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Abstract: Microfluidic channels play a vital role in separation of analytes of
interest such as bacteria and platelet cells, etc., in various biochemical diag-
nosis procedures including urinary tract infections (UTI) and bloodstream
infections. This paper presents the multi physics computational model specif-
ically designed to study the effects of design parameters of a microfluidics
channel for the separation of Escherichia coli (E. coli) from various blood
constituents including red blood cells (RBC) and platelets. A standard two
inlet and a two outlet microchannel of length 805 um with a channel width of
40 um is simulated. The effect of electrode potentials and the effect of elec-
trode placement along the channel length and also the levitation of electrodes
from the channel wall are studied to optimize the selective particle separation
throughput. Simulated results show the efficient separation of E-coli with a
mean diameter 0.68 um is achieved at low voltages (less than 20 V) when
electrodes placed near to the micro channel and also noticed that the applied
electric potential is inversely proportional to the number of electrodes placed
along the microfluidic channel. The computer aided multi physics simulations
with multiple governing parameters could be advantage in design optimiza-
tion of microfluidics channels and support precise bioparticle separation for
better diagnosis.

Keywords: Microfluidics; dielectrophoresis; cell separation; electro kinetic
force; platelets; E. coli

1 Introduction

Rapid detection of real-time bacterial count or drop in platelet population, etc., is how-
ever essential for quick assessment of disease condition in urinary tract infections (UTI) and
bloodstream infections. But the detection of bacteria poses critical challenges including latency
in separation and identification from an unprocessed blood or serum sample. Advances in
microfluidic systems [1,2] such as Lab-on-chip [3], #TAS [4] and Point-of-Care [5] devices evolved
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potentially to overcome the above limitations in comparison with that of their traditional counter-
parts (time-consuming off-line procedures). Many passive separation techniques such as Pinched
Flow Fractionation [6,7], Inertial [8], Hydrodynamics [9-11], Hydrophoresis [12], Deterministic
Lateral Displacement [13] (DLD), centrifugal [14] and Porous based Filtration [15] techniques rely
heavily on either mass or geometrical aspects of the molecules instead considering their specific
other physical properties.

On the other-hand active microfluidic particle separation techniques explored based on Elec-
tric [16], Magnetic [17], Acoustic [I18] and Optical [19] properties of molecules were widely
spread in medical diagnostic application due to their enhanced sensitivity, selectivity, high separa-
tion throughput and most importantly the reduced sampling time. Among the above mentioned
active separation techniques, Dielectrophoresis [20-22] has gained critical attention due to the
strategic usage of electrokinetic forces over a hydrodynamic flow which enables the selective
separation of molecules based on their size and polarizability. Pommer et al. [23] demonstrated
the high voltage (100 V) Dielectrophoresis method using a double-stage miniaturized system for
platelet (mean diameter &~ 2-3 um) separation from a whole blood sample, Piacentini et al. [24]
Separated platelets from other blood constituents (RBC, WBC) using Dielectrophoresis field-
flow-fractionation (DEP-FFF) method by a single stage low voltage system operating at 10 V
successfully. However, the above techniques exploit size-dependent electrokinetic force which other-
wise requires significantly large voltages to separate dot-like particles (mean diameter &~ 0.5-2 pum)
such as micro-bacteria. As it is a fact that the amount of power density found to be high near
the electrodes when operated at high voltages. Operating at higher voltages could lead to localized
joule heating [25,26]. Therefore it may induce changes in conductivity and permittivity of the
particles near to the electrodes and also it may create turbulence due to electro thermal fluid
flow. On the other hand, PDMS and PMMA like deformable substrates used for microchannel
manufacturing may get affected by these induced heating at high voltages. To overcome such
electro thermal problems, optimization of electrode placement and operating voltages need to be
studied when looking forward to separate small particles.

As it is noticed from the Dielectrophoretic force equation the time average of applied force is
not just proportional to the cell volume but also to the applied electrical field. Hence the amount
of force experience by the particle near to the electrode is higher than that of the particle away
from the electrode. In addition to the advantage, proposed by Piacentini et al. [24] Where the
buffer solution focus the particles bound to the sample solution, decreasing the physical distance
of the electrodes to the sample solution could offer unprecedented benefits in terms of enhanced
electrokinetic force for separation of particles at a lower voltages.

