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AssTRACT: Electrorotation experiments are conducted in harmonic rotating fields to characterize the passive
electric properties of cells or particles by their frequency-dependent rotation speed. The torque of the objects
is proportional to the square of the field strength. Therefore, a rotating field of constant amplitude is desirable
over a large area of the measuring chamber for reproducible measurements. In this study, the field distribution
in chip chambers was analyzed using numerical field simulation in combination with analytical post-processing.
The electric field distribution was compared for various electrode shapes. For the center, correction factors
could be calculated, relating the actual field strength to the quotient of electrode voltage and distance. Apart
from the center, the field was elliptically polarized with an eccentricity increasing with the distance from the
center. A spherical model object has been assumed to derive a theoretical expression for the torque induced
by an elliptical field. This model allowed us to consider the torque deviation for each site with respect to the
torque induced by the circular center-field. Various electrode shapes have been checked for minimum
deviations of the torque. We found the optimal chip design for electrorotation to feature electrodes with

round tips.
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INTRODUCTION

Electrorotation is a common technique to
characterize the dielectric properties of individual cells
in rotating electric fields '*. Cell properties can be
deduced from the microscopic observation of the
frequency dependence of the rotation speed induced
by arotating electric field in the frequency range from
Hz to GHz. The torque leading to cell rotation is
generated by the interaction of the induced cellular
dipole moment with the inducing external field.
Nevertheless, only the out-of-phase component of the
dipole moment will contribute to the torque that is
given by the cross product of the dipole moment with
the external field. Mathematically, the out-of-phase
component of the induced dipole is identical to its
imaginary part that is different from zero only at field
frequencies where electric dispersions occur. It follows
that the method of electrorotation directly and
sensitively detects dispersion processes, like structural
(Maxwell-Wagner) and molecular (Debye) dispersions
23 Theline of arguments suggests that a rotating electric
field polarizing a cell translates the temporal phase
shift of the induced dipole moment that would be
observed in a linear field into a spatial shift leading to

cell rotation.

In classical oscilloscopes, a beam rotation, i.e. a
Lissajous-circle, is generated by co-sinusoidal and
sinusoidal fields applied to two electrode pairs for the
x- and y- deflections. The x- and y-electrode pairs are
consecutively arranged to avoid interference.
Consecutive electrodes cannot be applied in
electrorotation, where the field rotates in the electrode-
chip plane. In four-electrode electrorotation chips,
two electrode pairs simultaneously generate the two
field components. As a consequence, interference has
to be taken into account. It is interesting that an
analogous problem exists in accelerators where the
particle beam is confined by electrostatic quadrupole
electrodes that are arranged around the beam-path.
Optimization of their design started with complex
shapes® and led to four rotational rods with their
symmetry axes oriented parallel to the path °. In the
central region of the electrodes the description may be
reduced to two dimensions, i.e. a plane oriented
perpendicular to the beam where the accelerator-
electrodes are mimicking the design of an
electrorotation chip.

Inelectrorotation, four-electrode micro-chambers
are common. To generate rotating fields, the electrodes
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are driven by four sinusoidal or square-wave signals
that are progressively phase-shifted by 90° *. In the
frequency range used for cell characterization, the
electrode properties can be assumed to be linear, i.e.
no frequency components other than those applied at
the electrodes can evolve in the chamber. As a result,
only elliptically polarized fields can be generated. The
frequency spectrum of cell rotation at a frequency-
independent field strengths can be analyzed to obtain
dielectric properties of biological cells. For
electrorotation chambers the electrode shape is an
important design feature.

For a variety of electrode configurations the field
distribution was analyzed by computer simulations 7'°.
The torque is proportional to the square of the rotating
field strength #1112 Gimsa et al. 7 and Holzel ®
introduced correction factors for the field strength in
chambers of different electrode designs. Hughes et al. *°
considered the influence of the phase difference between
the xand y components of the electric field on the torque.
The torque depends on the position within the electrode
chamber and the geometry of the electrodes *1°13.

