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ABSTRACT

Insulator-based dielectrophoresis (iDEP) is a powerful particle analysis technique based on electric field
scattering at material boundaries which can be used, for example, for particle filtration or to achieve
chromatographic separation. Typical devices consist of microchannels containing an array of posts but
large scale application was also successfully tested. Distribution and magnitude of the generated field
gradients and thus the possibility to trap particles depends apart from the applied field strength on the
material combination between post and surrounding medium and on the boundary shape.

In this study we simulate trajectories of singe particles under the influence of positive DEP that are
flowing past one single post due to an external fluid flow. We analyze the influence of key parameters
(excitatory field strength, fluid flow velocity, particle size, distance from the post, post size, and cross-
sectional geometry) on two benchmark criteria, i.e., a critical initial distance from the post so that trapping
still occurs (at fixed particle size) and a critical minimum particle size necessary for trapping (at fixed
initial distance). Our approach is fundamental and not based on finding an optimal geometry of insulating
structures but rather aims to understand the underlying phenomena of particle trapping.

A sensitivity analysis reveals that electric field strength and particle size have the same impact, as
have fluid flow velocity and post dimension. Compared to these parameters the geometry of the post’s
cross-section (i.e. rhomboidal or elliptical with varying width-to-height or aspect ratio) has a rather small
influence but can be used to optimize the trapping efficiency at a specific distance. We hence found an
ideal aspect ratio for trapping for each base geometry and initial distance to the tip which is independent
of the other parameters.

As a result we present design criteria which we believe to be a valuable addition to the existing
literature.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

charge on the particles, and can be applied using either ac or dc
electric fields.

Dielectrophoresis [1-3] is a promising particle manipulation
technique. Up to now, it is mostly used in the biomedical indus-
try, e.g., for characterization and manipulation of DNA [4], proteins
[5], stem cells [6], and other bioparticles [7]. It has also been used
in the assembly of nanotubes [8] and colloidal structures [9] and
is investigated as a measure against colloidal membrane fouling in
filtration processes [10-13]. It is label-free, does not require a net
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It is based on the interaction of an induced multipole (dipole,
quadrupole, etc.) with an inhomogeneous electric field [ 14]: a par-
ticle subjected to an electric field will polarize, resulting in charge
separation at the surface of the particle. If the excitatory field is
inhomogeneous (i.e., unequal in magnitude on both sides of the
particle), the Coulomb force which acts on each side of the parti-
cle is unequal. This results in a net force and thus movement of
the particle towards regions of higher or lower electric field. The
force direction depends on the relative polarizability of the parti-
cle in the surrounding medium, as expressed by the polarization
coefficients [15], for example the well-known Clausius-Mossotti
factor (first order polarization coefficient) for a perfectly spherical
particle. If it is positive (negative), the particle is more (less) polar-
izable than the surrounding medium and the resulting force points
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towards higher (lower) electric field regions, thus towards (against)
the electric field gradient, which is termed positive (negative) DEP.

The force magnitude acting on a spherical particle is directly pro-
portional to the particle’s volume and the gradient of the square
of the electric field. Hence, movement of small particles requires
large electric fields and rapid spatial electric field changes. A
very prominent method for achieving such electric field gradients
is insulator-based or electrodeless dielectrophoresis (as opposed
to electrode dielectrophoresis) which is exploiting the fact that
electric fields distort at material boundaries. When a stationary
material boundary (usually termed obstacle or post) is introduced
in an originally homogeneous electric field, polarization charges
will accumulate at the boundary [16]. These charges themselves
will generate an inhomogeneous electric field which is very suited
to induce dielectrophoretical particle motion. Extension and mag-
nitude of the generated field gradient depend on the difference in
dielectric properties between the two materials and the shape of
the boundary.

Among other arrangements (e.g., microchannel constrictions
[17], single obstacles [18], or oil droplets as obstacles [19]) an
array of insulating posts [20-22] is mostly used for field distor-
tion in electrodeless DEP. Here, two cases can be considered: the
majority of publications deals with the immobilization of parti-
cles exhibiting negative dielectrophoresis. In this case particles are
usually immobilized in the gaps between posts due to an equality
of dielectrophoretic and electrokinetic forces. These setups do not
require pumps as the transversal movement through the separator
is achieved using the effective electrokinetic force (EK, resulting
from electroosmosis and electrophoresis). The negative DEP force
points against the EK force and when both forces are equal in
magnitude the particle becomes immobilized. Since the EK force
depends on the direction of the excitatory field, these setups usu-
ally use dc potentials [23] or dc-biased ac potentials [22]. They
are mostly used to achieve chromatographic separation of parti-
cle mixtures by size or dielectric properties for sample preparation
or analysis [22-25].

A smaller part of the publications uses positive dielectrophore-
sis (cf. Fig. 1a) to trap particles at points of maximum electric field
strength at the surface of the posts [26-29]. They either use EK (and
thus dc or dc-biased ac voltage [26]) or rely on pumps [27,28] for
particle transport through the setup. In a certain range it is pos-
sible to adjust the dielectrophoretic answer of a particle (whether
positive or negative) by varying the frequency of the applied ac
field or by varying the suspension’s conductivity [30]. Nevertheless,
most biological particles exhibit negative DEP in their respective
(conductive) buffer solution over a wide frequency range whereas
technical particles (such as metal particles or most submicron latex
spheres at frequencies in the kHz range and below [30]) mostly
exhibit positive DEP in pure water.

In the past, positive iDEP or electrodeless systems have been
used for the immobilization of DNA as well as some proteins. For
example, Prinz et al. [31] trapped Escherichia coli chromosomes
after lysing in micro constrictions. Chou et al. [32] trapped single-
and double-stranded DNA using electrodeless DEP traps. They also
presented a model for the polarization behavior of DNA, which can-
not be described by the Clausius-Mossotti factor. This has been
advanced by Regtmeier et al. [33,34] also using electrodeless DEP
traps. Nakano et al. [35] trapped immunoglobulin G and bovine
serum albumin using positive DEP in arrays of insulating posts.
Recently, Mata-Gémez et al. [36] separated PEGylated RNase A
from unreacted RNase in arrays of rhomboidal posts exploiting the
dependence of the positive DEP force of PEGylated and the unre-
acted RNase species on the size of the molecule.

