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Abstract; T ———
This paper presents the simulation of general and iraveiling dielecirophoretjc forces, as weij
of the particles jn s sandwich structurs

micro-device. The eiectrode geometry of the mierg
simulation is an interdigitated bar elect

trede, The simulation method used 1o solve the cquations is bageg 01 the Jenst
square finjte difference method (LSFD}, The simulation first calculates ajl forces acting a any place in the chamber
'

with these forces the trajectory of & parlicle can now be proposed, Al] of the Particles paramesers itke radiug, v
initial height, ete an easily be changed and the simulation can be tedone. Wiih this continuous trial we »,
different behavior of the particles and examine the relevancy of the different changes made. Tiy

information about the influences of the perameters on the procedure in the micro-device cap be us
development of further micro-devices.
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The development or micro-devices for ha

ndling particles in mieTometer
chailenge. Although a

let of worlk has been done in this research area the
topic, due io the biz opportunities this research arez unwra
handle these kinds of particles, from mechanical
devices. The latier bave recent]

size and smaller, remains g
re s 51l 2 need to focus on this
ps. Different techmiques have been used to
grippers to adhesive grippers 1o electrical handling
¥ done a very 2o0d job in controlled manipulation and separation of
particles especially in very small dimensions, One efficient effect used in electrical manipulation js called
diclectrophoresis, DEP arises from the Imeraction of a noen-uniform AC electrical field with the induced
dipole in a micro-particie [1,2]. This interaction creates forces that cap be used for its controlled
manipulation. The wiitization of DEP is steadily increasing, Latest research shows, that DEP Forces can
be used 16 handle and separate carbon nanotubes [3] due 1o semi conducting or metalfic, Other particles
have also been dealt with successfuily, particularly biolegical particies such as cells [4], viruses 131, and
DNA [6] but also synthetic particles like latex spheres [7]. The different particles have different propertics,
which can be used to clearly identify and handle them and ean be used to Separate particle mixtures.
Examples for thege propertics are different radiys or different behaviour to the frequent of the applied
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he electrode geometry, can be used o

: DEP siraulation is based on f"u‘
iheory used 1o vzsu} 2¢ ihe Seic Dvc to 1]1‘5 for different approaches different
simulation metheds are vsed, A "!Ct'\O(_ 10 deseribe the DEP forces is based on FEM [10-11].
This method is also used by most g;ommcrcm} soitware, like Ansys or Maxwell, 10 caleulate the potential
distribution for different clecirode geometries. Other methods used for simulation are distributed
Lagrange muliipiier (DLM) [12], method of moments (Mob) [13] or finite differencs (FD) [14].
Electrical ficlds and DEP forces have been simulated for different electrode geometries like casteliated
clectrodes [15], cage electrodes [16], interdigitaied ciectrodes [11} and polynomial electrodes [17]. The
simulated forces show closc agreerent with the expesimental studies. Mos: simulation work is focused on
just the calculation of the force and doesn't deal with the movement in the microdevice. An example [11]
shows the behaviour of a micro particle in a device with interdigitated electrode geomelry, undergoing

general DEP and hydrodynarnic forces,

1 the
jal c..;yliCuLl

2. Theoretics] Background
(=}

Pohl introduced the theory of the dielectrophoretic foree in 1951 {181 1t is derived from the dipole in
a sphericai particle induced by an AC non uniform electrical field. The derivation of both forces for gDEP
and twDEP are given by the time averaged Foree F{)

Flo)=[nde)V]e) M
where m(t) and E(t) are the time-dependant dipole moment and electrical field. Following the derjvation
from Huang the dipole moment m,{i) is taken as an example.

i, (t}=4ne, »°E  {Re[ £, Jeos(wr + g, }-Tm " Jsin{wr+ o, )} (2}
Here @, is the phase and E,q the field magnitude as spatial functions and ot is the frequency. The other
Parameters are ey the absolute permitiivity of the suspending medium, r the zadius and £, the Clausius-
Mosetti factor, which is given by

" "S‘
fc-.r:

" -
TN 3)

in this equation g, and En arc the particle and suspending medium complex permittivity, defined by
& =¢-j{u/w) with & as permittivity, ¢ conductivity and J as square root from -}, This factor can be positive
or negative depending on the frequency and is therefore responsible for positive or negative forces. Now
solving equation (1} for the x component with equation (2} and the missing moments in y and z direction
we receive the solution in x direction for the DEP force time dependant and time averaged by

rmnmw““)\m”“) (2
B C’..
@
T+ f" T E & . ch
(F.(0)) = 278, | Re(f,, )—(;"—’l—-——)*: tm(f, ) B, Sor 4 g2 20y pr 00 op.
on ox CL\. Ox

With equation (4) for every direction x,y,2 we receive the total DEP force acting on a particle from
aon uniform electrical fields, which is the base for our simulation worl.

1 Calexlation of DEP farces

The numerical equations of the simulation are based on the least square finite difference method,
introduced by [1]. It can be viewed as a further development of the general finite difference method GFD,




: io solve numerical proviems,

cp” G 0
& eyt (3
where @ is potentional distribution. The electrical field can be obtained by differentiuting the poteniia]
The general and travelling wave DEP forces are numerically represented as “
Foper = 27‘5.”‘131{0[.&).: IV{ Re[E] +| 1m{E} )
= 2ne, @ Rel £, JV( Vo, | =196, ), )
B oper = ~27t8m5131m{fc” Wx(E, E —E E:
= _27{3ma:‘1m[fcw }E_(EP_;.:EI}- + EmEg‘.x - ER_;"XE.'x - ER_;-E[x.x )} (7)

F{EuE, + Enly, B By By E 8]

3.2 Particie motion

The forces acting on the particle are the gravitational foree, the drag force of the fluid and finally the
DEP force. The two missing forces are given by
e =61k "'ﬂ("m ——vp.)

g

F. =§n-r3(m -p,)g ®

The force due to the flow is constant along the x direction and Jjust varies in v direction with a
parabolic profile; the gravitational force is a constant. The basic for the movement is equation of the
momentum, it is given by )

) = Fpgp, + 6w der (v, —30)

. P . 9
myp(ry = Fogry —(Pp =, W-g =605 k- 348) ®

The parameters used are Re( 7., ) = 20.5, medium fiow rate of 4§7.76 w's and conductivity gy, of
107 Sim, a dielectric constant &n of 80 and mass density of 1 g/om®, The particle used for simulation is a
micro latex sphere with conductivity o, of 107° 8/m, a dielectric constant g of 2.5 and a mass density of
1.05 glom?®. A relatively low gravitaonal foroe for the particie is observed, which is just relevant over
long distance travel. The other preferences of the micro device ke chamber height, applied voliage,
particle size and others were varied and the results were used to find out more about the particle behavior
in the device,

The simulation results for both negative and positive DEP with the same particle sizes are shown in
Fig. 1, where the particle size is I jun. The left part of Fig.1 shows negative DEP for  reicase Voltage of
2 Vpp, the electrodes are marked by the grid and the bold iines at the bottom of the plot. The maximum
DEP forces act at the elecirode edges on the particle so that the biggest gradient of the movement occurs
at the clectrode edges. The trajeclory of the particles of various inilial heights move cioser togetier and
after a certain time and distance, much longer than this device, all the particles levitate a1 the same height.
This is due to the balance between the gravitational force and the DEP force. At a certain height above ihe
electrode, the gravitational force gets bigger than the DEP force and the trajectory is levelling off to an
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even, In the right part of Fig. !, the trapping of the pariicle can be secn, with a release Volts
the clectrodes are again mar
particle the siopping distance varies, The maximum {oree in x direction, which is responsibl
has 10 overcome the force by the flow that frapping can occur.
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Fig. 1. Plot of particle movement for left negative DEP and right positive DEP. The chamber height is 24 um.
The viewed Device lenath is 320 um. The clectrode leneth and the gan between are both 20 um

Fig. 2 shows both negative and positive DEP acting on particles with different radius. The particles
start at the same initial height, For negative DEP, in the left part of Fig.2, for a Voltage of 1 Vpp and the
chamber height of 20 um, it is received a higher levitation height for bigger radius. To see the trajectory

‘migrating into an even the domain of the device has to be expanded. For negative DEP in the right part of

Fig.2 with 3 Vpp and a chamber height of about 26 um the maximumn stopping distance gels smaller for
bigger radius. .
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Fig, 2, Negative (left) and positive DEP for different particles sizes.