In this study, we consider a sinusoidally rotating
electric field in a two-dimensional chip-model for
various electrode shapes using the finite element
program QuickField (Tera Analysis Ltd., Denmark).
The program is freely available under http:/
www.quickfield.com/free.htm. Correction factors for
the various electrodes shapes were calculated for the
field strength and the torque experienced by the cells.
Based on these calculations; torques, acting on a
spherical object at the center of chambers of different
electrode designs, have been compared. For each
design, the deviations of the torques relative to the
distance from the center, have also been analyzed.

MeTtHoDS AND THEORY

A rotating electric field can be generated by two
pairs of opposing electrodes orientated perpendicular
to each other in the x-y plane. To generate a
monochromatic, circular field the two pairs must be
driven by co-sinusoidal and sinusoidal fields,
respectively. As a result, the center-field rotates at a
constant amplitude (field strength). Nevertheless, its
actual amplitude can not directly be derived. Firstly,
the amplitude depends on the electrode shapes.
Secondly, the field strength between a pair of electrodes
is also influenced by the other electrode pair of the
four-electrode setup. These effects result in a reduced
center field strength (E)) deviating from the field
strength calculated for a single pair of plane-parallel
electrodes (E\| = V/d > E ). We define the correction
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factor of the circular field in the center as:

Special cases for the chamber-field can be derived
from the temporal behavior of the co-sine- and sine-
functions: When one of the functions reaches its positive
or negative maximum, the other is at zero amplitude.
Inthese cases, the center field will be aligned with lines
connecting (L ) the tips of opposingelectrodes, i.e. the
center field vector will consecutively point at the tips
of the four electrodes during one cycle (compare to
Fig. 1A). The center field will be aligned with the two
diagonal lines (L,) passing in between the electrodes
when the absolute values of the functions are equal
(Fig. 1B). The arrow head of the field vector will describe
a perfect circle when its origin is located at the center
of the four-electrode chamber, for reason of symmetry.
In and out of the center, the rotating field is changing
fromacircular to anelliptical polarization, respectively.
Accordingly, the arrow heads of the field vectors will
describe ellipses. When the vector-origins are located
at the connecting or diagonal lines the orientations of
the semi-axes of these ellipses are known: the semi-
axes are aligned in parallel and perpendicular to the
connecting or diagonal lines. The eccentricity of the
elliptical field increases with the distance from the
center.

To describe the elliptical fields we used the following
simplified approach. The static electric field
distributions for two phase angles, 0° and 45°, was
calculated by numerical simulation with QuickField
(Tera Analysis Ltd., Denmark) assuming a driving
potential of 10 Vpp at an electrode tip-to-tip distance
0f 300 mm. The results were rescaled to 300 pm. At 0°
the field strength was analyzed along the electrode tip-
connecting lines L . These lines are orientated parallel
(L} horizontal line in Fig. 1A connecting the positive
and negative electrode) and perpendicular (L_, vertical
line in Fig. 1A connecting the electrodes with zero
potential) to the field. The eccentricity of an elliptical
field can be derived from the maximum and minimum
fieldstrengthsE  andE_ ,e.g atthecrossingpoints
of L jand L | with the inner circle, respectively (Fig.
1A). Since a 90° rotation of the chamber corresponds
to a 90° phase progression of the field both values can
be extracted from a single calculation. E_ and E_
determine the semi-axes of the ellipses described by
the circulating vector arrow head. The analogous
procedure wasapplied todetermine E_ andE__ atthe
crossing points of the diagonal lines for a phase angle
of 45° (Fig. 1B). E___and E_ have been derived from
values taken from the cross-points of the diagonal lines
L,jand L, with the inner circle. Asaresult the field is
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fully characterized at 8 points of the inner circle (Fig.
1). At the inner circle the L - and L -crossing points
correspond to the shortest and the longest distances
to the electrodes, respectively. Therefore, it can be
assumed that the E_ and E_ values of the elliptical
fieldsat all other points of the circle will be in between
the values at these points.

