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Abstract The electrostatic potential is generated by three groups of
electrodes (A, B, C). Propagation is achieved by switching
Traveling electrostatic waves rather than mechanicahe applied voltages in the sketched way (wave form 1),
systems can be used to transport charged toner particles asaaising the particles to move one pitch at each clock. The
controlled aerosol. Extensive theoretical and experimentdhree phase shifted voltages have a period T of three clock
work on this subject has been done by Masuda, Schmidlipulses.
and Melcher et al. These authors used experimental setups
with electrodes arranged in a grid structure. Multiple phase
shifted sinusoidal voltages were applied to the groups of
these electrodes to generate a traveling electrostatic wave.
As an alternative to using sinusoidal voltages, we
propose a new method. Charged toner particles are
transported utilizing the bucket brigade principle as it is
used in charged-coupled devices (CCD).
For experimental work, a programmable 4-channel high C A B C A B C
voltage multiplexer has been developed which is able to
switch voltages up to 1500 V. A traveling electrostatic wave Wave form1
suitable for toner transport is generated by multiplexing the
voltages applied to groups of electrodes in an appropriate A A RERERRRS R
manner.
In first promising experiments using a Masuda panel, B
particle transport was achieved with conductive, magnetic
monocomponent toner. At low switching frequencies, the

charged toner particles moved synchronously in the C- Akl RERRRREED Rl R

direction of the traveling wave. A critical frequency was — —

found at which propagation in both directions appeared and T Time

above this frequency backwards transport was observed. Figure 1. Charged particle transport
Introduction

Salmori and Yoshiki et al’ proposed this method for
The idea to transport particulate material with travelingtoner transport in their US Patents. Both inventors suggested
electrostatic waves was first conceived by Masudato transport charged toner on a conveyor consisting of
Afterwards, this method has been studied in-depth for tonezlectrodes of appromimately the same width as the diameter
applications by Schmidlfi*’, Melcher et af’® Utilizing a  of the particles%10 um). Schmidlin refers to this invention
traveling wave conveyor for toner transport has theas a digital packet conveybrYet it is clear, that toner
advantage that particle transport can be controlled throughansport on a conveyor with much wider electrodes like a
electrical parameters instead of mechanical meansdasuda panél or Schmidlin’s charged toner conveyor
Commonly, multiple phase shifted sinusoidal voltages ar¢CTCY will be possible as well. Furthermore, the bucket
applied to the electrodes of the conveyor to generate larigade principle will not be constrained to the wave form
traveling electrostatic wave. In this paper an alternativenode described in Fig. 1. A large variety of other wave

method is presented. forms can be used as well.
_ o For example, in the first generation of CCDs, wave
The Bucket Brigade Principle form 2 (Fig. 2) was commonly used for charge transport

purposes. It differs from the first method in that transport
Charged particles can be transported using the bucké&bm one electrode to an adjacent one takes place within
brigade principle. This method is well known from charged-N=2 steps. To achieve the same transport velocity as in the
coupled devices (CCD). Fig. 1 illustrates the way howmode of Fig. 1, the clock frequency must be twice as high.
particles of positive polarity are captured in potential wellsIn addition a third voltage level is used.
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4-to-1 multiplexer. A decoder being part of the
programmable control unit ensures only one switch of every
channel to be closed at a time.

‘ Programmable Control Unit |

Wave form 2 Wave form 3 Vll?

—>

T

Figure 2. Bucket bgade transport with N=2 V3l?

transported from one electrode to an adjacent one within N
steps (clock pulses) by applying M phase shifted voltages

In a general approach toner particles could be ?
V4

with K different voltage levels to M groups of electrodes. ; ]; é ];
Comparison with Sinusoidal Voltages Figure 3. 4-channel multipker consisting of 16 switches