Kazemlou and Nazemifard [29] described the influence of
positive DEP on the electrophoretic separation of DNA in micro-
fabricated post arrays, a phenomenon which has been ignored by

most studies but can be used to account for some inexplicable band
broadening. Here, the pDEP effects are undesired and should be
minimized, quite contrary to the aim of most iDEP studies. Hence,
it is necessary to elucidate the mechanisms of positive particle
trapping in arrays of insulating posts and other electrodeless DEP
devices.

Insulator-based or electrodeless DEP emerged to be a prominent
method to achieve particle and cell separation and characteriza-
tion; a somewhat more detailed literature study on this topic could
be found in the excellent reviews by Regtmeier et al. [37] and Sri-
vastava et al. [38].

We have recently published an electrically switchable filtration
process based on the concept of insulator-based dielectrophoresis
[39]. In this, we used polyethylene filters as electric field obsta-
cles: the porous material is sandwiched between two electrodes
and becomes polarized due to the excitatory field. The resultant
field gradients were used to DEP trap and thus separate particles
that experience positive DEP from a solution which is pumped
through the filter. Other studies [40-42] used glass beads as porous
medium in between electrodes for DEP trapping. We, however,
were the first to publish a DEP filter using the inverse structure, a
foam or sponge. Albeit receiving very promising results, the study
itself was not based on deep insight on the polarization behav-
ior of the porous medium. Instead of consciously designing the
porous medium we used commercially available polymer filters
for conducting a proof-of-principle study. Recent studies [16,21,24]
indicate that the distribution and the intensity of the generated
electric field gradient strongly depend on the shape of the bound-
ary and the two involved materials (i.e., the material of the liquid
medium and the material of the obstacle or post).

The design of a porous medium optimized towards dielec-
trophoretical particle separation requires understanding of its
polarization behavior and how this alters the excitatory elec-
tric field. LaLonde et al. [24] and subsequently Saucedo-Espinosa
and Lapizco-Encinas [21] presented very thorough application-
oriented studies with iDEP channels using insulating posts to find
ideal post geometries and spacings.

Lalonde et al. [24] compared the minimum required voltage
for iDEP trapping in channels using posts with diamond-shaped
and circular cross sections with different cross-sectional width-to-
height ratios. They found that diamonds outperform circles in every
case and that such diamonds (short diamonds) whose dimension
parallel to the flow direction (width) is shorter than the dimen-
sion perpendicular to the flow (height) require the least voltage for
iDEP trapping of particles. Saucedo-Espinosa and Lapizco-Encinas
[21] presented a method to find a flow channel with an opti-
mized arrangement of insulating posts. For each cross-sectional
base geometry (diamond, circle and square) they optimized the
geometry of the setting using COMSOL simulations. Subsequently
they experimentally compared the three optimized setups and
found that the optimized square posts require the least voltage for
iDEP trapping, followed by the optimized circles, and concluded by
the optimized diamonds.

In a previous study [16] we presented a method to mathemat-
ically describe electrically polarized posts using an infinite series
of multipoles. We used this multipole expansion to describe the
influence of the cross-sectional geometry (rhomboidal, cf. Fig. 1b
and elliptical, cf. Fig. 1¢), the cross-sectional width-to-height ratio
(aspect ratio, AR) and the ratio between the permittivity of the
surrounding medium and the permittivity of the post material (per-
mittivity ratio, Fig. 1d and e) on the polarization behavior of the
post. The polarization behavior describes the resulting DEP force
on arbitrary particles in the vicinity of the post. Depending on how
the post polarizes, the resulting forces are either long range but do
not show a large maximum close to the post or short-range with a
comparably large maximum at the post’s surface (we found quite
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Fig. 1. Schematic overview of the evaluation method. (a) A 3d sketch of an insulator-based DEP channel and trapping of particles in such channels due to positive DEP. Also
shown is, as an example, a top view of such a channel with cylindrical electrodes; particles are not to scale. (b) and (c) The two base geometries (rhomboidal or diamond, b
and elliptical, c) investigated in this study. The aspect ratio AR = w/h is the width-to-height ratio of the cross-section. The characteristic dimension ds of the post is the larger
of either w or h, in the case of this manuscript (AR< 1) it is always ds = h. (d) and (e) Ideal constellations of field, flow, and AR depending on the ratio of the post’s permittivity
&1 and the surrounding medium’s permittivity £o; explanation in text. (f) A qualitative sketch of three particle trajectories with three different starting distances to the tip in
y-direction, Hy, H, and Hs. Also shown is the critical distance-to-tip He; = H2 at which trapping just occurs. (g) The force balance acting on the particle due to the fluid drag

(Fp,{xy} ), dielectrophoresis (Fpgp,(xy} ), and inertia (Fj ixyy ).

similar correlations for the force due to interdigital electrode arrays
[43]). The present manuscript continues this work by evaluating the
particle trapping behavior of such posts. We use a single-obstacle
approach to assess the influence of the post’s geometry and mate-
rial on the particle trapping behavior. We focus on the positive
DEP particle trapping in which fluid flow is achieved using pumps
(model system of our original filtration process).

Instead of investigating the entire array of posts we focus on
single posts and single particles in order to understand how capable
the undisturbed short- and long-range interactions of a single post
are for manipulating particle trajectories.

To do so we simulate trajectories of particles which are flow-
ing past the post and investigate how the particles are influenced
by the DEP force generated by the post. We place the post in a
steady fluid flow containing particles so that the particles are flow-
ing past the post. Due to positive DEP the particles will be attracted
and depending on key parameters (fluid flow velocity, particle size,
and excitatory field strength) the particles will either be trapped
by the post (due to DEP) or flow past the post (due to the drag
force exerted by the fluid). By varying the key parameters and
investigating whether particles are trapped or not (depending on
the geometrical properties of the post) we elucidate the trapping
potential of posts depending on their geometrical properties.

Towards the end of the manuscript we additionally present a
comparison of our key results with results obtained using two
opposing posts.