The effeet of elecirode gepmetry on both negative and positive DEPs are shown in Fig. 3. As canbe
seen from this figure, for an clectrode width of 25 um we receive the highest DEP forces and for the ’
electrade of 15 um the lowest forces, The reason for this is due to the potential distifbution. Altheugh
there is no change at ihe electrode surface in x direction, there is a big change in y direction. This leads to
bigger average forces in the device above the electrode and therefore o a higher levitation or earlier
stopping with increasing widih of the clectrode, With electrode geometries of bigger width particies can
be levitated higher or trappedi earlier in the device. .
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Fig. 3. Electrode geometry on the effect of hoth hegative and positive DEPs,

4.2 Travelling Wave DEP

The 138 19 cells, with a Claustus-Mesott factor of 0.17 for the real part and 5,45 for the imaginary part at
a frequency of ] MHz, is employed 1o investigale the travelling wave DEP. The density of the cells ig
1.07 gier®. The cell movement is shown in Fig. 4. As can be seen from this figure, the cells move in
cireles to a centre above the electrodes <due 1o Just traveling wave DEP at & frequency of 1 M52 and
applied Voltage of 2 Vpp and a mass density of the cell changed to 1.4 g/om®, Ag reported by Li ca af [1],
the twDEP force in x direction acts also in higher regions of the chamber, so that even the paiticle at the
top are moved into uaveling wave direct ower mitial heighis K] they get

tion and travel further then at !

finally caught by the forces in ¥y direction, The effect of voltages on the travelling wave is shown in Fig. 5.

The left part shows e movement of the cells as similar already seen in Fig4. The right part shows the
s cover. This curve has first a 5

traveling distance that the cel] highily parabolic increase but then converts
inio a straight lincar increase. Unlike (o general DEP it can b

¢ seen that for higher Voltage the slopping
distance increases, This is the effect of 5 bigher force in direction of the traveling wave due ic the
increasing voltage, Whilst the vertical forces are at the one side positive and the other side negative, the
closer the particle is to the clectrode the more jt gels levitated afterwards. This can be figured out in the

* increasing wave of the trajectory, from comparing the single valleys and peeks of one trajectory and the
comparing of the bigger peeks at different voilages.

A special case in traveling wave DEP is the change of the radius. This leads to a cell movement as seen in
Fig.6. The acting forces are Just twDEP and the gravitation at a frequency of 1 MHz and 2 Vop and a
mass density for the cel] of 1.4 glem’, For a betier verifying we combine this figure with 2 plot of tw- and

gDEP forces acting on particle with different radius, here we have a mass density of 1.07 g/om’®,
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Fig. 3. The effect of voltage on the travelling wave particle motion.
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Fig. 6. Particle radius effect.

As can be seen from Fig. &, the particle radius has ne effect on the movementi of the cells. The only
clear thing to see is that there are different radiuses is in the left plot, where the cells collide with the
bottom of the chamber. In the right plot we can see a slightly thicker trajeciory ai the beginning over the
first electrode. This litde difference is due to the gDEP force, which is of more importance the closer a
cell is to the electrede.
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Fig. 7. The initial height effect.

Similar to the radius in a combination of tw- and gDDEP the initial height has no effect on the final
trajectory of the cells, as shown in Fig. 7. The difference to single twDEP is the levitation of the particle
against the former trapping at the centers above the electrode. The reason for the levitation is clearly the
gDEP force. As seen for negative DEP with just general DEP In the figures before, the particle are
levitated t0 a certain height and then follow a horizontal even. It is shown that the increasing of levitation

e tn

siops at a certain value and the irajectory continues instead of an even in a simpie sinus oscillation due to
the twDEP forees. The frequency in this plot is at |} MHz and the Voliage is 2 Vpp, the cell size is 1 um.




The numerical simulation methodology was developed to sudy both general and wraveling wave
DEP based an interdigitated microeicctrode array. The effects of particle sive, apolied volta ¢

heights on the particle motion were analysed. These simuiaiion results are cxpected (0 Optimize
interdigitated microelectrodes based DEP devices, '
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