
30% RH), particle dynamics incited by the electric dots device (Dots #4)
are captured by the Fastcam high speed camera. For comparison purposes, the experimental voltage supply settings are selected to be similar
to the experiments on the electric panel device.
Figures 7.3 and 7.4 present the captured dynamics and trajectories
of a 250 μm diameter iron test particle in motion, monitored by the high
speed camera at a recording rate of 2250 FPS for three-phase and at
4500 FPS for six-phase supply over a time span of 1 s and over a traveling distance of 4 mm. Voltages of rectangular #1 profile are supplied with
500 V amplitude and at a frequency of 2 Hz. The graphs in Figures 7.3
and 7.4 depict the particle motion time-varying in x- and y-components
and additionally as complete conveyance along the two inner rows of
electrode dots without time index.
On comparing both the graphs with transient steplike ydisplacements, the oscillation response strength of the three-phase case is
less than that resulting from the six-phase case. As a consequence, the
particle is conveyed more forcefully by six-phase than by three-phase
voltages. This result agrees well with previous observations on activation
area sizes and their particle conveyance impact. Specifically, an area ex-
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cited by six-phase voltages enables simultaneous transportation of a
small group of particles or delivers a bundled force on a large single particle.
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The x-displacement lateral fluctuations are confined within the expected range of 2 electrode arrays. Both the three- and six-phase supplies
produce a continuous oscillating fluctuation for x- and y-components.
This behavior is new and not conceived in this intensity when comparing
with the tracked conveyance technique on the panel device which provides a DC supplied electrode confining the particles. The technique
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Fig. 7.3: Particle dynamics along two Fig. 7.4:
arrays of electrode dots.
Three-phase voltages with
500 V amplitude and at 2 Hz
are supplied. Dynamics and
trajectories are monitored in
x- and y-direction.
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Same as in Figure 7.3 but
with application of six-phase
voltages with 500 V amplitude and at 2 Hz. The electric
dots #4 device is chosen for
both observations.
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used here on the electric dots #4 device produces wider potential wells.
Each well confines one or more correspondingly charged particles. The
peripheral two electrode arrays on DC potential repulse the test particle
back into the well, so the oscillation represents a continuous repelling
process away from the potential wall of the well.
The next subchapter compares SEM measurements with simulations which are represented in a 3D relief perspective. This appearance
visually helps to understand the concept of a potential well.

7 . 3 Analysis by Scanning Electron Microscope
An electric dots device with 6 arrays of electrodes (Dots #4) is inserted
into the modified SEM, externally supplied and observed in high vacuum
condition. In a first series of experiments, the charge distribution is analyzed and confirmed with computer simulations of same structural dimensions. A second series involves fine glass test particles for actuation.
Supplying six-phase voltages of rectangular #1 profile and 400 V
amplitude to the two central electrode arrays and +400 V DC to the peripheral electrodes, a charge distribution is measured on the device surface as depicted in the SEM micrograph of Figure 7.5 (a). The SEM image shows the manipulation surface in an oblique perspective.
Simulation of this situation is made by finite difference method
calculation. The resultant potential field distribution is shown in Figure
7.5 (b) and its corresponding 3D graphical illustration in Figure 7.5 (c)
which permits a good illumination of potential wells by representing the
potential magnitude in z-direction. Analogous to the SEM image, the
positive and negative potentials are represented in (b) as dark and light
areas, respectively. A number of 9 equipotential levels are defined between minimum -100 V and maximum +100 V potential in the simulation.
All three results in Figure 7.5 show a good similarity of activation
area shape and size. The two potential wells in (c) illustrate the mechanism behind confined particle transportation. The particle is trapped inside the well and actuated with the traveling wave. Peripheral electrodes