The relationship between an elliptical field and the
circular field in the center can be described by:

a

Emax = _EO (2)
r

and
b

Emin = _EO (3)

~ _~
/—_V\Ld I
2

Fig 1. Sketch explaining the method of data acquisition for a
chip-chamber with 300 um electrode spacing. The long-
dashed line marks the inner electrode circle with a ra-
dius of 150 pum as the reference area (see text and Table
1). The circular field in the center is described by E .
The elliptical fields out of the center are described by

wmandE_ExamplesforE and E__at 0°- (A) and
45°-phases (B) are given (please compare to Fig.2). Plot-
ted values were derived for a distance of 100 pm from
the center (short-dashed inner circle. A: E . and E .
values were derived from the crossing points of the hori-
zontal (L and vertical electrode tip-connecting lines
(LC L) with the inner circle ( note that || and L
refer to the line orientation with respect to the field). B:
E and E values were derived from the crossing

max min
points of diagonals L jand L, , respectively.

dL’
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the two components of the elliptical field.
Furthermore, the eccentricity (ecc) of the elliptical
field is calculated using the correction factors a and b:

ecc = 4/1—(b/a)’ )

Analogous to the field correction factor r it is
reasonable to introduce a torque correction factor
that relates E' to the torque (N in the center of the
chamber (for details see Appendix). Thus, the magnitude
of the torque (N) in the circular center field is

described by:
(Ny)= 1" E Im (a) (5)

where 1? stands for the torque correction factor
and Im (o) for the imaginary part of the polarizability
ofaspherical object withIm (o) =€ & VIm (CMF)°. € € ,
V and CMF are external permittivity, volume and the
Clausius Mossotti factor, respectively.

Distant from the center we find the torque (Nemp):

<N5Hip> = abEéz Im(a) = EmaxEmm Im(a> (6)

with a torque correction factor of ab. Please note

thatin the center ab =1*for (Ndhp> =(N,). The deviation

of (Ndhl), AN, referring to the center-torque (N ) is
givenby:
N, )-(N
AN, = M

(N,) (7

We analyzed the field properties of 12 different
electrode designs with squared and rounded tips by a
stepwise change of electrode width D and electrode tip
radius R (Table 1). The spacing d between the opposing
electrode tips was kept constant at 300 pum.

ResuLts AND DiscussioN

Electric field distribution in the rotation chamber

The field distributions for 6 different electrode
designsare shownin Fig. 2. The field properties depend
very much on the location within the chamber and
electrode design. The field vectorsin the central regions
are generally homogeneous. From A to B Fig. 1
describes an anticlockwise rotation.

The electric field strength along the connecting
linesL  andL j and alongthe diagonalsL, and L is
plotted in Fig. 3 (please note, that Figs. 4A and B are
zoom-plots of Figs. 3A and C). For any distance from
the center the two components of the elliptical field,
E _.andE werederivedalongthel andL,lines. At

max

phase 0°valuesof E | were foundalonglineL ;. Values



64

Fig 2. Distribution of the electric field strength in the x-y
plane of different electrode chambers (Table 1) driven
by 0°- and 45°- phase signals. A: squared electrodes S1,
S2 and S5. B: rounded tip electrodes R2, R4 and R7. The
arrows are vectors of the electric field strength. The
circular areas with torque deviations below 10% are
marked in gray. Their radii were determined from the
minima of the S, -values along the connecting and
diagonal lines marked by an asterisk in Table 1.

of E_ werefoundalonglinel .Atphase45° E and
E .. values were found along lines L, and L,
respectively.

For all electrode designs the field strength in the
center varies between 24 and 28 kV/m, i.e. 73% - 84 %
of E'O). Distant from the center, the performance of the
square- and round-tipped electrodes is qualitatively
different. There, the field strength for squared
electrodes is either below (atline L ;) orabove (at line
L, ) the field strength of the round-tip electrodes. For
both shapes the field eccentricity increases with the
distance from the center. It varies from O (circular field)
atthe center toabout 0.95 (extremely flattened ellipse)
at a distance of 120 wm (Fig. 5). The increasing
eccentricity seems to be independent from the electrode
design. Only square-tipped electrodes (Fig. 5B) show
different eccentricities along the diagonal lines L.

Torque correction factors at the center and at sites
distant from the center

The field strengths at the center of various rotation
chambers are related to the torque correction factor
r? that is presented in relation to the electrode
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Fig 3. Field strength variation along the connecting lines L |
and L jand the two diagonals L, and L ;. A and B show
the electric field strength for the squared electrodes: S1
(dot), S2 (short dash), S3 (dash dot), S4 (dash dot-dot),
and S5 (solid). C and D show the electric field strength
of the of rounded tip electrodes: R1 (medium dash), R2
(dov), R3 (long dash), R4 (short dash), R5 (dash dov),
R6 (dash dot-dot) and R7 (solid). The straight-dashed
line marks the field strength of E =33.3 kV/m that would
be observed in between a pair of plane parallel
electrodes.

