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Abstract

Dielectrophoresis, an electrokinetic technique, can be used for contactless manipulation of micro- and nano-size particles
suspended in a fluid. We present a 3-D microfluidic DEP device with an orthogonal electrode configuration that uses nega-
tive dielectrophoresis to trap spherical polystyrene micro-particles. Traps with three different basic geometric shapes, i.e.
triangular, square, and circular, and a fixed trap area of around 900 um? were investigated to determine the effect of trap
shape on dynamics and strength of particle trapping. Effects of trap geometry were quantitatively investigated by means of
trap stiffness, with applied electric potentials from 6 Vpp to 10 Vpp at 1 MHz. Analyzing the trap stiffness with a trapped
4.42 pm spherical particle showed that the triangular trap is the strongest, while the square shape trap is the weakest. The
trap stiffness grew more than eight times in triangular traps and six times in both square and circular traps when the potential
of the applied electric field was increased from 6 Vpp to 10 Vpp at 1 MHz. With the maximum applied potential, i.e. 10
Vpp at 1 MHz, the stiffness of the triangular trap was 60% and 26% stronger than the square and circular trap, respectively.
A finite element model of the microfluidic DEP device was developed to numerically compute the DEP force for these trap
shapes. The findings from the numerical computation demonstrate good agreement with the experimental analysis. The
analysis of three different trap shapes provides important insights to predict trapping location, strength of the trapping zone,
and optimized geometry for high throughput particle trapping.
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1 Introduction

Ever since Herbert Pohl and Ira Hawk (Pohl and Hawk
1966) demonstrated the separation of live from dead yeast
cells using dielectrophoresis (DEP), a significant number
of theoretical and experimental studies have been carried
out based upon this discovery to control and manipulate
micro- and nanoparticles movements. DEP is the electroki-
netic movement of polarizable particles suspended in a fluid
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medium under the influence of a non-uniform electric field.
Compared to other electric field-driven particle separation
techniques, DEP does not require the particle to be charged,
but relies on the separation of intrinsic charge within the
particle to generate an induced dipole that depends on the
relative polarizability of the particle and its surrounding
medium (Pethig 2010a). Based on the relative polarizabil-
ity of the particles compared to the surrounding medium,
particles can be pulled towards the regions of higher electric
field gradient or pushed from these regions (Mauro 1980;
Pohl 1978). The phenomenon of attracting the particles to
the regions of higher electric field gradient from the lower
electric field regions is known as the positive DEP (p-DEP)
and vice versa for negative DEP (n-DEP). As DEP allows
particle separation based on their physical properties (such
as size, shape) and structural properties (such as homogene-
ity, dielectric properties), it has been widely used in various
label-free, contactless applications such as particle concen-
tration and isolation (Dash and Mohanty 2014; Kwak et al.
2021, 2019b; Nejad et al. 2013), cell enrichment, sorting
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and separation (Becker et al. 1995; Huang et al. 2002; Lee
et al. 2013b; Punjiya et al. 2019; Yang et al. 1999), medi-
cal diagnostics (Adekanmbi and Srivastava 2019; Park et al.
2015) and drug screening (Hoettges et al. 2008; Ivanoff et al.
2012; Pethig 2013).

For manipulation of micro- and nanoparticles suspended
in various liquid media, it is desirable to develop microflu-
idic devices as they involve almost no moving parts. Micro-
fluidic devices require a small volume of fluid and provide
a large ratio of surface area to volume, which provides an
opportunity for suspended particles to interact with the large
surface area of the electrodes. Over the past decades, several
methods have been demonstrated to manipulate and isolate
the micro- and nano-sized particles using various microflu-
idic platforms. These approaches include optical-based sep-
aration (Ashkin et al. 1987; Hansen et al. 2005; Malagnino
et al. 2002), hydrodynamic separation (Aragay et al. 2011;
Chen et al. 2010; Dittrich and Manz 2006), mechanical fil-
tration (D’Amico et al. 2017; Davies et al. 2012; Glazier
and Arnold 1991; Lilliehorn et al. 2005), magnetic separa-
tion (Chen et al. 2013; Kollmannsberger and Fabry 2007;
Winkleman et al. 2004), and dielectrophoretic manipulation
(Castellanos et al. 2003; Chan et al. 1997; Sridharan et al.
2011). These active and passive particle separation meth-
ods were employed in micro- and nanoparticles controlling,
trapping, focusing, separating, and characterizing applica-
tions. The optical particle separation methods, e.g. opti-
cal tweezers, typically require a high-power laser to exert
forces on dielectric particles (Almendarez-Rangel et al.
2018; Pesce et al. 2015). The optical sources are expensive
and require very sensitive measurements as well as exten-
sive and careful calibration. Particle separation using mag-
netic force manipulates magnetic particles or magnetically
tagged particles using magnetic field (Berensmeier 2006;
Chen et al. 2013; Hejazian et al. 2015). Particle separation
vastly depends on the intrinsic diamagnetic properties of the
particles, which are not as sensitive as DEP-based particle
separation based on the intrinsic dielectric properties of the
particles (Pethig 2010b). Moreover, the fabrication of the
microfluidic devices for effective magnetic field gradients
is complicated. Particle separation methods using hydro-
dynamic force and mechanical filtration are mostly passive
techniques and suitable for continuous operation. However,
these size-based separation methods are not suitable for
similar size particle separation. In addition, clogging and
flow fluctuation can adversely affect particle separation in
mechanical filtration (Di Carlo et al. 2007; Maruyama et al.
2009; Tauro et al. 2012). These methods also have limita-
tions to apply various separation conditions because the
size of the particle is the only parameter of the separate in
general.