- 134 -

create two potential walls and the traveling field generates moving separation walls forming the potential well.
As charge distribution sensor, the modified SEM helps to investigate the traveling wave progression by observing its associated transient
charge distribution on the particle manipulation surface of the electric
dots device. The following two series are monitored in the TV mode and
each assorted in 3 resultant images which represent the states of the applied three-phase voltages. The peripheral electrodes are kept on constant +400 V for the first and -400 V for the second series. Balanced AC
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Fig. 7.5: SEM micrograph (a) and calculated simulation (b, c) with analogous
structural dimensions and similar six-phase voltage supply parameters.
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voltages of the same amplitude are fed to the two central electrode arrays.
The resultant charge distribution above two electrodes and its progression is depicted in Figure 7.6 (a), (b) and (c) for the positive potential
confinement. The arrow indicates the direction of forward movement and
the distance over one period which is equal to 3 electrode pitch lengths.
Simulation of analogous potential distribution is represented in Figure
7.6 (d) and (e) for validation purposes. The similarity of the simulation
and the real measurements is evident and the 3D relief perspective in (e)
allows comprehension of potential wells provoked by three-phase application. Direct comparison with six-phase voltage supply reveals that present three-phase potential wells are much smaller in their extent.
Additionally to the first, the second series with application of
negative DC voltage to the peripheral electrodes is presented in Figure
7.7. Again, the progression of the charge distribution is detected in the
SEM and revealed in a dynamic sequence (a), (b) and (c). The arrow indicates the direction of the advancement and the length of one period.
Since the peripheral electrodes are applied by negative DC voltage, a
pattern with eye shaped dark windows is detected and visible. The
simulation in (d) and (e) produces the same result.
The 3D relief perspective (e) describes the potential wells as peaks.
Each peak is analogously represented as dark window in previous representations. Since an inverted voltage application to the peripheral electrodes is selected, the potential wells also appear inverted. In fact, the selected voltage application favors actuation of negatively charged objects.
These are rejected from the potential walls and confined within the dark
area representing potential wells.
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Fig. 7.6: Dynamic SEM image sequence (a), (b), (c) of activated electrodes
with positive DC voltage supplied peripheral electrodes. Calculated
potential distribution is depicted in (e) and in (c) for 3D relief perspective with analogous structural dimensions and similar three-phase
voltage supply.
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Fig. 7.7: Same as in Figure 7.6, but with application of negative DC voltage to
peripheral electrodes. Dynamic SEM images are presented in (a), (b),
and (c). Potential distribution is shown in (d) and (e).
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Phase Lag
One effect observed in experiments and theoretically described in
[GAN-MOR92] is the phase-lag between the advancing traveling electric
field and the conveyed particle. It is noted that the particle still remains at
a location while the traveling field wave is proceeding. A dynamic sequence of SEM images is shown in Figure 7.8. It depicts the close-up
actuation of a group of 100 μm glass particles in the direction of the inserted arrow on the manipulation surface of an electric dots #4 device. A
three-phase electrode activation is chosen to highlight this effect in more
detail.
In (a) and (b), the test particles remain on a particular spot while
the field travels to the next electrode location; then the particles follow (c)
and stay again (d) while the field is proceeding. Finally, they follow on as
shown in (e) and the field advances (f). This effect appears as particles try
to find an equilibrium between the transiently changing repulsive and attractive forces of the traveling field wave and its associated charge distribution above the electrodes [MOESNER96B].

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 7.8: Dynamic sequence of SEM images revealing the actual phase-lag between traveling field and conveyed test glass particles, showing an
actuation in direction of the arrow.

- 139 -

7 . 4 Results and Summary
The electric dots device allows both collective and individual micromanipulation of particles above pinpoint sized electrodes situated in arrays.
Enhanced actuation qualities are produced by additional electrostatic
confinement techniques plus conductive film shields and are confirmed
by particle dynamics directly observed with a high speed camera (frame
rate at 2250 FPS and 4500 FPS). One conclusion is that a three-phase excitation of electrodes renders a more refined particle progression compared to a six-phase activation. This latter, however, generates more
electric force on the particles.
Simulations of potential on activated microconveyors are computed with real-world dimensions and successfully validated by charge
distribution measurements in high vacuum (≈ 0.01 Torr) of a modified
SEM. Potential wells calculated in simulations and represented in 3D relief perspectives deliver an indispensable interpretation for understanding
the confined particle conveyance mechanism.
Again in high vacuum environment, the particle conveyance
mechanism is further investigated by dynamic SEM image sequences
where the phase-lag between traveling wave and particle is clearly highlighted.