The proposed system has near field electrodes which are placed close to the sample solution
and induces enhanced electro kinetic force. As the particles in the sample drive close to the
vicinity of the electrodes, they experience large repulsion force even at lower voltages. Using this
principle, the particles that experience the force come out of sample streamline and enter into
the buffer streamline and further carried to particle collection outlets. In addition to the above
study, the effect of the longitudinal electric field is discussed in detail from the design perspective
of electrode placement and their impact on particle separation with various operating voltages.
A separate 3D model also studied to understand the particle transport mechanism through the
micro channel.

Posing the practical limitation of physical experiments and computational intense simulations
for optimization problems in the multi parameter environment, the use of efficient algorithms such
as Fuzzy-logic [27], Neural Network [28-30], Machine learning and Artificial Intelligence [31-33]
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could help in dynamic selection of statistical significant parameters in many research fields. As
a future scope of this work, adopting the above mentioned techniques for optimization stud-
ies in the field of microfluidic could be advantageous in finding significant design parameters
including the channel length, number of eclectrodes and the physical variable including flow
velocity, range of operating electrical potential and frequency which control the selected particle
separation throughput.

2 Theoretical Concepts
2.1 Dielectrophoresis

Diclectrophoresis is a well-known phenomenon in which the particle of interest suspended in
a hydrodynamic solvent flowing through a microfluidic channel gain momentum in the direction
of electrokinetic force when it exposed to a non-uniform otherwise inhomogeneous electric field
applied on the microfluidic channel [34]. Dielectrophoretic force experience by a particle is a key
factor in dynamic separation of particles which depends on the polarizability (induced dipole
moment) of the particle when subjected to a non-uniform electric field. Irrespective of nature of
net electric charge possess by the particle and the polarity of the applied electric field in both
DC [35] and AC [36] Dielectrophoresis. The Dielectrophoresis relies on the net surface charges
induced on to the particle depending on the dielectric properties of both the particle and its
surrounding medium. Hence, either Direct or Alternating Current sources can be employed to
create a non-uniform electric field. Since the magnitude of the induced dipole moment is a factor
of size and shape of the particle, critical observation is required in case of micro-sized particles.
Hence, the net force experienced by the microparticle (FDEP) in a non-uniform electric field is
proportional to the volume of the particle and the time average of the applied electrical field. The
force Fpgp is given by [37,38]

Fpgp =21 R*spemRe [K (0)]V Epps” (1)

where, E,,,s is an applied Electric Field vector, R is the radius of the particle, ¢, is the permittivity
of free space, g, is the relative permittivity of the medium, Re [K(w)] is a frequency depended
on real part of Clausius—Mossotti function which is given by
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Here, €1, & are the permittivities and oy, oy are conductivities of the medium and particle,
respectively. Ty 1s Maxwell-Wagner relaxation time for the particle and the product of the time
constant and frequency influence the characteristics of Re [K] concerning the operating frequency.
Since the real part Re [K] is frequency-dependent, the sign and magnitude of Fpgp are the
functions of electric field frequency (w). The Re [K] could be calculated based on the product of
wTyw, Which is given by
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From the above relation Eq. (5), it is observed that if the Clausius—Mossotti factor K is
greater than zero indicates positive Dielectrophoresis and vice-versa indicate negative Dielec-
trophoresis. Since the Dielectrophoresis is frequency-dependent concept, the particles experience
negative DEP (attracted to minimum electric field intensity) at low frequencies and to positive
DEP (attracted to maximum electric field intensity) at high frequencies when &, > ¢ and o, < o7.
This frequency-dependent behaviour reverses if gy < &1 and o > o7. Fig. 1, shows the relation
between the Re [K] versus operating frequency (I kHz to 1 GHz) when considering various
bioparticles such as RBC, Platelets and E. coli suspended in the medium. It is observed from the
Fig. 1, all the particles experience negative DEP for the range of frequencies below 2 MHz and
above 50 MHz. Positive DEP was observed only for the particles RBC and Platelets from 2 to
50 MHz range. However, E. coli experience Negative DEP throughout all the frequencies starting
from 1 kHz to 1 GHz.
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Figure 1: (a) The real part of CM factor, (b) equivalent electrical conductivity, (c) equivalent
relative permitivity for RBC, Platelets and E. coli suspended in a medium obtained by using
MyDEP [39] software. The CM factor for E. coli show a sigmoidal relation over the broad range
of frequency 1 KHz to 1 GHz
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2.2 Fluid Dynamics

Fluid dynamics play a major role in particle transportation, specifically in microfluidics where
surface forces are dominant in controlling several attributes of the fluid, including flow velocity,
turbulence etc. The fluid flow in a microchannel is generally characterized by its Reynolds num-
ber [38,40], which is a function of fluid viscosity, density and the average velocity of the fluid.