2. Theoretical background
2.1. Dielectrophoresis

To describe the force Fpgp acting on a spherical particle with
radius a in an inhomogeneous electric field, the simple point-dipole
approximation gives, in the most cases, reasonably accurate results

[14]:

(Fpep) = 277€0ema’Re[fem]V [Erms |- (1)

Here, () denotes the time averaged value, &g the absolute permit-
tivity of free space, ¢y, the relative permittivity of the medium the
particle is in, Re[fcm] the real part of the Clausius-Mossotti factor,
and Egys the vector of the electric field RMS (root mean square)
value. The equation is derived on the assumption of a spherical
particle whose radius is small compared to the spatial change of
the field. In all other cases higher-order polarization terms or the
Maxwell-Stress-Tensor have to be used [44]. The Clausius-Mossotti
factor is a function of the complex permittivities of the parti-
cle (subscript P) and the medium (subscript M) and the real part
Re[fcum] describes the particle’s effective polarizability:

&p—&m
= = F7= 2
fem %o T 2% (2)
o
~= . 3
& %&+M (3)

The real relative permittivity is ¢; and o the conductivity. The
imaginary number is denoted by j, whereas w =2xf is the angular
frequency. The real part of the Clausius—Mossotti factor Re[fcy] is
bound between —0.5 and 1 and gives the direction and magnitude
of the force.

2.2. Electric fields and post polarization

As the electric field has a zero curl, the field vector E can be
expressed as the negative gradient of the scalar electric potential
[45]:

E=-Vo. (4)
In case of charge-free space @ has to fulfill Laplace equation:
AP =0. (5)

In the case of harmonically oscillating excitation, Eq. (5) is only
valid if the complex permittivity & (which is the actual material
constant for the distribution of harmonically oscillating electric
fields through materials) is constant in the considered domain. For
the special case of a single post in a homogeneous electric field



applied perpendicular to the longitudinal axis of the post it is con-
venient to define the electric potential in 2d polar coordinates,
@(r, ) [16]. This is justified since changes of the field along the
channel depth are negligible [46]. Since the superposition principle
applies, the electrostatic potential can be expressed as the sum of
the polarization potential @, and the potential due to the applied
homogeneous field @q:

D= d)pol + Dg. (6)

The polarization potential for posts with symmetrical cross sec-
tion can be expressed as the infinite sum of polarization coefficients
[16]:

= sin(n
(ppol = anirn( (,0)7 (7)

where p; stands for the dipole polarization, p, for the quadrupole
polarization, p3 for the octupole polarization, and so on. Depending
on the ratio of permittivities between the post and the surround-
ing medium, on the cross-sectional geometry, and on the strength
and direction of the excitatory field, the distribution and magni-
tude of the polarization coefficients differs. A list of dimensionless
coefficients as a function of permittivity ratio and geometry can be
found in our previous publication [16].

By differentiating Eqgs. (6) and (7) twice we can find an analytical
expression for the term V|E|2 of Eq. (1) due to a single polarized post
in a homogeneous electric field [16]:

T
VIEI” = (Ox[EI*, Oy[EI”) (8a)
O|E2 = kn(n+1) ] :
(BT = ZZ 2rk+n+3 pnkaOS(((,nf )(p)
n=1 k=
_Z or n+2 Eop” cos((n + 2)ep), (8D)
n=1
kn(n +1 )
ay\E|2 - ZZ 2 rk+nt3 PnPk sin((k —n —1)g)
n=1 k=
n(n+1) .
_Z (zrn+2 Eopn sin((n + 2)g). (80)

Here, 0, is short for d/0n and a superscript T denotes a vector’s
transpose. Two polarization coefficients are present in Eq. (8), pn
and py, because E is squared and it is thus necessary to go through
a double sum. This allows us to calculate the force on a spherical
particle in the vicinity of a polarized post if we assume that the
dipole approximation delivers reasonably accurate results.

3. Materials and methods

To evaluate and compare the posts trapping potential, we devel-
oped a method which is based on simulating a critical particle
diameter dj, . and/or a critical distance from the post’s tip Hcyjt.
This allows for a quantitative comparison of all evaluated geome-
tries. For the study we compare two post base types: one with
rhomboidal (Fig. 1b) and one with elliptical (Fig. 1c¢) cross sec-
tion. The aspect ratio (AR), i.e., the cross-sectional width-to-height
ratio (AR = w/h), is varied between 0.1 and 1, while the height
is kept constant at 1. For real dielectrics (with finite conductiv-
ity), the critical material property for the distribution of electric
fields is the complex permittivity &. For simplicity we ignore the
complex part of the permittivity of the medium and the post (and

hence assume ideal non-conductive dielectrics, which would be
areasonable approximation for isolators; nevertheless, we assume
ideal non-conductors, without loss of generality, for simplifying the
calculation process).

For the analysis we use the ratio between the medium’s (outside,
0O) permittivity &g and the post’s (inside, I) permittivity, &|, €g/é1,
as material property parameter. In this study it is varied between
10~%and 1.If g /g is smaller than one, the points of maximum elec-
tric field appear at the two points parallel to the applied field. If, in
contrast, eg/¢; > 1, the points of maximum electric field will appear
at the two points perpendicular to the applied field. It is therefore
convenient to vary the direction of the excitatory field depending
on gp/g; so that the points of maximum field are always perpendic-
ular to the flow direction (cf. Fig. 1d and e). Since all results will be
identical for posts that have both, the inverse £q/e; and the inverse
aspect ratio, we only consider such posts with AR<1 and eg/e <1
as discussed in our previous publication [16]. The posts are placed
in a homogeneous electric field and fluid flow. We assume (and cal-
culated) creeping flow (the Reynolds number Re = (p - vg - ds)/nE is
much smaller than 1 in all cases considered) so that the fluid flows
perpendicular to the tip of the post with a velocity of vg. We initial-
ize (technically speaking) particles of size dp in the flow at distance
L in x-direction and distance H in y-direction of the tip (cf. Fig. 1f).
The fluid will drive the particles in x-direction past the tip of the
post while they will be simultaneously attracted due to a DEP force
towards the tip. The entire force balance on the particle with diam-
eter dp=2a and density pp in a fluid with viscosity ng in vector
notation reads (cf. Fig. 1g):

F; = Fp + Fpgp, (93)
9°x 18nr [ 0x 3€0€m 2

X__ X )+ Re i 9b
oz = ppaz \at 20 [fem] V[ Erms | (9b)

with x=(x, y)T being the particle’s position vector, F, =mp(92x/0t?)
being the inertia force with the particle’s mass mp, Fp =—377rdpV,q|
the Stokes drag force, v =(0x/0t—vg) the relative velocity
between the particle (0x/0t) and the fluid (vg) and Fpgp = (Fpgp) the
time-averaged DEP force (Eq. (1)). This is an ODE of second order
which can be solved in this specific case using the initial conditions:

Xo = (-L, —H), (10a)
(g’;) — (r. 0), (10b)
0
2
(g;‘) =(0,0). (10c)
0

This assumes that the origin of the underlying coordinate system
is placed at the bottom tip of the obstacle.