- 140 -

- 141 -

8

C o n clu s io n s

8 . 1 Summary
In the early seventies, the electric curtain [MASUDA70] was the first linear
transportation system to drive fine particles in a state of continuous levitation with help of AC electric fields. Based on the same method of dynamic field waves, both [MELCHER89] and [SCHMIDLIN91] developed
particle transportation devices with structural wavelength on the order of
a millimeter. Coarse, bi-directional transportation of fine particles is the
result of these methods which is now being further improved by an extra
attribute – precise particle manipulation in multiple directions.
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In this thesis, small-scale systems have been designed and fabricated for multi-directional micromanipulation and transportation of particulate objects actuated in a contactless fashion by non-uniform, timevarying electric fields. Three types of microconveyors (particle manipulating electric devices), each meeting a different conveyance need have
been proposed and experimentally validated. As a first system, the electric panel device performs collective multi-dimensional particle manipulation on its planar surface. Precise manipulation on the order of a micrometer is achieved by a novel method, the tracked particle conveyance
technique, which smoothes the motion through discrete particleconfining actuation [HIGUCHI94A]. Further techniques produce spot- and
line-accumulation of particles in configurable surface positions, dispersion, conveyance of particles in groups triggered by multi-phase voltages, and property-oriented sorting of particle. A different problem is
mass transportation of particles in the electric tube device. By its tube
like shape, this tool simply delivers particles from a feeding container to
a target location irrespective of smooth conveyance. Finally, the electric
dots device allows both collective and individual micromanipulation of
particles above pinpoint sized electrodes situated in arrays. Again, fineresolution electrostatic confinement techniques are possible and enhance
particle actuation.
The electric wave technique behind particle actuation is identical
for all three system types. Traveling electric waves are created around
slim equidistant electrodes through application of time-varying, balanced,
multi-phase high voltages of < 1 kV amplitude. The non-uniform electric
field (< 57 kV/cm @ < 100 Hz) is transiently altering and progressing in
sync with the applied voltage phase. Particles, insulated by a thin film
above the electrodes become triboelectrically charged when nonconductive and induction charged when conductive, upon the activation
of the electrodes. Dynamic forces of the electric field act against adhesion
and gravitational forces of the charged particles and actuate them in a
plane perpendicular to the electrodes in a stepwise fashion from electrode to electrode with the propagation speed of the wave.
Simulations of electric field potential distribution on activated devices are calculated with realistic microconveyor dimensions and are
successfully validated by charge distribution measurements in high vacuum (≈ 0.01 Torr) with a modified scanning electron microscope. Again
in a high-vacuum environment, the particle conveyance mechanism is
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further investigated by dynamic SEM image sequences in which the
tracked particle-confining conveyance and wave-particle time-lag are
readily noted. As part of the dynamic conveyance characteristics, the
hopping height during particle conveyance and the actuation qualities of
a selection of surface materials are observed and discussed revealing a
clear dependence on applied voltage amplitude and frequency.
In dielectric liquid media as well as under ambient atmospheric
conditions, particle dynamics are directly observed by a high speed camera (frame rate @ 4.5 kHz) revealing the effectiveness of particle actuation smoothing techniques. These novel methods include tracked particle conveyance and customized #2 & #4 phase voltage profiles producing the fine particle actuation behavior required for micromanipulation.
Furthermore, application of multi-phase voltages leads to a clear distinction between three- and six-phase triggered particle actuation. It has been
concluded, that a three-phase excitation of electrodes renders a more refined particle progression compared to a six-phase activation which itself,
however, generates more electric force on the particles. The influence of