VD

Re=""2 (6)
"

where Re is the Reynolds number, p is the fluid density, V' is the velocity, D is the diameter and

wu is the dynamic viscosity.

Due to ultralow footprints, the flow in microchannels observed to be laminar for low Reynolds
number. Laminar flow provides a relatively predictable molecular transportation to respective
outlets. In this study, a high viscous fluid was considered, which flows through a microchannel
at very low velocities observed to have a Reynolds number less than one. For fluids having high
viscosity and low Reynolds number where inertial forces are negligible, a simplified Naiver-Stokes
(creeping flow) equations were taken for this study. The governing equation for creeping flow
condition and the drag force on the particle is given as [38,40]

VP uv2iy (7)
Fp=3nuVD )]

where Fp is the drag force, i is the viscosity, V is the velocity of the fluid and D is the diameter
of the particle.

3 Numerical Simulations

COMSOL Multiphysics (electric current, creeping flow and particle tracing for fluid flow
module) software is used for the numerical simulation. In this study, a two-dimensional finite
element analysis is carried out to calculate various physical quantities such as the Electric field
distribution, flow characteristics (particle velocity, Dielectrophoresis force and drag force acting on
the particles, etc.) in the microfluidic channel given in the Fig. 2, under the non-uniform field.
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Figure 2: Schematic of the microfluidic channel represent placement of electrode for far filed (away
from the channel) and near field (near to the channel) configurations and also exhibit the effect of
electrode placement on distinct deflection (represented by the curved dotted line) of the particle
from its streamline when operated at a fixed voltage
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3.1 Channel Design

The design of microfluidic channel is similar to the design described by Piacentini et al.,
whereas slight modifications were introduced in terms of electrode placement and the channel
lengths, etc. A 40 um width microfluidic channel is designed to have two inlets [4]] at the
entrance to inject sample and buffer solution separately and merged into a long (805 wm) particle
separation channel. Since the placement of electrode [42,43] plays a crucial role, here a total of
seven electrodes (each 40 um width) were placed at two distinct heights (40 um and 1 pm) from
the upper boundary of the channel at a distance of 310 um from the inlet merging point to create
far and near field effects respectively as shown in Fig. 2. Two separate outlets were designed at
the end of the channel to collect selectively separated particles.

3.2 Design Considerations of Fluid Flow and Its Electrical Parameters

The upper part of the inlet (S) shown in Fig. 2, is considered for sample injection and
the lower part of inlet (B) is considered for the buffer injection. Using COMSOL creeping flow
module, creeping flow conditions were imposed on both the inlets of the channel at a flow velocity
of 134 um/s and 853 um/s for the sample and the buffer solution respectively. Despite considering
small channel widths, the creeping flow conditions avoid diffusion of sample solution into the
buffer solution. The Reynolds numbers of both the fluid flows are less than one and the high
velocity of the buffer solution drives the particles (RBC, Platelets and E. coli) suspended in the
sample medium remain in the sample solution (upper portion of the channel) where the inertial
and gravitational forces were considered negligible.

Since this study is only focused on the movement of particles in a fluid flow, all the particles
suspended in the fluid medium are considered as non-elastic spherical-shells with various electrical
and geometric parameters such as conductivity, dielectric coefficient, mean diameter and thickness
etc. Tab. 1, shows the parameters taken from elsewhere in the literature [24,37,44-46] were imposed
in this study using particle tracing for fluid flow module in COMSOL. The mixture of particles
of various diameter released continuously into the microfluidic channel were guided by the sample
flow towards the electric field region to gain momentum in the transverse direction of the fluid
flow. These particles further joined with various buffer streamlines based on different electrokinetic
force experienced by the particle and collected at respective outlets. The electrode dimensions,
including the width and the distance between the electrodes, were fixed to 40 um throughout
the study to validate the results with the literature [24]. Various studies, including the effective
placement of electrodes in terms of the number of electrodes to be placed and the effect of the
particular location, were carried out separately to optimize the impact of electrokinetic forces to
separate particles. The COMSOL eclectric current module was used to assign various electrical
potentials to the electrode and the frequency domain analysis was carried out to pursue the
electrical field distribution and its effect on particle separation since it is a fact that the CM-factor
places a major role.