Both methods use multiple phase shifted alternating
voltages to generate traveling waves. The bucket brigade ) ) ) ) )
principle is more or less a different view of the same idea. Each bilateral switch consists of a pair of high voltage
But it has the advantage that the traveling wave is generat@@wer MOSFETSs with a breakdown voltage of 1500 V. As
in a digital manner, which is easier to control. At least, if2n example, Fig. 4 shows a schematic of the electronic
only two or three different voltage levels are needed, a wav@vitch S1 that connects the output of channel A with the
form generator suitable for toner conveyance can be built #4#Put voltage V1. Both N-channel MOSFETs Q1, Q2 are of
low expense. enhancement type (normally OFF). The diodes D1, D2

Nevertheless, there is a remarkable difference due tPresent the built-in reverse diodes of the transistors.
the different wave forms both methods use: the digitally
switched voltages contain higher harmonics. So far, it is
unknown if this affects traveling wave transport of toner
particles. It might be a useful feature or be of disadvantage.
Anyway, the amount of higher harmonics can be controlled

Q2
— RS
through the use of different wave forms. For example, if a b3 D2y = iB T
sine wave is aspired to, wave form 3 (Fig. 2) will be a useful ZE]
U1
Q

V1 (In)

|H- D1 D4 Control
Unit

approximation. If necessary, the remaining higher N
harmonics (n=5,7,11,...) can be attenuated through low pass
filtering. l
A (Out)

1

High Voltage Wave Form Generator _ _ _
Figure 4. Schematic of a switch (Example: S1)
For experimental bucket brigade toner transport a high
voltage wave form generator has been developed. Because Normally, the switches are closed. They are turned on
of practical reasons the number of voltage levels K, steps trough optocouplers (U1, U2) which drive the gates of
and phases M each have been limited to a maximum of founoth MOSFETs simultaneously. For clarity of presentation,
The phase shifted output voltages are generated by haiilt-in protection devices are not shown.
programmable 4-channel multiplexer. It consists of an array  The current rating of each switch should be preferably
of 16 bilateral electronic switches (Fig. 3), through whichhigh, because it limits the slew rate of the output voltage.
each of the four outputs A,..,D can be connected to any devertheless, even with relatively large capacitive load of
the four input voltages V1,..,V4 individually. 10 nF, a slew rate of 500 M was achieved. The output
Thus, each of the four channels, indicated by theoltages settle within 0.5us typically during the

dashed boxes in Fig. 3, comprises four switches, forming experiments.
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Discharge Circuit smooth surface. Particle transport was studied with a three-
If more than only one positive and/or negative voltaggphase conveyor (wavelengilsl,9mm) using a conductive,
shall be applied to the electrodes the following problemmagnetic monocomponent toner (Océ F10). A conductive
might occur. Depending on the desired wave form it mightoner was used for experimentation, because no tribo-
be that the capacitance of each electrode group must leéectrical charging device like a charge roller or a magnetic
discharged from a higher absolute voltage to a lowebrush is required. The initially neutral toner is charged
absolute voltage periodically. If both voltages have the samiarough induction. Yet, the efficiency of the toner conveyor
polarity, a reverse current for discharge must flow.strongly depends on the properties of the dielectric layer.
Commercial power supplies usually don’t deliver a revers@est results were achieved with a & thick scotch tape

current, therefore the lower voltage level cannot be reachethade of polypropylene (35m foil + adhesive).
To solve this problem, the power supply with the lower
absolute voltage must be replaced by an expensive highbservation of Particle Motions

voltage amplifier with a push-pull output stage. When the voltages are switched at sufficiently low
Alternatively a special discharge circuit (Fig. 5) asfrequencies the toner particles move from one electrode to
described in the following has been developed. the adjacent within N clock pulses as it is expected from the
bucket brigade principle. Being N=1, the particles jump
Power supplies Multiplexer over a distance of one pitch at each clock pulse. But, with

"""""" N=2, the particles are shifted from one side of the electrodes
- to the other before they hop to an adjacent electrode. The
particles gather at the edges of the electrodes before they

I '
51 finally hop. In this hopping mode the particles move in a

band-like structure where toner of the same polarity is

------------- Discharge circuit

displaced by one wavelength.