gravity on particle conveyance dynamics is also confirmed through experiments on an incrementally inclined manipulation surface.
Further, property triggered conveyance capabilities are demonstrated by examining a selection (< 80) of both conducting and nonconducting heterogeneous particle substances. Hydrophobic particles of
spherical shape with a diameter smaller than one electrode pitch proved
to be most susceptible and therefore appropriate for actuation. Differences in the conveyance susceptibilities of particles is a property which
may be exploited in sorting applications.
This thesis also discusses detailed steps in design and fabrication
of the discussed microconveyors. In addition, their electrical parameters
are evaluated and compiled into a representative model. Two highvoltage sources are reported as an essential part in the overall system.
Supplying controlled voltages to the electrodes is the key to particle manipulation.
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8 . 2 Outlook
Since these multi-environment microconveyors involve no moving machine parts, the use of the electric field can reduce overall energy consumption. Moreover, the field of transportation and manipulation is virtually unlimited. It is expected that the contactless AC electric field conveyor methods described in this thesis will lead to new applications in
various fields, such as parts feeders and manipulators for micro electro
mechanical systems (MEMS). In the high frequency domain (> 1 MHz),
such non-contact conveyors may contribute very promisingly to precise
and efficient biological particulate manipulation needed in biomedical
science and engineering.
8.2.1 Further Implementations
In the scope of this thesis, an electric panel device has been developed
with linearly increasing gap lengths between the electrodes. Preliminary
experiments show promising performance in particle separation and
sorting also involving gravitational and centrifugal forces [HIGUCHI94C].
It may be feasible to use readily constructed electric tube devices for the
same purpose [HIGUCHI94B].
In the high frequency range (> 1 MHz), manipulation of particulate
objects and biological membranes suspended in ionic solutions becomes
practical [MASUDA89] and [WASHIZU90]. Since producing such high
voltages may prove difficult with present electrode structural dimensions,
devices must be scaled down by at least a factor of 4. The down-scaling
law includes the amplitude of the applied voltage. Micro-scaled electrode
arrangements may be fabricated photolithographically [WASHIZU92] or
by stretching a macro-sized insulating structure of embedded electrode
conductors with the same strain characteristics. This latter method is
called the Kintaro Ame technique [HIGUCHI95A].
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8.2.2 Conveyance and Positioning Improvement
The electric panel device has shown its maximal conveyance and positioning precision capabilities which may only be improved by a scaling
down of the electrode structure. Silicon micromachining permits fabrication of electrode structures of 20 μm width which is used in a stepping
electrostatic microactuator [MATSUBARA94]. An elegant method, however, already exists in the electric dots device. At present, its usage is restricted solely to a few arrays of pinpoint electrodes. If the arrays were
expanded to a complete matrix, particles might be able to be precisely
manipulated, both individually or in collective formation. It is expected
that an increase in nodal electrodes will greatly complicate the voltage
supply electronic. Multiplexing voltage signals near the electrodes may
present a realistic solution to this problem.
8.2.3 Further Applications
The fact that particles may be actuated not only on thin polymer films,
but also on thin glass sheets may initiate a new series of promising applications.
Many jobs involve processing or assembly of tiny parts under the
microscope. Systems discussed in this thesis may be able to alleviate the
tiresome chore task of delivering such tiny parts from nearby storage.
The domain of possible applications of these multi-environment
microconveyors include such difficult-to-access environments as high
vacuum. In concert with the SEM, simultaneous particulate object manipulation and structural observation approach the realm of possibility.
Frequencies of 1 MHz and beyond may be of potential interest to
chemistry and biomedicine. Living cells and DNA fragments may be
manipulated under precise human control or even automatically under
the microscope.
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A