4 Results and Discussions

Selective particle separation was simulated with Dielectrophoresis based microfluidic channel
using COMSOL Multiphysics software by slightly modifying DEP-FFF geometry. Modified elec-
trode placement was introduced as shown in Fig. 4, to create enhanced dielectrophoretic force on
particles using near-field electrode concept. As discussed in Section 3.1, 40 um width microfluidic
channel was simulated and placed seven electrodes near to the tail region of the microchannel.
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Table 1: Flow and electrical properties of elements of simulation

Parameter (units) Medium RBC Plate lets E. coli
Density (kg/m?) 1000 1050 1050 1105
Mean diameter (um) - 5 1.8 0.68
Conductivity (S/m) 0.055 0.31 0.25 0.0412
Permittivity 80 59 50 60
Shell thickness of the particle (nm) - 9 8 5
Shell conductivity (uS/m) - 1.60 1.60 0.05
Shell permittivity - 4.44 6 20

4.1 Effect of Electrode Placement on Design Parameters and Validation of Simulation Protocol

Primarily, the simulation was tested to confirm the validity of the design parameters with
far-field electrodes with three different particles such as RBC, Platelets and E. coli. RBC particles
were separated to a specifically designed outlet (O,) at an applied voltage of 10 V which strongly
support the design parameters were undoubtedly able to reproduce the results which were pub-
lished by Piacentin et al. Fig. 3a show the portion of simulation output at the tail region confirms
the separation of RBC starts at 7.5 V onwards to 20.5 V where after 20.5 V platelets were pushed
into outlet 2.
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Figure 3: Simulation output for the selective separation of RBC (red) from Platelet and E. coli
(blue) when applied far-field and near-field electrodes validate the simulation design parameters.
Critical separation of RBC achieved at 7.5 V for far-field electrode position (first column) and
the same for near-field electrode placement achieved at 3.1 V

However, for the near-field simulation, the same effect was observed, as shown in Fig. 3b
where the operating voltages have come down drastically by nearly 40-60%. RBC was entered
in to outlet 2 at a minimum voltage of 3.1 V to a maximum voltage of 8.5 V where after 8.5
V platelets were entered in to outlet 2. The reduction in operating voltage was studied from the
viewpoint of electric field distribution for the far-filed electrodes and the near-field electrodes.
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Figure 4: Simulation response obtained for: (a) Distribution of electric field profile for both far
(doted-red) and near field (blue) position of electrodes (inset: Colour map of electric field distri-
bution inside the microchannel); (b) Velocity magnitude profile for far-field position of electrodes
show an asymmetric velocity profile (doted-red) within the channel width (40 um) due to dead-
space whereas for near field position of electrode show a symmetric distribution (inset: Colour
map of velocity magnitude profile); (c) Different streamline path for three different particles (RBC,
platelet and E. coli) under near field dielectrophoretic force when operated at a differential voltage
of 10 V

Fig. 4a shows the electric field distribution profile for far-field and near-field across the
channel when excited at 10 V (100 kHz). The simulation response for electrical field distribution
when operated at 10 V (100 kHz) is shown in Fig. S1 (Supplementary Material). It is evident that
the field strength of 6 x 10* V/m and 13 x 10* V/m were observed at the upper boundary of the
channel for far-field and near-field respectively. As it is a fact that that the dielectrophoretic force
is proportional to the applied electrical field given in Eq. (1), with an enhanced electric field for
near-field electrode the particles may experience enhanced electrokinetic force. It is also observed
from the viewpoint of a flow-velocity profile when electrodes placed far and near to the channel
show a significant difference in the velocity about 0.6 mm/s for the far-field condition at the upper
boundary as shown in Fig. 4b. Hence it is observed that (i). The particle velocity in the near-field
condition is relatively lesser than the far-field condition due to no-slip condition in creeping flow
and (ii). The absence of dead-space prevents the particle oscillations in near-field condition as
shown in Fig. 5. The velocity distribution is shown in Fig. 5a, and the particle movement for
both far field (upper portion of the Fig. 5b) the and near field (lower portion of the Fig. 5b)
electrode placement.