The acoustic-based particle separation uses ultrasonic
transducer to generate acoustic radiation pressure as a driving
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momentum to separate particles. The acoustic wave gener-
ated by ultrasonic transducer collects particles in the specific
location inside the microfluidic platform (Ding et al. 2014;
Lee et al. 2013a, 2015). The microchannel walls of micro-
fluidic devices require good acoustic reflection for effective
particle separation using the acoustic-based method. Thus,
polymeric microfluidic device fabricated by soft lithography
is not suitable to generate acoustic standing waves due to the
poor acoustic reflection properties. Also, the acoustic separa-
tion is not effective for the particles of similar sizes with dif-
ferent membranes, structures and dielectric polarizabilities.
In comparison to these methods, fabrication of microfluidic
devices for DEP-based particle separation is easier and more
cost effective. In addition, recent studies have shown that
DEP-based particle separation techniques are suitable for
efficient and high-throughput particle separation (Faraghat
et al. 2017; Gupta et al. 2012; Hu et al. 2005).

Using microfluidic platforms, several DEP-based tech-
niques have been employed over the last few decades. Based
on the mode of operation, the dielectrophoretic platforms
can be classified into two main groups: insulator-based DEP
(iDEP) devices and electrode-based DEP (eDEP) devices
(Saucedo-Espinosa et al. 2016). In general, insulating layers
or arrays of insulating post/structures are employed between
the electrodes to generate a spatially non-uniform electric
field in iDEP-based devices (A. Braff et al. 2012; Gallo-
Villanueva et al. 2014; Hawkins and Kirby 2010). In most
cases, these insulating structures harm the strength of the
generated non-uniform electric field and affect the strength
of the DEP-force field (Benhal et al. 2020). Thus, to pro-
duce an adequate DEP-force field for a successful applica-
tion, higher voltages are generally required in iDEP-based
devices than eDEP-based devices (Saucedo-Espinosa et al.
2016), which may lead to rising temperatures inside the flow
channel. This increase in temperature may trigger bubble
formation and disrupt the flow of the particles, and thus sig-
nificantly affects DEP-based particle separation (Cetin and
Li 2008).