Electrode Activation
Se q ue nc e s

This appendix contains the complete set of employed voltage supply sequences. Since the six-phase electrode structure is regarded to be most
adaptive for parallel use in three- and two-phase mode, all sequences are
subsequently listed for a six-phase electrode configuration.
For consistency in the next figures, the series are of equal periodic
length and written for a source producing rectangular profiles, where
only three discrete voltage stages are available. The symbol [•] marks
non-connected interval phase electrodes. The application of the same
voltages to neighboring electrodes results in activation areas of double
and even triple extent. The arrow indicates the motion direction of a
charged particle in correspondence with the given series. Separated to
groups of equal phase count: one, six and four voltage sequences are
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conceivable, referring to six-phase, three-phase and two-phase application respectively.

Sequence

As presented in Figure A.1, there is only one six-phase sequence
originally intended for use on six-phase electrode structures. The following three-phase series make use of the wide six-phase electrode
structure and may be divided into two groups, each shown in Figure A.2
and A.3. The difference is the inclusion of an additional zero level in the
sequences of Figure A.2 producing a particle motion smoothing effect.
Finally, the seldom used two-phase application series are depicted in

a
+
0
0
+

b
+
+
0
0

c
0
+
+
0
-

d
0
+
+
0
-

e
0
+
+
0

f
0
0
+
+
#1

Sequence

Fig. A.1: Six-phase sequence.

a b
+ -

c d e
0 + -

f
0

a b c
+ + -

d e
- 0

f
0

a b c
+ • -

d
•

e
0

f
•

0 +

-

-

0 0 + + -

-

0

• +

•

-

•

0 + +

-

•

•

+ •

-

0 +

0 +
-

0 +

(single extent)

#3

-

-

0

(double extent)

#5

0

(interval extent)

Sequence

Fig. A.2: Three-phase sequences with 3 voltage level stages (Rectangular #2).

a b c d e
+ - 0 + + 0 - + 0
0 + - 0 +
- + 0 - +
- 0 + - 0
0 - + 0 (single extent)

f
0
0
+
+
#2

a b c d e
+ + - - 0
+ + 0 0 0 0 + + - - + + 0
- - 0 0 +
0 0 - - +
(double extent)

f
0
0
+
+
#4

a b c d e
+ • - • 0
+ • 0 • 0 • + • - • + • 0
- • 0 • +
0 • - • +
(interval extent)

f
•
•
•
•
•
•

Fig. A.3: Three-phase sequences with 4 voltage level stages (Rectangular #1).
An additional zero level has been inserted.

Sequence
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a b

c

d e

f

+ -

+

- +

-

- +

-

+ -

+

(single extent)

Sequence

a b

d e

f

a b

c

d e

f

a

b c

d

e

f

+ + +

-

-

+ +

•

-

-

•

+

•

•

-

•

•

-

+ + +

-

•

+ +

•

-

•

•

+

•

•

-

c

-

-

(triple extent)

-

(interval double extent)

(interval single extent)

Fig. A.4: Two-phase sequences.

Figure A.4. These sequences preclude a clear definition of particle transportation direction, but allow particle dispersion over the surface starting
from an initial accumulation.
The degree of particle actuation performance is the source of preference which is indicated by bold numbers beneath the figures. The sixphase sequence here given a designation of #1 is employed most frequently.
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B

Ca t a l o g ue o f
Partic le s

Table B.1 provides a comprehensive list of particles employed in the experiments. Individual items are sorted by their name and then by their
size within the same classification. Under the equal ambient condition of
20° C and around 35% RH, nearly 80 sample substances are tested at
two frequencies 2.5 Hz and 25 Hz, delivering a base for comparison of
individual materials. In spite of that, each substance has its own frequency-dependent actuation characteristic.
These experiments at two fixed frequencies produce a quality description for particle conveyance behavior listed for each frequency in
Table B.1. The description is presented at the end of the following table.
The experiments are conducted on the bi-directional electric panel device for better observation. Furthermore, the tracked manipulation tech-
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nique is used and particles are actuated by three-phase voltages of rectangular #1 profile. The amplitude is set to 500 V for all experiments.
The names in Table B.1 indicate the particle substances and in
some cases their trademark. Particles are grouped into categories by constituent material, indicated by the classification column.
Well-shaped, spherical particles representatively utilized in most
actuation dynamic investigations are marked in boldface.
Following the table, SEM images of some representative particles
are shown with different scale in Figures B.1 to B.12. The micrographs
clearly show the differences in shapes and sizes. The example particle
images are numbered and cross-referenced with Table B.1 to discover
their actuation behaviors under experimental conditions.
TABLE B.1
OBSERVATION OF CONVEYANCE CHARACTERISTICS OF SOME PARTICLE SUBSTANCES.
Name