Fig 4. A: Zoom of Fig. 3A, B: zoom of Fig. 3C. For symbols
see Fig. 3.
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Fig 5. The eccentricity of the electric field as a function of the
distance from the center for squared electrodes (A and
B) and rounded tip electrodes (C and D). For symbols
see Fig. 3.

characteristics D/d and R/d in Table 1. For r* amaximum
in the range from 66% to 71% of N'; was found for
ratios of D/d and R/d above 0.5. Above these ratios r*
remains fairly constantand a change in electrode width
does not further affect the center field whereas r?
decreases for ratios below 0.5. For the pin electrodes
(S1) r*is smallest. Comparing the round- and square-
tipped electrodes with aratioabove 0.5, the latter show
slightly higher values for r*.
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An important criterion for the usability of an
electrorotation chamber is the torque deviation inside
the measuring volume of the chamber. In a plane chip
this volume is confined to an area with comparable
torques. We defined circular areas by allowing for a
torque deviation up to 10% with respect to the torque
in the center. Along the L and L -lines S -distances
were defined by the points with a torque-deviation of
10%. The radius of the experimentally usable area was
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Fig 6. Distance dependence of the torque deviation along
connecting lines and diagonals. A and B: squared elec-
trodes. C and D: rounded tip electrodes. For symbols
see Fig. 3.

Table 1. Designs of various electrode chambers. For all chambers the spacing d between the electrode tips was 300 um.
Electrode characteristics D/d and R/d (D, R and d stand for electrode width, electrode tip radius and spacing between
electrodes, respectively), torque correction factor r* and distance from the center at which the torque reaches a

deviation of 10% (S

10%

) along the connecting and diagonal lines. The last column presents the relative area with

respect to the inner electrode circle with a radius of 150 pm (see Fig.1) inside which the torque deviation is below
10%. The circular areas were determined from the minima of the S, , -values along the connecting lines (L ) and the

diagonals (L) marked by an asterisk (see Fig. 2).

Shape Designs Width D  Radius R D/d(squared electrodes) r S o iN WM % of
(pm) (um)  R/d(rounded tip electrodes) L L, usable area

S1 10 - 0.03 0.54 84 76%* 25.67
S2 150 - 0.5 0.71 80.5*% 110 28.80

Square S3 180 - 0.6 0.70 77 >120 26.35
S4 240 - 0.8 0.69 82* >120 29.88
S5 300 - 1.0 0.71 77.5% >120 26.69
R1 150 75 0.25 0.60 108 93* 38.44
R2 180 90 0.3 0.61 99 94* 39.27

Round R3 240 120 0.4 0.63 88* 100 34.41
R4 300 150 0.5 0.65 99* 99* 43.56
R5 300 180 0.6 0.66 85* 104 32.11
R6 300 240 0.8 0.65 85* 112 32.11
R7 300 300 1.0 0.66 84* 115 31.36
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calculated from the minimum of the two S, -distances.
The results are given in Table 1 and displayed by the
grayish circles in Fig. 2. For all electrode designs the
minimumoftheS,  -distances wasat least 75 pum (Fig.
6). With the exception of electrode design S1, S,
along the diagonal lines (Figs. 6B and D) was always
larger (90-100 um) than'S  , along the connectinglines
(around 80 um, Figs. 6A and C). Furthermore, the
torque for the square-tipped electrodes shows an
undulating pattern (Fig. 6B) contrasting the obvious
decrease of torque of the round-tipped electrodes (Fig.
6D). Nevertheless, we believe that the undulations result

from the limited capacity of the software.

Photoresist spacer

Sample volume

- i)
/ [
Temperature Electrode Bond pads
sensor

Fig 7. Scheme of our new glass electrorotation chips with
platinum electrodes of design R4. The radius of the
electrode tip is 150 pm. The width of the electrode and
the spacing are 300 pm. Temperature sensors have been
processed from a platinum meander-structure to follow
temperature changes in the chamber. A photoresist
structure forms the side walls limiting the sample
volume that is confined by a cover slip during
measurements.