In recent times, eDEP devices have received more atten-
tion in microfluidic platforms as it is relatively easy to gen-
erate high electric field gradients (Benhal et al. 2020). With
the advancement in micro- and nano-fabrication techniques,
different types of electrode configurations and designs at
the microscale were employed to develop DEP platforms.
In contrast to iDEP-based devices, a significant portion of
eDEP studies reported the use of low voltage and higher fre-
quency electric fields (in the kilohertz to megahertz range)
for micron and submicron particle separation. In general,
the common trend of eDEP devices is to include an array
of conductive electrodes (such as gold, copper, chromium).
These metal electrodes are considered planar (2-D) as they
are thin-film electrodes with a height range of a few hun-
dred nanometers. The design of these thin-film electrodes
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plays an important role in the generation of non-uniform
electric fields. Based on the electrode arrangement, there
are two options, namely horizontal and orthogonal electrode
arrangements. In the horizontal arrangement, the electrodes
are fabricated on one side of the flow channel (mostly on the
bottom side) and fluid subsequently passes over them. These
types of electrodes are usually referred to as interdigitated
electrodes (IDE), and have been employed for different types
of microparticle separation (Choi et al. 2018; Kwak et al.
2013; Park et al. 2016; Song and Bennett 2009; Wang et al.
2014). In contrast, in orthogonal electrode arrangements, the
electrodes are placed opposite to each other in a parallel con-
figuration (mostly on the top and bottom), with fluid flowing
in between the electrodes (Kwak et al. 2021, 2019b, 2017,
Mittal et al. 2007; Nejad et al. 2013; Thomas et al. 2019).
Generally, in both types of electrode configurations, the
electric field gradient is stronger along the edges of the
electrodes compared to the space between the electrodes.
Conventionally, it is much easier to attract particles to the
regions of stronger electric field gradients (p-DEP). But
for biological particles (such as cells and viruses), it is
desirable to use lower electric field strengths to minimize
stress, transfection, and unwanted lysis of the bioparticles
due to the applied electric field. Thus, for bioparticles,
n-DEP based separation where particles can be pushed
towards the regions of low electric field gradient is more
desirable (Koklu et al. 2010; Punjiya et al. 2019; Thomas
et al. 2019). For n-DEP based particle trapping, a uniform
repelling/pushing force is required from the regions of the
stronger electric field (Mauro 1980). It has been reported
that an orthogonal type electrode configuration can gener-
ate pushing forces from the top, which alleviates particle
trapping by n-DEP forces. For particles suspended in a
flowing fluid, a repelling force from the top electrode in
conjunction with the bottom electrode can effectively iso-
late particles (Tajik et al. 2020). Efforts have been made
to fabricate three-dimensional (3-D) electrodes for parti-
cle separation and immobilization. The designs include a
coiled electrode (Fathy and Lai 2020), DEP wells (Abdul
Razak et al. 2013), extruded patterns (Iliescu et al. 2008),
microwells (Mittal et al. 2007), a sidewall pattern (Wang
et al. 2009) and top—bottom/face-to-face pattern electrodes
(Kwak et al. 2021, 2019b, 2017; Punjiya et al. 2019; Yang
et al. 1999). The 3-D microelectrodes were reported to pro-
duce effective DEP forces over a larger microfluidic device
and can isolate and separate particles from a larger volume
of fluid. Compared to planar electrodes, the 3-D electrodes
interact more with the hydrodynamic drag forces on the
suspended particles. In past research using IDE-based DEP
devices, it was also reported that a closed-shape window
(void space) in the planar electrode surface is capable to
produce a weaker electric field gradient (Lombardini et al.

2010; Mabhshid et al. 2018; Nakano et al. 2019; Nejad et al.
2013). Due to the stronger electric field along the edges
of the electrodes, the closed-shaped windows can serve
as the trapping locations of the particles inside the DEP
device. By combining the advantage of closed-shape win-
dows (which we refer to as corral traps) on the surface of an
electrode with a counter electrode placed in an orthogonal
configuration, an effective n-DEP force can be generated.
The uniform pushing force from the top electrode can push
particles downward, whereas the pushing force from the
trap edges can push particles sideways towards the regions
of the weaker electric field.

In this paper, we present a microfluidic platform with a
3-D electrode configuration for trapping microparticles using
n-DEP. To harness the benefits of the orthogonal electrode
configuration, we have utilized one electrode as the bottom
plate and a counter electrode as the top plate of the micro-
fluidic channel. We have employed three different basic geo-
metric shapes, i.e. triangular, square, and circular, as corral
traps in the bottom electrode, which, along with the counter
electrode on top, create pushing forces from the sides and
the top, respectively. In this study, a high frequency (1 MHz)
AC electric field generated n-DEP forces that successfully
trapped 4.42 um spherical carboxyl-functionalized polysty-
rene particles. The effects of spatial changes in the elec-
tric field gradient (linked to trap shape) were quantitatively
studied by means of a 3-D trap stiffness analysis for single
particles trapped inside the DEP traps. To date, there have
been no studies to analyze trap shape effects on DEP trap
stiffness. Trap stiffness is a measure of the restoring force
acting on a particle inside the trap, which keeps the particle
confined inside the trap, even under external perturbation
(so long the perturbation is weaker than the trapping force).
The equipartition theorem was employed to compute the trap
stiffness of triangular, square, and circular corral traps by
monitoring the thermal fluctuations of the trapped particles
under the influence of an AC applied electric field at varying
potentials (6 Vp_p to 10 Vpp) and a frequency of 1 MHz. The
different corral trap shapes in the microfluidic device were
also studied numerically to investigate the effect of geometry
on n-DEP force generation.