The polarization coefficients for this configuration have been
calculated previously and they are only valid for a specific obstacle
size and exciting field strength (they have been calculated dimen-
sionless in Pesch et al. [16]). Hence, to acquire the coefficients for
the desired unpertubated field strength Ej it is necessary to multi-
ply all coefficients by Ej. Further, we assumed arbitrary length units
in our previous publication so that all obstacles have a character-
istic dimension ds (Fig. 1b and c, the larger of either w or h, here
ds=h as AR<1) of 1. To evaluate a post which has, for example, a
characteristic dimension of 500 wm, 1 length unit equals 500 pm.
All other in the study involved parameters (such as Eg or &) have
to be recalculated so that all units of length are expressed in this
previously defined arbitrary length unit.
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Fig. 2. Typical particle trajectories obtained by numerical calculations, i.e., solving
Eqgs. (9b) and (10), for a rhomboidal post and particles having a Clausius—-Mossotti
factor of 1 at an applied field of Eo=20kVm~'. The posts lower tip is located at
(1.0, 0.0) as indicated. (a) The normalized y-coordinate, j = y/H, as a function of the
normalized x-coordinate, ¥ = (x + L)/L for different particle diameters dp at constant
H. (b) The absolute y-coordinate as a function of ¥ for different starting distances
from the tip H at constant particle diameter dp. The green and blue shaded areas
show where trajectories with dp and H higher and lower, resp., than the critical
value dp it and Heie lie. The two black lines give the trajectories for the smallest
and largest parameter (dp in (a) and H in (b)) calculated. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
the article.)

We solved Eq. (9b) with the initial conditions (10) using the
LSODAR wrapper from odespy Python package.” Integration stops
as soon as the x- or y-coordinate hit 0.

In order to obtain criteria for assessing trapping performance
critical parameters were extracted from particle trajectory calcu-
lations. In Fig. 2 typical particle trajectories (as calculated from Eq.
(9b)) for different values of dp at constant H of 10 pm (Fig. 2a) and
different values of H at constant dp of 400 nm (Fig. 2b) are shown.
Other values are an excitatory field strength Ey of 20kV m~1, a post
dimension of 50 wm and an aspect ratio of 1/2. Fluid flow veloc-
ity vg = 1 wms~1. Here, and in all subsequent figures, we assume
water as the suspending medium with ng =1 mPa s and polystyrene

2 http://hplgit.github.io/odespy/doc/api/odepack.html.

particles with density pp=1050kgm~3. In this figures, all particle
trajectories that reach ¥ = (x + L)/L = 1 without reaching y = 0 will
pass the tip without being trapped (blue shaded area in Fig. 2a and
green shaded area in Fig. 2b); contrary, all trajectories reaching
y=0before X = 1 are trapped (green shaded area in Fig. 2a and blue
shaded area in Fig. 2b). Due to the cubic dependence of Fpgp on
dp, at constant H (Fig. 2a) small particles will pass the post with-
out trapping (blue shaded area) whereas particles that are bigger
(green shaded area) than a critical particle diameter dp ¢ (orange
trajectory) become trapped. Similarly, at constant dp, a critical ini-
tial distance-to-tip H. exists (Fig. 2b, orange trajectory and also
schematically depicted in Fig. 1f). Particles that start closer to the tip
than Hj; (H < Hgje in Eq. (10a), blue shaded area) become trapped,
whereas particles with H>H_; (green shaded area) will pass the
post untrapped. The DEP force in y-direction, Fpgpy does not always
point towards the tip. At small H (particles start close to the tip in
y-direction), particles will first be repelled by the tip (Figs. 2a and
top black line in 2b) before they reach an area at which they become
attracted (e.g. X > ~0.25 in Fig. 2a).

Please note that we require applicability of the point-dipole
model and particles to have a CM factor of 1 for the evaluation to
be precise. We therefore have no direct constraint on the applied
frequency, but this of course could influence particles’ CM factor.
Examples for particles having a CM factor of 1 are metal parti-
cles at frequencies below the RC frequency [47] or submicron latex
particles in low conductivity solutions [30].

4. Results and discussion

The trajectories presented in Fig. 2 were used to extract the
results presented in this section. Each critical starting distance to
the tip or critical particle diameter, He¢ or dp i, respectively, have
been extracted from a series of particle trajectories which have
been evaluated towards finding the critical trajectory.

4.1. Analytical validation

The validation of the numerical solution was performed by com-
paring simulated critical particle diameters with critical particle
diameters obtained by applying the analysis method on the ana-
lytical solution for the post polarization (Fig. 3). In the figure, the
critical particle diameter dp .j; as a function of the ratio between
the medium’s and the post’s permittivity, eo/¢], is plotted for dif-
ferent posts: two ellipse posts (blue circles) with an AR of 1 (void
symbols) and 0.2 (filled symbols) and two diamond posts (orange
diamonds) with AR of 1 (void symbols) and 0.2 (filled symbols). The
solid black line shows the results of the analysis when the analyt-
ical solution for the first-order polarization coefficient of the AR 1
ellipse is putin [16]:

_1-eo/g
T 1+eo/8

The post diameter (or characteristic dimension) ds is 50 wm,
the volume flow vgp =4 pums~!, the initial y-distance to the tip
H=3.75um and the excitatory field strength Eq=40kVm~!.
The analytical solution and the solution due to the coefficients
obtained by numerical integration agree very well. The best
trapping behavior of all posts is found when the permittivity
between the surrounding medium ¢g and the permittivity of the
post g; differs by several orders of magnitude, as evident from the
low dp it at high go/e1. A specific dp i minimum is reached at a
certain &p/¢e;, depending on the system properties; in this case, the
minimum is reached between gg/e;=1x10% and 1 x 103. This is
because the strength of the resulting multipole (due to the post
polarization) increases with increasing difference of eg/g; from
unity. This increase is not infinite as there is a maximum amount