Classification Size [μm]

@ 2.5 Hz

@ 25 Hz

1 Ag 99.9%

metal

30

A, E(5)

A, D, E(5)

2 Al

metal

200~350

A

A

3 Al powder

metal

100 long

A, L, M

A, M

4 Cu

metal

7~150

A, E(50), M

A, E(30), M

5 Cu

metal

40

A, E(30)

A, E(5), M

6 Cu

metal

200~250

A

A

7 electrolytic Fe

metal

60

B, E(40), M

A, E(40), M

8 Fe

metal

50 rough

A, E(30), M

A, E(10), M

9 Fe

metal

100 round

A, E(10), M

A, E(20), M

10 Fe

metal

200~1200

C, O, Q

C, O, Q

11 Fe

metal

200~300

A

A

12 Fe

metal

800~1500

C, O, Q

C, N, O, Q

13 Ni

metal

50

A, E(10), M

A, E(10), M

14 Ni

metal

1~25

A, M

A, M

15 Ni

metal

160~250

A

A

16 Pb

metal

100~300

B, E(20)

C

17 Pb

metal

400

B, Q

B, Q

18 Pd

metal

0.5~100

A, D, E(50), M A, D, E(50), M

- 165 19 Ag/polyvinylpyrrolidone

modified metal 20

A, L

B, L

20 cobalt oxide

metal oxide

5

A, H, L, M

A, H

21 Cu2O

metal oxide

1~5

B, F, M, N

C, M

22 Fe2O3

metal oxide

2~35

B, E(10), M

B, C, E(10), M

23 Fe2O3 (mix)

metal oxide

50

B, E(50), M

C, M

24 ITO 11-S (1)

metal oxide

5~70

A, E(50), M

A, E(30), D, M

25 ITO 11-S (2)

metal oxide

5~100

A, E(50), M

A, D, E(40), M

26 alum

metal salt

490

C, N, O

C, N, O

27 silica gel (SiO2)

semiconductor 12

A, O

C

28 Si 99.9%

semiconductor 5~80

B, M

C, M

29 glass balls

glass

20

A, D, E(50)

B, D, E(50)

30 SP-L5 microballs

glass

5

A, K

A, K

31 SP-L8 microballs

glass

8

A, K

A, K

32 SP-L10 microballs glass

10

A, K

A, K

33 SP-L15 microballs glass

15

A, K

A, K

34 SP-L20 microballs glass

20

A, K

A, K

35 SP-L100 μ-balls

glass

100

A, D, M

A, E(5), M

36 UB - 24 M

glass

45~63

A, M

A, M

37 UP - 142 B

glass

< 53

B, M, N

C

38 UB - 47 L

glass

63~106

A, E(10), M

A, M

39 UB - 56 HW

glass

75~90

A, M

A, M

40 UB - 06 MF

glass

< 90

B, J, L, M

B, E(10), J, M

41 UB - 108 L

glass

106~850

B, E(10), J

A, B, E(50)