A summary of the electrode properties is given in
Table 1. At first sight, r* as well as S, are similar
amongst the round-tipped electrode designs, whereas
the square-tipped electrodes show higher differences
in S, along the connecting and diagonals lines.
Although S . along the diagonal lines for the square-
tipped electrodesis very high, these electrodesare less
appropriate since the low S, . along the connecting
line is limiting the useable chip area. Additionally, the
square-tipped electrodes generate extremely high field
strengths at their sharp edges. This may lead to particle
collection at the edges due to dielectrophoretic effects.
Amongst the round-tipped electrodes, amaximum area

of constant torque is found for the design R4. In this
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design$, , isabout 100 umalong both the connecting
and diagonal lines. Therefore, out of 12 analyzed
electrode designs, R4 was chosen for use in the new
chip designs (Fig. 7, produced by GeSiM GmbH,
Grosserkmannsdorf, Germany).

CoNCLUSION

Numerical simulations with a freely available
software for electrostatic fields yields valuable
information on the quality of rotating fields in
electrorotation chip-chambers when combined with a
simple analytical post-processing. The field strength
and torque correction factors introduced provide a
basis for comparing experimental results obtained with
chambers of different electrode designs. The maximum
field strength in the center of 4-electrode rotation
chambers never exceeds 85% of the field strength
generated by a single pair of equi-planar electrodes.
Furthermore, we could determine the site dependence
of the torques experienced by spherical objects within
the electrorotation-chips. These considerations
allowed us to specify the electrode-chips with the largest
areas of a torque deviation below 10% amongst all
considered designs. It has a round-tipped electrode
with R/d = 0.5. There are a number of alternative
electrode shapes that have not been considered in this
study such as pyramidal or hyperbolic shapes.
Furthermore, this approach can be a useful tool not
only for planar 4-electrode chambers butalso for other
planar designs of central symmetry, like 3, 6, or 8-
electrode chambers. Probably, it can also be applied in
3-dimensional designs like those used in micro-fluidic
lab-on-chip devices.
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APPENDIX

Torques acting on objects at different sites of the
measuring area

The time average torque in circularly polarized
fields,

(N) = %Re [mxE ] (A1)

is given by the cross-product of the induced dipole
moment (/1 ) and the conjugated field ( E* ) 2°. The
elliptical AC field in the x-y plane can be written in
component notation as (see Fig. 1, Egs. (2) and (3)):

E, ar E; E

E=|E |=|j brE, |=|E
y .] 0 min (AZ)
E. 0 0

Both, the x- and y- field components are sinusoidal
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factors a and b were introduced leading to:
. b
Emin :J - Emax (A3)
a
and the conjugated fields:
. b
E’min == ; Emax (A4’)

(see Egs. (2) and (3)). The induced dipole moment
m is proportional to the field. In component notation
m is given by *:

m=(m_ m m, )=(aE, . ©oE_. 0
(A5)

Introducing Egs. (A2) and (A5) the torque of Eq.
(A1) becomes:

(N)= %Re(aEmaXE;m

- aF,E,. )k

(A6)

where k stands for the unit vector pointing in z-
direction. Introducing Eq. (A4) we get:

<N>:§Re (Q(Emax(-jEjEfmx—Emm (J’%)E;ﬂm k

7)

Eq. (A7) can re-written as:

(R) = %m(—ja[ﬁ; [EJ*E (gD]k (48)

Introducing Eqgs. (2) and (3) for E__ and E_ we

min

obtain:
R ab)_, CNT
(N) = = [EiRe(<ja)k (A9)
which can be simplified to:
) - (Hpmer @
r

Accordingly, the torque in an elliptical field is:

<N>=E E_ Im(a)k (A11)

max — min

and reduces to:

with a 90°-phase shift,denoted byj = \/—_1 We assume that

the magnitude of the field component oriented inj -
directionislargerthanin j-direction withno limitation
in generality. For the elliptic field apart from the center,

(N) = E; Im(a)k (A12)

in a circular field with r = a=b.