The above two effects were effectively controlled the particle moment since the particle
remains in the electrical field for a relatively long time in near field condition than that of
far-field condition. Fig. 4c shows the moment of different particles (RBC, Platelet and E. coli) into
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different streamlines when entered into the active electric field region. Initially, all the particles
released at the entrance had appeared as single streamline in the channel before it entered into
the electrical filed region. However, these particles were, separated and transferred to various
streamlines based on their size, electric properties and the applied field strength at the active
electric field region. The large particles (RBC) were displaced to a larger extent from the initial
streamline. Similarly, the other particles were also displaced proportionally to their sizes.
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Figure 5: (a) The velocity distribution in the channel (b) particle movement for both far field and
near field electrode placement

4.2 Effect of Applied Voltage and the Number of Electrodes on Particle Displacement

In both the far-field and near field conditions, simulations were tested for various applied
voltages ranging from 0 to 130 V to pursue the effect of voltage on particle displacement at a
constant frequency (100 kHz). Fig. 6 was obtained by subjecting all the particles separately into
the far-field micro channel operated between 0 to 54.5 V and near field micro channels operated
between 0 to 23 V respectively.
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Figure 6: Simulation results show the effect of differential operating voltage from 0 to 55 V for
far-field and 0 to 23 V for near field electrode placement applied on various particles (RBC,
Platelets and E. coli) and the individual particle trajectories inside the active electric field region
of the microchannel
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The results showed a merely similar response in the displacement of particles by the near field
electrodes at a half reduced operating voltage in comparison with the far-field condition as shown
in Fig. 7.

(a) (b)

Figure 7: 3D model simulated using COMSOL Multiphysics show the separation of particles
(RBC, Platelets and E. coli) when subjected to a non-uniform electrical field at an electri-
cal potential of 12.5 V and 7.5 V in (a) Farfield electrode setup and (b) Nearfield electrode
setup respectively

Similar to the RBC and Platelets, E. coli also slightly displaced but the electrokinetic force
generated on E. coli was insignificant at lower voltages, however, become significant upon increas-
ing voltage in both far and near field electrode placement. It is also observed that the particle
displacement strongly depends on both the operating voltage and the number of electrodes used
for a given voltage. From Fig. 6, it is evident that the RBC was displaced strongly to the
boundary with the first two differential electrodes when operated at 54.5 V and 23 V for far
and near field condition respectively. Whereas, the same RBC was displaced to the boundary
with four differential electrodes operated at 29 V and 12.5 V for far and near field respectively.
Hence it is understandable that the number of electrodes used and the operating voltage was
inversely proportional and optional for user perspective. Despite the advantage of the reduction
in operating voltage, increase in a number of electrodes will directly affect the channel footprint
(length of the channel) so that it is advisable to use an optimum number of electrodes. In this
simulation, the use of near field electrodes advantageous in terms of reduction in operating
voltage without changing the channel length as mentioned in far-field condition. Tab. 2 shows
the minimum voltage required when the change in a number of electrode pairs from 1 to 5 for
both far-field and near field for selective separation of RBC, Platelets and E. coli individually at
outlet 2. It is observed that the operating voltage increased with reduced particle size; however,
the decrease for all the particles when increased number electrodes. It is also evident that using
a minimum voltage of 19.5 V (for N = 4) in case of near field electrode, E. coli (0.68 pum) can
be separated from plasma whereas this voltage is merely sufficient to separate larger particle-like
platelets (mean dia. 1.8 um) form a plasma in Far-field condition.

4.3 Separation of Platelet and E. coli from the Medium Using Near Field Electrode Micro-Channel

It is important to notice that the above simulations show that the E. coli remained in outlet
one along with platelets within the above operating ranges for far and near field conditions.
Hence, further simulations were pursued to know the operating range for Platelet separation from
E. coli particles using near-field electrodes. As it is observed from Fig. 1, CM factor for all the
particles observed negative hence negative DEP applied on all the particles when operated with
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non-uniform electric field. All the particles, especially including E. coli experience negative DEP
force which is clearly observed from Fig. 8, the E. coli, is also changing its streamlines with the
increase in voltage finally it enters into outlet 2 (lower outlet in the Fig. &) at 23 V whereas for
the same voltage the platelets were still in the outlet 1 in case of the far-field condition. The
operating conditions for Platelet separation were observed from 8.5 V to 22.5 V for near-field
electrode condition.