D1 (11)
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Fig. 3. Critical particle diameter dp s as a function of permittivity ratio eo/e; for
posts with elliptical (blue circles) and rhomboidal (orange diamonds) cross section
with an aspect ratio AR of 0.2 (filled symbols) and an AR of 1 (void symbols). The
solid black line shows the analytical solution, that is, the solution from the presented
analysis framework when the analytical solution for the first-order polarization
coefficient for an ellipse with AR of 1 is put in. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of the article.)

of polarization as discussed by us [16] and dp ;i becomes constant
with go/g; at go/er > 102,

4.2. Distribution of polarization among multipole coefficients

The resulting overall polarization of the specific post will be
distributed between multipoles with varying order (i.e., polariza-
tion coefficient p, withn =1 dipole, n=2 quadrupole, n=3 octupole,
etc.); the physical representation of this multipoles was discussed
by us [16] and for objects with spherical symmetry by Green and
Jones [15]. The distribution of the overall polarization on each spe-
cific polarization term (n=1, 2, 3, ...) depends on the shape of the
boundary of the cross section, whereas the overall magnitude of
the polarization (Z;’ilpn) depends on the permittivity ratio. A post
with circular cross section and AR=1 has only an=1 (dipole) polar-
ization; with increasing variation of the cross-sectional geometry
from a perfect circle the higher-order polarization terms become
more significant whereas the first-order polarization term loses
significance.

The resulting force Fpgp (Eq. (1)) due to the inhomogeneous
polarization field (Eq. (8)) is always strongest at the post surface
and decays with increasing distance from the post. With increas-
ing order n of the polarization term p;,, the maximum value at the
post surface and the decay (slope) increase, i.e., with increasing n
the force has a stronger maximum at the surface but is weaker at
distance from the post because it decays faster with the distance
from the post’s surface.

This explains the sequence of dp . for the four investigated
posts at the maximum (go/g; > 1 x103): the ellipse (AR=0.2) per-
forms best, followed by the diamond (AR=0.2), followed by the
diamond (AR=1), and the ellipse (AR =1) performs the worst of all
four investigated posts. Depending on the initial distance to the tip
H, this sequence changes because the distribution of the resulting
multipole is different for all four investigated posts and thus also
the maximum value and the decay with distance from the tip.

Each resulting multipole is defined by one polarization coeffi-
cient p,. The development of each specific polarization coefficient
with ep/e; differs, i.e., the higher order n of coefficient p; is,
the faster it approaches 0 when &p/e; goes towards unity (or,
the steeper the slope). Hence, the more higher-order polariza-
tion coefficients are involved in the description of the overall
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Fig.4. Critical separation height H,;; as a function of aspect ratio for posts with ellip-
tical (solid line with filled symbols) and rhomboidal (dashed line with void symbols)
cross section for varying excitatory field strengths Ey (a) and varying volume flow vg
(b). The post diameter ds is the longer dimension of either w or h. AsAR =w/h < 1,
ds =h and independent of AR. It is also called characteristic dimension of the post.

polarization of the post, the faster the resulting dp ¢ rises when
go/er goes to unity. Therefore, at go/e;=2 x10° (very close to
unity), the post with the least higher-order polarization terms
(ellipse, AR=1) performs the best (lowest dp ) and the post with
the most higher-order polarization terms (diamond, AR=0.2, i.e.,
highest difference of the cross section from a perfect circle of all
four investigated objects) performs the worst (highest dp cit).

4.3. Influence of key design and operational parameters

To investigate the influence of the key design parameters on the
trapping potential of the posts, we extracted the critical starting
distance from the tip H; as a function of the cross-sectional aspect
ratio AR (Fig. 4) for different excitatory electric field strengths
(Fig. 4a, Eg=10-100kVm~1) and different fluid flow velocities
(Fig. 4b, vp = 1-10wms~1). Here, solid symbols together with
the solid lines denote elliptical posts whereas void symbols with
dashed lines denote rhomboidal posts.

With increasing excitatory field strength Ey (Fig. 4a), Hgit
increases as well. This is because a higher Eg results in a stronger
polarization of the post (as described in Section 3, the p; are mul-
tiplied by Ep). Hence, particles can start further away from the
post tip and still become attracted (overall force on the particle
is stronger). Generally, the elliptical posts perform better (higher
Hit) and they appear to have an optimal aspect ratio (maximum in
Hcit)- Contrary to all other parameter values, the rhomboidal post
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performs better than the elliptical at the lowest Ey. Here, Hj is the
overall lowest (thus particles start closest to the tip). In this case,
the rhomboidal posts perform better, because they have stronger
higher-order polarization terms than elliptical posts. Their result-
ing force field is thus stronger close the post but decays faster with
distance than for an elliptical post. Hence, they perform better at
closer distances (lower Hgt).

The curves look similar when Ey is fixed at 40kVm~! and the
particle diameter dp is varied between 100 nm and 1000 nm (shown
in Supplementary material, section 1). This indicates that the solu-
tion for this specific case is independent of inertia (due to the small
particle mass); eliminating 92x/0t2 from Eq. (9b) (we assume it is
constant) and solving for 0x/dt (the steady state velocity) yields one
single term that is 0x/0t o dlz,V|E|2. Hence, if all other parameters
are constant one could, for example, trap particles half the size by
doubling the applied voltage.

The variation of the fluid velocity vg (Fig. 4b) yields quite similar
results with a reversed sequence. Then, with increasing vr the Hc;
decreases as particles will move faster past the post in x-direction
and thus have less time to move towards the tip in y-direction.
Again, for configurations with large H, the elliptical post per-
forms generally better (larger H.;) than the rhomboidal post. This
changes with decreasing Hj; (vp = 4-10 ums~—1). Then, a transi-
tion with AR is found: For low AR, the ellipse performs better
whereas for higher AR, the diamonds perform better. The cross
over moves towards smaller AR with decreasing H;; (increasing
vg).Itis assumed that at even smaller H.,;; the diamonds will always
outperform the elliptical posts.

In addition, the dependence of the critical initial distance to the
tip (Hi¢) on the characteristic dimension is given in Supplementary
material, Fig. S1. From the figures combined it appears that all outer
parameters (Eg, dp, Vg, and ds) have a quite similar impact on the
Hgie (with a tendency that ds having the most impact, followed
by vr and Eg and dp having the least impact) when varied by one
order of magnitude, whereas the aspect ratio AR has a much smaller
impact when varied between 0.1 and 1.

