


conveyancevelocity in direct proportion to theelectric field's Ill. ELECTRIC PANEL DEVICES
low frequency andhe electrodegap. A multi-channel, PC-

: L A. Structures
controlled, high voltage supply isonjoined tothe panel,

where every sixth electrode belongs to the same phasestate: As shown in Fig. 2, the device mmposed of parallel
b, c,d,e, orf. electrodesencased inepoxy resin, an insulating thigover-

The conveyance principle is incorporated in the film, a supporting paneland electrode-attachments to the
structure of theslectric panelas shown in Fig. 1. power supply.

cover-film & epoxy
electrodes

© © —
aJ | I |

b——— supporting panel

3-phase attachments

Fig. 1. Simplified perspective of thelectric paneldevice. Fig. 2. Baﬁ{feffgﬁg’sree g{;&?{f{fgigt&%’fm@m&

The supply sequence ofthe voltage source to the The parallelelectrodeshave anaverage center-to-center
electrode attachments is given in Table I. Considering balangsicth length of 40Qum, a diameter of 5@um and aresituated
squareprofile voltages, thesequence isvritten with [+], [0], parallel to thesurface at a distance of 26n to 75um. The
and[-] for a three-and asix-phase supplyepresenting the 3 electric panerepresents the most compliant device. Due to the
voltage states. The six-phasmse requiresall of the 6 simple electrodedesign, thepanel can be fabricated with
attachments, whereas in the three-phase asm®jd, b ande, various features as outlined in Fig. 3 and Fig. 4:

c and f are connectedtogether to thesupply. Particle Fig. 3 shows theperspective of amodified electric
transportation occurwith the variation of thesequencej.e. panel The two electrode-attachmenta and b, which
the particle synchronously movesith one phase. As a correspond taheir phases andb, are inversed irone half-
consequencewithin one six-phaseperiod, the particle is plane. By thisphaseinversion techniqueparticles can be
conveyedalong adistance doublethat of one three-phase gathered in the area of the central electrodelispersed to the
period. Thethree-phasesequence ofable Iwill be named as o peripheral electrodewhen applying areversedvoltage
square #1 later in this paper. profile sequence. Bghanging the attachments electrodesa

TABLE | andb to a non-inverseaonfiguration, the particlegan be
6 ELECTRODEATTACHMENTS A, B, C, D, E, AND F AND conveyed in one dimension across the entire surface.
THEIR SUPPLY FROM AMULTI-PHASE VOLTAGE SOURCE
e — e —
albjc|d|e]|f a|b|c|d|e|f
Q| + - 0| +| - 0 + | +]0 - - 0
§ +] 0] - +]0] - ol + |+ o] -] -
§ O|+| -0+ - -0+ +| 0] -
- +10 - +10 - ol +| +|0
i ol +] -Jof+ ol - -Tol+]+
0 - + 0 - + + 0 - - 0 +
Fig. 3. Electric panelfor bi-directional particle transportation in
Supply sequence of three-phase Supply sequence of six-phase y-direction and grouping along central or peripheral lines.
square profile voltages square profile voltages

An approach to achieving two-dimensional particle
Two types of balanced high voltage profiles are handling is shown inFig. 4. A second electrode layer
utilized: sineand squarevaves,eachhaving adifferent effect perpendicular tahe firstcan beadded Alternatively, a mesh
on the particle conveyance dynamics. interweaving the two layers can be employed as showigin
Three structurally noveldevices were developed: the5. In order to endurthe high voltagedifferences athe nodal
electric pane] the electric tube andthe electric dots ~ points, individual mesh-electrodemust be coveredwith a
Each incorporates the same principle for particle handling, biifficient insulation such as polyamide-imide. By applying the
serves a different purpose. phaseinversion techniquenow in both directionsparticles



half of thetested particlesubstanceshowed an acceptable
frequency dependemtansportation behavior. Thepplied sine
profile three-phase voltage was approximately ptg¥@nd the

frequency variedrom 1 Hz to 50 Hz. Raising thfgequency
higher than the 100 to 200 Hange causedthe particle
movement to cease with this configuration.
It has beerobservedhat spherical particles smaller in
diameter than the pitch-length were suitable donveyance in
most of the experiments. However, in cagderethe particle

shape has shargdges, it is believedhat the charge
distribution is mostconcentrated athe edge,thus disturbing

anddistorting theconveyancerocess. A study of theharge

can beselectivelyaccumulatednto 9 different locations and
along 6 differentines as well agzonveyediwo-dimensionally
distribution on the particlsurfaceandits impact onparticle
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()