Table 2: Minimum voltage dependence for change in the number of electrodes for both far-field
and near field perceived from the simulation for selective separation of RBC, Platelets and E. coli
individually at outlet 2

v v v
(

FFE ¥ "+ :
NFE ) T

Minimum Selective Separation Voltage (V)

RBC Platelet E. coli
Number of Electrode Pairs FFE NFE FFE NFE FFE NFE
N=0 17.5 9 47.5 25 130 67.5
N=1 11 5 30 13 80 35
N=2 8.5 3.5 24 10 63 26.5
N=3 7.5 3 20 8.5 53 22
N=4 6.5 2.6 17.5 7.2 47 19.5
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Figure 8: Simulation output shows the selective separation of Platelets (red) from E. coli (blue)
when applied near-field potential using near filed electrodes. 8.5 V to 22.5 V found to be a range
of voltages for platelet separation. After 23 V the E. coli transferred to platelet outlet
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4.4 Effect of Electric Field Frequency on Particle Displacement

A separate study was carried out to understand the effect of operating frequency on particle
displacement using Platelet as a model molecule. This study considered a suitable frequency range
from 1 Hz to 1 THz since the maximum velocity magnitude in the microchannel observed was
1.35 mm/s (from Fig. 4b). The dielectrophoretic force (negative DEP) acting on the particle is
depending on the time of exposure to a non-uniform electric field. In case of low frequencies, less
than 100 kHz the particle may not find the change in field direction; hence the particle experiences
high electrokinetic force which will result in particle move in resultant force direction. However, in
case of high frequencies, more than 1 GHz particle will experience low electrokinetic force due to
both repulsive and attractive forces resulted from a change in polarity of electrodes. Hence there
is a reduction of the resultant force acting on the particle due to reduced electrokinetic force.
However, in such situations to match the particle tracking as in case of low frequencies, high
voltages need to apply to compensate the reduced amount of electrokinetic force. Fig. 9, shows
a clear transition in the applied voltage for both far and near field electrode placement channels
to obtain the RBC to enter into the desired outlet 2. Surprisingly, the frequencies between 2
MHz-50 MHz the particles are attracted towards the electrode and adhere to the upper boundary
of the channel as shown in Fig. S2 (Supplementary Material). This strange phenomenon was
observed may be attributed to strong electrokinetic attraction force or resultant dipole moment of
the particle may be suppressed. Even at large voltages above 500 V, the particles remain held at
first pair of electrodes.
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Figure 9: The simulation response obtained for an applied voltage for a change in operating
frequency show a transition between 100 kHz to 1 GHz for a predefined particle trace

5 Conclusion

Dielectrophoresis based microfluidic system was simulated using COMSOL Multiphysics soft-
ware. This study is focused on selective separation of Platelets and Bacteria from plasma in the
viewpoint of effect of electric field geometry, electrode placement along the channel and operating
voltage at various frequencies. A novel near field electrode placement concept was introduced
to separate the particles at reduced operating voltages in comparison with far-field electrode
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placement. A minimum separation voltage for (N =4) RBC, Platelet and E. coli bacteria in the
near field found as 2.6, 7.2 and 19.5 V respectively. Whereas, it is 9, 25 and 67.5 V for a single
electrode pair (N =0). This simulation study also describes the advantages of near field electrode
placement in terms of confined flow velocity profile and enhanced electric field compared to its
counterpart far-field electrode design. Interestingly, the change in operating frequency also show
the effect on particle separation hence there observed a requirement in the increase in operating
voltage with an increase in frequency for a range of frequencies between 1 kHz to 2 MHz.
However inverse relationship found from the frequencies starting from 50 MHz onwards. Further,
this study showed separation of small-sized particles like platelets and E. coli from given sample
medium by the change in electrode position towards the channel was advantageous in terms of
reduced operating voltages specifically for small particle separation. These 2D simulation results
were further improved by considering actual geometries of particles and channel in 3D rather
considering the average diameter of the particles and width of the channel alone.
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Supplementary Figures

Figure S1: The simulation response for electrical field distribution when operated at 10 V
(100 kHz)
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Figure S2: Particle trajectory when operated at above 2 MHz to 50 MHz show an adhering effect
to the electrode when operated at high voltages whereas at low voltages particle flow through the
its normal streamline