4.4. Influence of permittivity ratio

Furthermore, we investigated how H; varies with the permit-
tivity ratio go/e; (Fig. 5) for a post with elliptical cross section.
With increasing deviation of the gp/¢; from unity the Hj; gener-
ally increases for all AR from values around 0.5-2 pum at go/e;=2.0
to 7-8 wm at go/e;=10% (increasing trapping performance). This
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Fig. 6. Critical particle diameter dp ;i as a function of aspect ratio for an elliptical
post and different starting distances in y-direction H from 1.25 wm to 7 wm. Other
parameters are ds =50 wm, g = 4 wms~', Ep=40kVm~', and dp =400 nm.

is analogous to Fig. 3. One can imagine that all curves end at 0
for AR being (hypothetically, but not possible) 0. Then, all curves
have a H.j;-maximum (and thus optimal aspect ratio) which moves
towards larger AR with £g/e; coming closer towards unity. The rea-
son for this maximum is rooted in the fact that with increasing
amount of higher-order polarization terms (that means, compara-
bly large p, values for large n) a post performs better in trapping
particles very close to the post but performs worse if particles are
at distance from the post. The more AR deviates from 1, the more
higher-order polarization terms a structure has. As already dis-
cussed in Fig. 3, with increasing n of the p, (thus, with increasing
order of the polarization coefficient) its slope with eg/g; increases.
This means, it will fall more than linear with [logig€o/€1| when eg/€;
is close to unity. Thus, when &g /e; comes closer to unity, the ideal
AR shifts more towards 1, as such structures have more low-order
polarization coefficients (with AR=1 being the extreme that only
has a p; with all other p, being 0). Consequently, the same eval-
uation for smaller dp (and thus also smaller H;) yields results
which are further shift towards smaller AR (since the higher-order
polarization terms have more influence at closer H).

4.5. Ideal aspect ratio

Fig. 6 shows the critical particle diameter dp o (as evaluated
according to Fig. 2a) for different AR and different starting dis-
tances from the post from 1.25 pm to 7.5 wm. Other parameters are
ds=50 pum, vp =4 ums-1, Eg=40kVm~!, and dp =400 nm. Here, a
small value (hence, the possibility to trap small particles from a
certain distance) corresponds to a good performance. The dp it
decreases from 380 nm to 420nm at H=7.5 um to 50 nm to 130 nm
at H=1.25 pm. This is reasonable as the force decays with distance
from the tip (independent of AR or base geometry) and is always
highest at the surface of the post. Therefore, at the smallest H the
particles exhibit the highest force, and it is possible to trap the
smallest particles. Obviously, each curve (H) shows a minimum of
dp crir with AR (or an ideal AR for trapping at a certain distance H).

The ideal AR shifts towards larger values with increasing starting
distance H from 0.1 at H=1.25 pum to 0.4 at H=7.5 p.m. Essentially,
the explanation is the same as for Fig. 5: the smaller AR, the more
higher-order polarization terms are involved in the overall polar-
ization field generated by the post. Higher-order polarization terms
generate a DEP force field that is comparably large at the surface
of the post but decays fast with distance r from the post (and is
thus comparably weak at distance). The contrary is true for a post
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with an AR close to unity. Then, the generated force field due to the
polarized post is comparably weak at the post’s surface but is rela-
tively stable with r (and thus higher at distance from the post). This
two opposing effects result in an ideal AR for a specific distance H
for particle trapping.

The ideal AR as a function of H is only dependent on the
base geometry and gg/¢; but independent of other parameters,
such as Eg or vg (Fig. 7). The figure depicts the ideal AR for
posts with elliptical and rhomboidal cross section at go/e;=10%
as evaluated from the minima of the dp (AR, H) curves from
Fig. 6. We would like to note that we have only investigated
aspect ratios with an accuracy of one digit after the decimal
point. For both geometries sigmoidal dependencies of the ideal
AR from H where found. But while the elliptical posts yield an
almost straight line for the ideal AR, the rhomboidal posts show
a much steeper rise and thus a higher or similar ideal AR at the
same H. This is because the rhomboidal post shows more higher-
order polarization terms compared to an elliptical post with the
same AR. Hence, in order to reach a similar distribution of force
over distance from the post, the rhomboidal post always has to
have an AR slightly closer to one than the elliptical post. The
upper limit is AR=1; when AR>1 the orientation of Ey and vg as
described in Fig. 1d and e would be ineffective and dp j; increases
dramatically.

4.6. Sensitivity of solution towards the parameters

For a better understanding on how the key parameters influence
the trapping efficiency of a specific post configuration we defined
a target value H./ds, and investigated how it changed when the
key parameters Eg, vg, ds, and dp where varied by two orders of
magnitude (Fig. 8a). The target value, H/ds, can be understood
as a trapping efficiency of the post; the larger the value the bet-
ter it is possible to attract particles with less polarized material.
Fig. 8a presents results for a post with elliptical cross section and
the central values of g =4 pums~!, dp=400nm, ds =50 um, and
Ep=40kvm~! for an aspect ratio of one. To make it more clear
what the parameters mean, Fig. 8b shows how a channel containing
a post array could look like including labeling of all parameters.

The lines for Ey and dp (red and orange) collapse, the Ht/ds
value increases with increasing parameters. Also, the lines for dg
and v (green and blue) collapse, but H,¢/ds decreases with increas-
ing parameter. The collapsing lines indicate that both parameters
have the same influence on H¢/ds in the investigated parameter

range, as it is also indicated by the similar first-order sensitivity
indices shown in the inset of Fig. 8a. This means that the overall
trapping with respect to the post size is affected by the fluid veloc-
ity in the same manner as by the overall system size, i.e., when the
entire system size is doubled it has the same effect as when the
fluid flow velocity past the post would be doubled.

The variation of Ey and dp by two orders of magnitude has a
much stronger influence on H;;/ds than the variation of the ds or
vg, which can also be inferred from larger S; values for dp and Eg
(inset). The aspect ratio itself has a very small influence (S; value)
on the overall variation of H,;;/ds value compared to the other four
parameters.