)

‘{i“"\\\
o"“‘
o“‘

M
i

y
i
I,W

(
\

i

()

)
il
il
!
i

®
a%

(000
(0
i

i
ol
e
) ee
i
R
ov‘ol
{
&‘

0‘0{60
,;o:o'.
9,74,
\eo,f/

\‘0

(X

conveyance dynamiceemains for futureresearch.For the
following experiments, wéocused ornthe usage obpherical
andmetallic particleseventhough glassand plastic spheres
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showed good performances as well.
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y-ab €
Electric panelfor x-y particle handling and grouping
in central and peripheral areas.
C. Experimental Environment
The dynamic forces ofthe electric field acting on
particles have been tested liye electric panelin various
environments such as air, vacuuamd dielectric liquids. In

atmospheric conditionseveralproblems must be takeinto
account and solved due to the ever present humidity. This leads

to increased adhesiferces, causing particles to stick to the
surface.Furthermore, thegeneratedelectric forcesdecreased
considerably in a vacuuranvironment; thecausehas to be

investigated morelosely. Good results, whichare presented
later in this paper,could be obtained for particles being

16 mm [

handled in dielectric liquids.
D. Conveyance Characteristic & Improvements
Someexperimental results in particle handlingyveal

Mesh incorporated in they- electric panel
consisting of insulated wires in each direction.

improvements in conveyance smoothing on ¢lextric panel
For normalparticle transportation, aimple set ofparallel
Thecause of this

Fig. 5.
B. Particles
Particles involved in the experiments were in thgrd
to 400pm diameter range, held diverse moisture contents, and
had different shapesand size distributions. Representative
electrodes issufficient, but theproducedconveyanceshows a
high sidewise fluctuating behavior.
disturbance is believed i@ in the unequalgapsbetween the

samples utilized in the experiments are shown in Fig. 6.
electrodesand inaccuraciesoriginating from thefabrication
process which result in a non-uniform field. Aurther
explanation can be found by considering the presence of a non-
uniform charge distribution on the particlesurface which
imposes dorque onthe particleitself. In the low frequency
range, the voltage profile also has an impact on the
transportation performance, as verified experimentally.

The goal to smoothen and improve particteveyance
dynamics onthe electric panelcan be solved by aimple
method: A series of parall@lectrodes is incorporated below

and perpendicular tathe alreadyexisting layer or simply, a
mesh withinsulated wires isembodiedinto the device. The
newly added layer is then supplied bgamstantvoltage.

A Scanning Electron Microscope image of
representativé\l- andFe-particles.
Aluminum, various metals, glassndplastic spherical

Fig. 6.
particleswerethe most promising in aeries ofconveyance
tests conducted onthe electric panel A selection of 70

differenttypes of substancesave been examinednd about
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The ac supplied layer works &lse particleconveyor,
whereaghe dc suppliedayer constrainshe particles tdrack
on the activated electrode. Therefore, this methaefesred to
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Fe-particle conveyance behavior test employs 3 different
voltage wave-profiles: sine, square #1 and square #2;

here, one of the three engaged phases is shown.

astracked particle conveyance.
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Tracked particle conveyance monitoredxirdirection for
each of the three voltage profiles with 1ggyat 2.5 Hz.
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in x -direction for sine profile with 1 kp at 2.5 Hz.

Under the condition of three-phasesupply, three
different voltage wave profiles as shown irFig. 7, with a
voltage of 1 k\ptp and frequency o2.5 Hz,were applied to
theelectric paneto study its influence on particnveyance.
Fe-articles of250 um diameter weremonitored by ahigh
speed camera at a recording-frequency.6fkHz over atime
span of 1.2 s and a distance ofmn. The resultingconveyor
characteristics inthe y-direction are shown in Fig. 8 for
tracked and inFig. 9 for normal, untracked particle
conveyance. The high fluctuation of the norroahveyance is
clearly visible in Fig. 9. Among thetracked conveyance
characteristics in Fig. 8, the particldgven by asine profile
show a smoottandlow-fluctuating behavior. For thsquare
profiles, which result in high particlecceleration between the
gaps, the trackingnethodmaintains thesidewise fluctuation
within a well definedrangewhich is dictated bythe pitch of
the trackingelectrodes. Ishould benotedthat the profile of
square #1 with aadditionalstep produces avisibly smoother
conveyance than that of square #2.
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Fig. 10. Tracked and stepwise particle conveyance monitorad in

direction for each of the three profiles with 1g¢yat 2.5 Hz.