5 — . —- When the frequency increases the bands disappear and
L va) ; Qs -ch | Lo/% | the toner moves in a cloud like manner. This mode was
! ! I voos2 expected to be the "curtain mode”, but surprisingly the
R N N S S S transport velocity was observed to increase further as the
}_A frequency rises. This is inconsistent with the known "curtain
= Load ==cC1 mode”. Efforts were made to measure the mean transport
V1>V2>0 I velocity of this mode with a light barrier. The results

= pointed to an asynchronous transport, but some doubt
remains because of large scattering of the results.
An interesting effect is observed when a critical
frequency is reached at which the velocity of the toner cloud
In Fig. 5 two power supplies are connected to thesteeply falls off and propagation in both directions appears.
multiplexer, assuming V1>V2>0. Both power suppliesAbove this frequency all particles are propelled backwards,
deliver a forward current only, illustrated by the diodes D5n the direction opposite to the fundamental traveling
and D6. Capacitor C1, representing load of channel A, islectrostatic wave. The particles fly in a "curtain mode”.
charged to voltage V1 (current 11) and discharged to voltagéhe transport velocity and flying altitude are significantly
V2 periodically. The discharge current 12 is short-circuitedsmaller than during forward propagation. Both decrease
to ground via the transistor Q3. The current soure Ifurther as the frequency rises until particle motion becomes
provides the base current for Q3. Switching performance ignperceptible. Microscopic analysis revealed that most
improved by a bypass capacitor C2>821 preferably. particles settle on the dielectric layer on top of the
Some technical limitations arise from bipolar transistorselectrodes. The rest of them oscillate between the
available on the market. If voltage V2 shall exceed 500 V, ielectrodes. Small particles cross the electrodes in backward
is suggested to connect several power supplies in seriadifection occasionally. Finally, at very high frequencies
each equipped with a separate discharge circuit in parallehotion stalls.
To generate a wave form with only three different voltage
levels these can be chosen +V, -V and GND. Then no Discussion
discharge circuit is required at all.

Figure 5. Schematic of the discharge circuit (positive voltages)

The observed particle motions are very similar to those
Experimental reported by Masuda et &lThey studied a traveling wave

transport of lycopodium patrticles in silicone oil. It shall be
Experiments were carried out with a Masuda panehoted that they reported a synchronous transport up to the
consisting of parallel electrodes 0.37 mm wide and 0.63%equency we labeled as critical. This would explain why
mm apart (40-lpi grid) on a printed circuit board. Thethe transport velocity seems to increase continuously. But
electrodes were covered with a thin dielectric layer tahe velocity could also increase in the case of an
provide electrical insulation and to give the conveyor aasynchronous transport. Hence, an open question remains.
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Backwards transport was observed in the mentionetechnical applications, normally the peak-to-peak voltage
experiments with lycopodium particleand it has also been between adjacent electrodes is limited. In this case digitally
reported from experiments with agricultural proddt®But  switched voltages can be of advantage. For example, wave
to the knowledge of the authors, it has never been reportddrm 1 provides a 15% higher RMS voltage than with

from experimental work with toner particles so ¥ar. sinusoidal voltages.

Although perturbation theory predicts that the particles start
drifting backwards at sufficiently high frequencies, the
normal "curtain mode” was always observed instead. It shall
be stated that all these experiments were carried out with
insulating monocomponent toner. 1.

Schmidlin searched for backward modes among the.
numerical solutions of particle motions. His conclusion
was, that a countermoving harmonic of normal strengtl3.
cannot account for backwards transgcrhis condition of 4.
normal strength was true for our experiments.

Because of these contradictions we looked at thé.
conditions for backwards transport. We found ané.
approximately linear relationship between the critical
frequency (fundamental) and the RMS voltage which is.
applied between adjacent electrodes of the conveyor (Fig.
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toner on a traveling wave conveyor primarily depend on the

RMS voltage applied between adjacent electrodes. In

Conclusion
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