Generally, a large H.;/ds is desirable, because it yields large
trapping range at a simultaneously small post size. A small post
size is advisable because it yields a higher throughput and causes
less overall electric field disturbance. At the same time it is desir-
able to have a small Ej (less cost) and a large vg (high throughput).
Thus, a trade-off is required to balance all input parameters while
simultaneously achieving a sufficient separation.

To summarize the findings above, the most influential param-
eters on the trapping efficiency are the post size ds, the particle
size dp, the electric field strength Eg, and the fluid flow velocity vg.
The aspect ratio AR can be used to finally adjust the structure to a
specific trapping distance. The parameters are, however, not inter-
changebly variable. The particle size dp defines the problem (and
thus is not variable), the aspect ratio AR and the post size ds are geo-
metrical design parameters, and the field strength Ey and the fluid
flow velocity v are operational parameters. From the presented
results, some relationships appear obvious: since H/ds has the
same sensitivity towards Ey and dp, it is possible to adjust towards
achanging separation problem (variation in the particle size dp to be
trapped) by varying the applied voltage Ej in a reciprocal manner.

Similarly, when the system size (ds and the distance between
two posts) changes, the fluid flow velocity vg can or should similarly
change reciprocally. It is, on the other hand, not possible to simply
scale up a chromatographic separation process by changing either
vg or the system size as the target value has the same sensitivity
towards both parameters. A scale up at constant particle size and
separation efficiency is therefore always linked to a change in AR
(small influence) or applied voltage.

Not directly evident is that a decrease in voltage and/or particle
size could be absorbed by a decrease in volume flow or system
size. The latter parameters (v, ds) need to change much more than
the former (dp, Eg) as the process is more sensitive towards Eg and
dp. A decrease in dp by one order of magnitude, for instance, would
cause a necessary decrease in vg by two to three orders of magnitude
(estimated, as this is not depicted in Fig. 8a).

Backing the current results with experimental data of single
particle trajectories past single posts is experimentally challeng-
ing: The expected differences regarding the initial distance to the
tip are in the range of the investigated particle size, even at high
applied voltages. This makes a solid investigation almost impossi-
ble because the expected error in particle position is larger than
the expected target value. Experimental investigations for an inte-
gral treatment focused on particle concentration rather than single
particles are on the way.

4.7. Influence of a second post

Different from other studies analyzing the post arrangement
and geometry influence we are investigating single posts instead of
arrays; on the one hand, we thereby forfeit accuracy due to neglect-
ing the influence that adjacent posts have on each other. On the
other hand, we gain deeper knowledge and understanding of the
underlying phenomena. Results with single posts are easier to ana-
lyze and comprehend because they deliver an undisturbed picture.
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Further, they are much faster to obtain and show significantly less
numerical inaccuracies.

In order to demonstrate the influence of a second, opposing post
we compare the results for elliptical posts of Fig. 4a with results
for two posts, which are acquired using a modeling approach
that is less computational expensive but delivers results with
slightly reduced accuracy. The full description is given in Section
2 of Supplementary material, briefly: a second post was placed
below the first one (at the same x-coordinate) so that the distance
between the top tip of the lower post and the bottom tip of the
top post in y-direction is dpp. The maximum distance to the tip in
y-direction, Hcjt, is again measured from the bottom tip of the top
post. If a particle is still trapped at the maximum distance from
either tip (it is then on the center line between the two posts, i.e.,
H=dpp/2) it becomes trapped either way, and there is no H; for
this specific configuration.

The introduction of a second post could, depending on Eg and the
distance dpp, change the resulting H.;; up to 30% in either direction.
The trend described in the last sections, however, is still applicable
when a second post is introduced. At low voltages (Eg=10kVm~1),
a second post appears to be beneficial and H; increases with
decreasing distance between the two posts, dpp. At moderate vol-
tages (Ep=40kVm~! and E;=70kV m~1) it appears that there is an
ideal distance dpp between the two posts for each aspect ratio.

Results for Eg=40kVm~! are shown in Fig. 9. Here, for instance,
at AR=0.1 the maximum H;; is reached for dpp =30 wm whereas
for AR=1, the maximum H_; is reached for dpp =20 pm. At a high
value of Eg=100kV m~1, the single obstacle performs best and Hj;

decreases with decreasing dpp, meaning, a second obstacle appears
to be disadvantageous at high applied voltages.

4.8. Comparison with literature data

The group of Lapizco-Encinas published two very compre-
hensive studies on the influence of post characteristics on their
efficiency in immobilizing particles [24,21] in channels contain-
ing arrays of insulating posts using negative DEP. We would like to
compare our results, but would also like to highlight how our work
differs from the presented references. Firstly, we are dealing with
positive dielectrophoresis as opposed to negative DEP.

Also, we are not using an integral approach that relies on the
trapping coefficient which also integrates electrokinetic movement
apart from DEP, but focus on the movement of particles solely due to
DEP. More importantly, we boiled the problem down to the most
basic approach we could think of and start with only evaluating
single particles next to single posts. This is an entirely different
approach and helps to understand some of the underlying princi-
ples. Nevertheless, we extended the results with those containing
two opposing posts and compare this with the work of Lapizco-
Encinas. As presented in the next few paragraphs, albeit using quite
different methods, we will find some similarities.

LaLonde et al. [24] found that for quite narrowly spaced posts
(post-to-post distance is one quarter of post’s characteristic dimen-
sion) the posts with diamond-shaped cross section perform better
than posts with ellipsoidal cross section at an aspect ratio of 1. This
is consistent with our results, at small values of H;; (cf. Fig. 4)
usually the rhomboidal posts perform better (larger H,j¢ ).

Also, when comparing the minimum required voltage for trapp-
ing and the mean field gradient between posts, they found that the
influence of the cross-sectional aspect ratio is more important for
ellipsoidal posts than for posts with diamond-shaped cross sec-
tion which is also consistent with our findings (again, cf. Fig. 4, the
Hi: changes much more rapidly with AR for an ellipse than for a
diamond).