The stepwise transportation froafectrode to electrode
is clearly shown in Fig. 1@or the three voltageprofiles. On
comparing the monitored stepwisenveyance ofhe sine and
the two square profiles, it islearthat thereversedoscillation
response is the outcome different accelerations. lwill be
interesting to employ custom wave-profiles incorporating only
the favorable elements of the produced transportation
characteristics for future experiments.

Goodresultscould be obtained for &e-particle being
handled in dielectric liquid. The conveyance behasluows an
increaseddamping, compared tothe previousatmospheric
condition. Fig. 11 and Fig. 12 present thaces of a250 um
in diameterFe-particle, which was monitored byragh speed
camera at a recording-frequency of 4.5 kHz over a time span of
1 s and aistance of 5mm. A six-phasesquareprofile with



1.4 kVptp at 2 Hz was applied. Theacedparticle conveyance
over thesurface isshown in Fig. 1Ifor trackedconveyance,
and as a function of time i andy-components in Fig. 12.
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Fig. 11. Tracked particle conveyance monitored in dielectric liquid.
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Fig. 12.  Tracked particle conveyance monitored as a function of time

in x- andy-direction.

E. Particle Handling

Fig. 13 shows the results of using #lectric panelfor
particle accumulation. Thehase inversioriechniqueallows a
group of particles to begathered athe upper rightcorner,
arranged inthe center ofthe upper lineand finally separated
into the leftand right corner. This techniquealso yields an
assembly of particles along desired line in central or
peripheral areas.

g

Fig. 13. Electric panelwith incorporategphase inversion

techniqueallowing two-dimensional particle
handling and accumulation.

Furthermore, it has beesbservedthat a three-phase
voltage supplied to thelectrodeshows lesdorce generation
on the particles than a six-phase voltage. iAcrease in

phases strengthemasdalso improves the particleonveyance
characteristics necessary fore manipulation.However, the
additional phases maltke wholedevicemore complicated to
fabricate.

The total area for thactivated electrodes is largiar a
six-phase supply thanthree-phassupply. Thisphenomena
can be observed directly iRig. 14. Groups of particles are
concentrated inthe activeareas and conveyed ithe x-y-
directionforming a gap of the same width as the actiea.
The particles appear grouped in a checker board pattern.
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Fig. 14. Groupwise conveyance éfe-particles

in x-y direction for a six-phase voltage supply.

One furtheradvantage ofthe electric panelis that
particles can be packed in a single lagied evenly arranged at
any surface location. This interestingcurrencehascurrently
only been examined and observed with laggeedparticles in
the diameter range of over 10f. The actualimitations and
its causes must be examined more closely.

IV. ADDITIONAL DEVICES

A. Electric Tube Device

Fig. 15depicts atube shaped devicewhich is named
theelectric tube

abcdef

Fig. 15. Perspective of thelectric tubedevice.

It embodies the same principle as #hectric panel but
is made of asingle layer of spooleclectrodeswith a defined
and constantgap-widthand atypical electrode center-to-center
pitch length of 256um. The inner diameter is 5 mm.



the non-activated, surroundingurfacewhich also attracts the
particles. In a moreefinedversion of theelectric dots device,

two thin aluminum film-stripshave beenattached to the
surroundingsurface inorder to eliminate the electrostatic
disturbance. Theurface ofthe latestdevice isshown inFig.

19. The outer two rows of electrode dots are kept on dc and the
e fal bcldeflabcdefabcd inner two rows on ac level in the followingarticle
manipulation experiment.

Phase

Fig. 16. Cross-section of thelectric tubeillustrating its numerous
attachments for a six-phase voltage supply.

dot electrodes Fe particle

This electric tube is meant for particle mass
transportation taking an inherergdvantage of utilizing P
multiple electrodeattachments, such as in Table I. Particles =
can be transportedue totheir particular physical properties,
whenever amulti-channel, PC-controlled, power-supply is
used and &oltage phassequence tactivatedesired electrode

) . i ) spacer grid
combinations is sent to the device.