2 Theory

Successful trapping of any particle using DEP depends on
the electrical polarizability of that particle. When a particle
suspended in a medium is exposed to an electric field, intrin-
sic charge separation inside the particle leads to an induced
electric dipole moment. If the electric field is nonuniform,
the electric field gradient will force the particle to move.
This inducing motion is known as DEP, and the DEP force
is given by
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Fpp = (p- V)E = (@VE - V)E (1)

where p is the induced dipole moment, & is the polariz-
ability factor, v is the volume of the particle, and E is the
applied electric field. The differential operator V indicates
the gradient of the electric field. For a spherical particle
with radius r, the polarizability factor & can be described as
(Pethig 2010a):

a = 3epe,,Relf ] 2

where g is the permittivity of free space (8.85 X 10°2F /m),
g,, 1s the relative permittivity of the suspending medium, Re
indicates real part of a complex number, and f, is known
as the Clausius—Mossotti (CM) factor.
The volume of a spherical particle is:

V= gﬂr3 3
The value of the CM factor ranges between -0.5 and 1.0
depending on the electrical properties (conductivity and
permittivity) of the particle and the surrounding medium.
For a spherical particle, the CM factor can be calculated as
(Jones 1995):

£f —g*
P m

“

Jem = E;+—2£;
Where ej; and e are the complex permittivity of the particle
and the suspension medium, respectively. For alternating
current (AC) based DEP with an angular frequency w, the
complex permittivity is defined as (Markx et al. 1996):

" .o
€ =e-jo 5)

where o is the electrical conductivity and j is the imagi-
nary unit ({/—1). Combining Egs. (1), (2) and (3) leads to
the following expression for the DEP force:

Fppp = 4nrege, Refey|(E - V)E ©6)

Equation (6) can be further simplified by the vector trans-
formation of the electric field (E):

Fpgp = 2mr 3*905mRe [fCM]VEIZQMS ™

where Ep,,q is the root mean square of the electric field and
independent of the polarity of the potential applied to the
electrodes. From Eq. (7), it can be seen that the DEP force is
zero when the applied electric field is uniform (VEiMS =0).
With all other properties remaining constant, the DEP force
will increase cubically with the size of the spherical particle.
Referring to Eq. (4), it can be said that when the polariz-
ability of the particle is higher than that of the surrounding
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medium, the CM factor will be positive, which will favor
p-DEP. In contrast, a negative value of the CM factor means
the particle is less polarizable than the medium. According
to Eqgs. (4) and (5), it is evident that a change in frequency
of the applied electric field (with other parameters remain-
ing constant) will also change the value of the CM factor.
Hence, under appropriate experimental conditions, a par-
ticle can be pulled towards or pushed away from regions
with a strong electric field gradient by simply altering the
frequency of the applied electric field. It is well established
that for polymer-based microparticles suspended in weakly
conducting solution (DI water), p-DEP occurs at lower fre-
quencies and n-DEP occurs at higher frequencies (Lu et al.
2020; Weng et al. 2016). However, these ranges vary sig-
nificantly based on electrode configuration, size, types, and
polarization behavior of the particles as well as properties
of the suspending medium.

Because electric fields are generated in a microfluidic
channel filled with conducting medium (i.e. DI water), the
effects of electroosmotic and electrothermal forces also
need to be considered. The electrodes are exposed to the
conducting medium and thus carry a net charge (from the
dissociation of the chemical groups on the surface and
adsorption of ions from the medium) and attract oppositely
charged ions at the solid-liquid interface. At the same time,
like-charged ions will be repelled from the surface. This
thin layer of counter-ions and co-ions is known as the elec-
tric double layer (EDL) (Ramos et al. 1999). The applied
nonuniform electric field with free charges in the EDL cov-
ering the surface of the electrodes perturb the balance of
the EDL; the fluid motion induced by this interaction is
known as electroosmotic flow (Dash and Mohanty 2014).