Saucedo-Espinosa and Lapizco-Encinas [21] indicate that both,
the electric field and the resulting field gradient, on the centerline
between two posts are stronger for an elliptical post than for an
rhomboidal post with a characteristic dimension of 200 wm and
a post-to-post distance of 50 wm. However, when comparing the
minimum required voltage for trapping (Fig. 7), it is evident that
diamond-shaped posts perform better in this base geometry case
than ellipsoidal posts, which is also consistent with their previous
results [24]. Therefore, the centerline value of the field and the field
gradient does not appear to be an adequate measure for assessment
of the posts performance. The variation of the gradient with y is very
different for different cross-sectional post geometries.
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Further, Saucedo-Espinosa and Lapizco-Encinas [21] found that
their (geometrically averaged) trapping coefficient (which is a mea-
sure for the post’s particle trapping effectivity) increases with
decreasing aspect ratio until a maximum is reached after which
the trapping coefficient decreases again with aspect ratio. This
increase and maximum is more significant for ellipsoidal posts
than for rhomboidal. We found the same maximum for ellipsoidal
posts but cannot see it for rhomboidal except for very small dis-
tances (ds =500 pm line in Fig. S1d of Supplement). We assume
that the critical value shifts towards smaller aspect ratios with
decreasing post-to-post distance. According to our single post stud-
ies a decreasing spacing in y-direction between posts is beneficial
because it forces particles to pass the posts closer to their surface
(and thus they experience a higher gradient). Studies concerning
an array of posts, on the other hand, indicate that there is a specific
spacing at which the performance of the array is maximum, which
is supported by our investigations with two opposing posts (Fig. 9
and Section 2 of Supplementary material). These results indicate
that there is an ideal distance depending on the applied voltage
and the aspect ratio of the investigated post.

5. Conclusion

To conclude, we presented a method to evaluate the particle
trapping potential of single posts in insulator-based (electrodeless)
pDEP application using a simulative method based on the trajec-
tories of single particles. We used this method to develop a new
fundamental methodology for analyzing the influence of geomet-
rical and operational parameters on the particle trapping efficiency
of an electrodeless dielectrophoretical separation device. With the
example of positive DEP we show the prediction power of our
approach by giving design rules for channels containing insulating
posts.

More detailed, particles were flowing past the post in a certain
distance in y-direction H. A constant fluid stream of velocity v is
dragging the particle in x-direction along the tip of the post. An
excitatory (originally homogeneous) electric field causes a polar-
ization of the post. The resultant inhomogeneous electric field
depends on the geometry of the post (base geometry and aspect
ratio, cf. Fig. 1b and c). This inhomogeneous field gives rise to a DEP
force. Depending on, among other parameters, the size of the parti-
cle, the DEP force distribution, and the initial distance in y-direction
to the tip, a particle could either pass the post without trapping or
it will become trapped at the post’s tip (Fig. 2).

Two main target values have been identified, the critical particle
diameter dp ojr at constant starting distance to the tip H and the
critical starting distance to the tip H at constant dp. The main
parameters of the post geometry are the base geometry (diamond
or ellipse), the aspect ratio (AR = w/h), and the ratio between the
permittivity of the surrounding medium &g and the post g, gg/¢].

We investigated the dependency of dp i, as a function of go/g;
(Fig. 3) for different base geometries and aspect ratios. Generally,
the more gq/¢; varies from unity, the more the post becomes polar-
ized, resulting in the possibility to trap smaller particles (smaller
dp crit)- The distribution of the force towards the post’s tip as a func-
tion of distance from the tip is strongly dependent on how the
resultant multipole is distributed among the order n of the polar-
ization coefficients py. This distribution varies with aspect ratio
(more higher-order coefficients at low AR), base geometry (more
higher-order coefficients for an rhomboidal post than an ellip-
tical) and permittivity ratio (higher-order coefficients fall faster
with gg/e; than low-order coefficients, cf. Fig. 5). This results in
an ideal aspect ratio depending on the initial distance to the tip
H (Fig. 6), which changes with base geometry (Fig. 7) or &o/¢]
(Fig. 5).

We have further assessed how far a particle could start away
from the tip of the post with size ds for a variation of the opera-
tional parameters Eg and v, cf. Fig. 4. We found that the influence
of each parameter on the overall trapping efficiency can be char-
acterized by Hi;/ds using a sensitivity analysis (Fig. 8a). Here, we
found that the influence of Eg and dp is similar. Also, the influence of
vg and ds is similar but reciprocal. Also when varied by two orders
of magnitude, Ey and dp appear to have the most impact on H,j/ds.
In addition, the aspect ratio itself can only be used to make final
adjustments on the structure for a specific target trapping distance
Herit

With respect to a scale up of a separation process we could show
that, at constant particle size and separation efficiency, it is not
sufficient to simply adjust either vg or the system size. In fact a
simultaneous change in AR (small influence) or applied voltage is
also required. We further discussed the relationships, the possi-
bility to vary the parameters (geometrical design parameters vs.
operational parameters vs. separation problem) and deduced gen-
eral statements on the design of fractionation devices containing
(insulating) posts.

Generally it is possible to back simulated pDEP trajectories with
experimental data as we have shown elsewhere [48]. In this case,
due to an extremely low ratio of critical particle-to-tip distance to
the particle size, the error in the particle position is expected to be
larger than the simulated H;; difference.

The results presented here can be applied in the design of sep-
aration devices which rely on positive DEP and the electric field
distortion at material boundaries. Typically one could think of
an array of insulating posts (cf. Fig. 8b) but also constricting and
diverging microchannels can be evaluated. We deliver a list of vari-
able parameters and their influence on the overall separation. We
are motivated by using these channels as particle filters and exam-
ples could be the separation of conductive particles (metal) from
non-conductive particles (plastic, metal oxides, etc.) in scrap recov-
ery or the prominent example of the separation of live and dead
cells as already proposed by Pohl and Hawk [49].

Here, we consider the volume flow as separate variable and rely
on pumps for fluid transport, which gives us on the one hand a
broader range of parameters to investigate but is, on the other
hand, mostly motivated by the wish to generate a higher through-
put which is more easily achievable when DEP movement and
movement through the channel are decoupled. Particle trajectory
simulations through such channels together with experimental
validation in microchannels are on the way.

We believe that these single post-single particle investigations
on the one hand help understanding and rationalizing the under-
lying phenomena of post polarization and DEP particle movement.
On the other hand we deliver a tool for designing electrodeless
dielectrophoresis devices for positive DEP attraction of particles in
arrays of posts (or similar designs) in microfluidic systems.
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