Preparatoryresults have been obtained for particle
tranSpor_tatlomnd?r direcinfluence Of grawtatpnaiorces In Fig. 18. Conveyance of twé-e-particles along a row of electrode dots.
anelectric tubewhich has been positioned vertically. The goal
is to use a londgubein order totransport particles from one
location to another.

auminum film

ac dc spacer grid
B. Electric Dots Device
Fig. 17 illustrates theconcept of the electric dots et
device. =
particle
handling surface supporting body

electrode
slectrode K attachments
%Q
aluminum film 0.8 mm,

Fig. 19. Surface of theelectric dotsdevice showing 6 rows of electrode dots
and the spacer-grid. The surrounding is
covered by a thin aluminum film.

Fig. 17. Perspective of thelectric dotsdevice. . .
Fig. 20-23 present the traces of a 350 diameterFe-

The manipulation electrodepear as anatrix of dots particle, which was monitored by kigh speed camera at a
in the handlingsurface.The device incorporates a bundle of recording-frequency of 2.25 kHz for three-phase antistkHz
insulated conductivevires, embedded in aupporting body. for six-phase supply over a time span of ansl adistance of
The surface has been ground in a plane normal to the wirettthm. The square profile voltages were supplied with atpkV
form the handlingsurfacewhich is subsequentlgovered by a and at a frequency of Biz. The direct particle conveyance
thin film. The particlesare manipulated on thédilm-surface along the 2 inner rows aflectrodedots is shown irFig. 20
along the dot electrodes. The dots hawemter-to-centepitch ~ and in Fig. 22. The graphs &fg. 21andFig. 23 depict the
length of 40Qum and a diameter of §0m. particle motion time-dependent irx- and y-components. The
oscillation response strength of thtgee-phase case iess

B . . : . than that of the six-phaseasewhich is visible from the
shown in Fig. 18or a Fe-particle. By increasing thapplied . N : .
different oscillation pattern. The particle isonveyed more

voltage amplitude, theonveyedparticles form groups on thef fullv by six-oh than by th h it
dots. The mairdrawback isthe existence of electrostatics on o Cc WY DY SX-phase than by three-phase voflages.

Particles are handledprecisely from dot todot, as



= 40 been traced in dielectric liquid, as an example of non-
% 30 atmospheric environment.

% 20 The advantagesind drawbacks ofhree- and six-phase
% 1.0 voltages have been discussed. By its guiding shapeletigic
3 = tube serves as a particleorting and mass transportation
> 08 04 0 04 08 system. Theelectric dots devicetargets single particles to be

x-Displacement [mm] conveyed along a row of electrode dots. The particle-

Fig. 20. Trace of particle conveyance along two rows of electrode dots.

manipulation on theelectric-dotsdevice-surfacehas been

Three-phase voltages with 1 kVptp and at 2 Hz were supplied. trailed for both, three- and six-phase square profile voltages.

Since no moving machine parts are involved,ftitees

= 0.8 T 4.0 i - ;
£ odl E 20 WMW of the electric field can reduce overall energy consumption.
= 04 g > Juie .
g 0 ity NWWWWJ\{W”WW Al g 20 | s The devices developedanalso serve as garts Teeder
g 2 10 WW” and manipulator forMEMS. The compact sizeand simple
B 04 8 o s design of the devices will allow further down-scaling.
% 0. 0 04 08 12 16 > 0 04 08 12 16 Future experiments using mos®phisticateddevices
Time[g] Time[g] will be based orthe developechandling principle toperform
Fig. 21. Particle conveyance monitored as a function of time |mprov§d p_artlde sgrtlng, e:g. devices asahetric paneland
in x- andy-direction for the three-phase case. tube will include linearly increasedgap lengths to sort
particles in groups of different sizes, size distributions, charges
= 40 : L .
£ and moisture contents under additional influence of
i 3.0 gravitational and centrifugal forces.
5 20 Future plangncluderefining the devicestructures, and
g
I 10 conveyance improvements by using uniquadgignedvoltage
C.; 0 profiles. Furthermore, experiments in wider range of
08 -04 0 04 08 environments, with special emphasis on vacuum and

x-Displacement [mm]

Fig. 22. Trace of particle conveyance along two rows of electrode dots.
Six-phase voltages with 1 kVptp and at 2 Hz were supplied.

solutions, will be conducted.
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V. CONCLUSION & FUTURE PROSPECTS
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