42 UB - 114 UF

glass

106~1400

C, O, Q

B, Q

43 UB - 2022 L

glass

1000~1400 B, O, Q

C, O, Q

44 UB - 2325 S

glass

1700~2360 C, O, Q

C, O, Q

45 MBX20

polymer

20

A, L, M

A, L, M

46 MBX50

polymer

50

A, M

A, M

47 MR 20G acrylic
powder

polymer

20

A, K, M

A, K, M

48 MP 2701 acrylic
powder

polymer

0.5~2

A, F, K, M

A, F, K, M

- 166 49 MP 1000 acrylic
powder

polymer

4

A, F, K, M

A, D, F, K, M

50 MP 1400 acrylic
powder

polymer

0.5~2

A, F, K, M

A, F, K, M

51 acrylic strips

polymer

10000

C, O, Q

C, O, Q

52 pebax

elastomer

4000

C, Q

C, Q

53 amilan

nylon resin

4000

C, O, Q

C, O, Q

54 LDPE flow beads resin

20

C, F

B, F, H, M

55 amberlite

resin

350~680

A, P

A, G, P

56 poly methyl
methoclylate

resin

150

B, L, M

B, M

57 toner #1

resin, dye

20

A, H, K, M

A, K, M

58 toner #2

resin, dye

16

B, M

B, M

59 bismark brow

dye

20

B, M, N

B, M, N

60 cylcodextrin

saccharides

50

C, N

C

61 starch, soluble

saccharides

50

C, M, N

C

62 sugar

saccharides

800

C

C

63 Micro-Hyca ZrO2

zirconia

100

B, E(50), J, L

B, E(20), J, L

64 Micro-Hyca ZrO2

zirconia

200

B, E(10), J

B, E(50), J

65 Micro-Hyca ZrO2

zirconia

250

A, J

B, E(50), J

66 NbC

carbide

0.5~25

B, D, F, M

B, D, F, M

67 VC

carbide

10

B, M

B, M

68 ZrC
69 T800H

carbide

10

A, D, E(30), M B, D, E(40), M

carbon fiber

10 (φ)

C, O, Q

C, O, Q

70 stearic acid

organic acid

130 long

C, M

C, F, M

71 4-4' isopropylidene alcohol

800

C, N, O, Q

C, Q

72 succinimide

ester

900

C, M, O

C, M, N

73 NaCl

salt

450

C, O

C, O

74 TP-104

piezo ceramic

25

B, M

B, M

75 carbon black

inorganic

20

A, D, E(20)

A, D, E(20)

76 boiling stone

inorganic

4000

C, Q

C, Q
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Quality description of particle conveyance behavior:
A: good particle actuation

J:

polarization bridge

B:

K:

particles remain on electrodes

C: no motion

L:

remnants between electrodes

D:

particle levitated transportation

M: particle motion when pushed

E:

actuation in opposite direction [%]

N:

1% motion of particles

F:

motion of particle conglomerate

O:

no motion, only vibrating

G:

motion of single particles

P:

no motion, particle conglomerate

H:

disassociation of particles accumulation

Q:

no motion, too big

tolerable particle transportation

Notations used in Table B.1:
LDPE: low density polyethylene
ITO: indium tin oxide

Fig. B.1: SEM image of Ag powder; Fig. B.2: SEM image of Al powder;
sample No. 1 in Table B.1.
sample No. 3 in Table B.1.
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Fig. B.3: SEM image of Ni spheres; Fig. B.4: SEM image of amberlite resin
sample No. 15 in Table B.1.
particles; No. 55 in Table B.1.

Fig. B.5: SEM image of micro-hyca Fig. B.6: SEM image of glass balls;
zirconia; sample No. 65 in
sample No. 29 in Table B.1.
Table B.1.

Fig. B.7: SEM image of Ni particles; Fig. B.8: SEM image of NaCl salt;
sample No. 13 in Table B.1.
sample No. 73 in Table B.1.
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Fig. B.9: SEM image of bismark Fig. B.10: SEM image of electrolytic
brown dye; sample No. 59 in
iron; sample No. 7 in Table
Table B.1.
B.1.

Fig. B.11: SEM image of cyclodextrin Fig. B.12: SEM image of T800H carpowder; sample No. 60 in
bon fiber; sample No. 69 in
Table B.1.
Table B.1.
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and Kanagawa Academy of Science & Technology, Japan
Dissertation under Prof. Dr. G. Schweitzer and Prof. Dr. T. Higuchi

PROFESSIONAL EXPERIENCE:
1988

Dr. E. Zehnder & Partner AG, Management Consultant in Executive
Search, Zurich
Assistant in worldwide operating computer-department. Responsibilities included managing profiles of clients on information system.

1990 - 1991

Toshiba Corp., Manufacturing Engineering Research Center, Yokohama, Japan
Assistant researcher on robot motion control at the Intelligent Technology Research Center. Scholarship from Swiss-Japanese Chamber
of Commerce.

1993 - 1995

Kanagawa Academy of Science & Technology, Kawasaki, Japan
Researcher and scientist in the field of electrostatic motion control at
the Higuchi Ultimate Mechatronics Project.