Depending on the operating conditions (i.e. frequency
of the applied electric field, conductivity, and permittivity
of the medium and the particle), electroosmotic flow can
affect particle velocity and has the potential to influence
DEP-based particle trapping. The induced motion of lay-
ers of the fluid body is governed by the Navier—Stokes
equation and the continuity equation (Pribyl et al. 2008):

ov
pm<E +v- VV) - nmvzv = _VI’ +fBodyForce (®)

V.v=0 C)]

where p,, and #,, are the density and kinematic viscosity of
the suspending medium, v is the flow velocity, and Vp is the
pressure gradient. The body force per unit volume (f3,,r)/ce)
is induced by the electric field, which depends on the electric
charge density (pj;) and the electric field (E). The Laplacian
term implies the diffusion of momentum (governed by viscos-
ity) and can be interpreted as velocity difference at a point and
the mean velocity of the surrounding fluid volume. Equation (9)
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implies that divergence of the velocity field is zero everywhere.
It was reported in past studies that the effect of electroosmotic
force induced by high frequency (i.e. 1-100 MHz) electric field
has no significant effect on particle trapping in microfluidic
platforms (Park and Beskok 2008; Ramos et al. 1999).

Joule heating can generate another form of electrohydrody-
namic force, namely electrothermal flow. Joule heating causes
a rise in temperature inside the microfluidic device due to the
resistivity of the conductors when electric current pass through
it. The hydrodynamic force generated by the electrothermal
flow can also be formulated using the Navier—Stokes equa-
tion. A simplified theoretical model implies that Joule heating
is proportional to the conductivity of the medium and square
of the applied electric field, i.e. o, E* (Sin et al. 2010). Hence,
with the same electric field applied, the effect of electrother-
mal flow linearly increases with the change in conductivity of
the suspending medium. Past studies have revealed that the
effect of electrothermal flow in a higher frequency (> 1MHz)
electric field and low conductivity medium has an insignificant
effect on microfluidic particle manipulation. Moreover, flow
patterns induced by electrothermal flow inside the microfiuidic
device with two oppositely charged electrodes at orthogonal
configuration produce counter-rotating vortices near the elec-
trodes. These vortices will not produce any net flow, and the
vortices will not affect particles trapped by n-DEP (Koklu et al.
2010). It was also reported in a recent study that localized
heating was from the dielectric loss rather than joule heating
in interdigitated electrodes (Kwak et al. 2019a). The electrodes
were electrically insulated with a dielectric material and were
tested with media with different conductivities (i.e. DI water,
sodium chloride solution, and phosphate-buffered saline).

A particle suspended in a medium is also subjected to the
hydrodynamic drag force. Usually, fluid flow inside the micro-
fluidic channels is in the creeping flow regime (Reynolds num-
ber <0.5) because of the small dimensions and low flow rate.
The associated drag force can be estimated from the modified
Stokes equation which accounts for particle—wall interaction
from shear layers:

Fpaq = —6mrn, hSK (10)

Here, r is the particle radius, 7, is the viscosity of the
medium, % is the height of the particle within the shear field,
S is the shear rate, and K is a coefficient that incorporates
wall effects, taken to be 1.7005 (Thomas et al. 2009). The
shear rate S can be computed from the flow velocity and
cross-section of the flow channel (Punjiya et al. 2019):

8v
S=—
7 (11)

where v is the flow rate and d,, is the hydraulic diameter.
As the cross-section of the microchannel is rectangular, the
hydraulic diameter d,, is equivalent to

dy = 12

where w,. is the width of the channel and 4, is the height of
the channel, which are 12.7 mm and 30 pm, respectively.

3 Materials and methods
3.1 Particles and suspending medium

Carboxyl-functionalized polystyrene spherical particles with
a mean diameter of 4.42 um (Spherotech, USA) were used
throughout the experiment. The carboxyl-functionalized
polystyrene particles are widely used in various studies as
a model particle (Abd Rahman et al. 2017; Chen and Yuan
2019; Saucedo-Espinosa et al. 2016; Song et al. 2012),
because of their stable negative surface charge (Dorney
2013). The surface of the traps used in this study is bare
glass surface which acquires negative charge when in con-
tact with the medium and fluid (Behrens and Grier 2001).
The negative surface charges of the trap surface and the
carboxyl-functionalized polystyrene particles reduce the
potential adhesion of the particles on the trap surface due
to repulsion between the negatively charged surfaces. The
stock solution of the particles was washed three times with
Milli-Q deionized (DI) water by centrifugation and resus-
pension. DI water was used to dilute the stock solution of 5%
(w/v) to 0.0001% (w/v). The conductivity was measured to
be 2 uS cm™! (at 25 °C) using a conductivity meter (Horiba
LAQUAtwin EC-11). Freshly prepared microparticle sus-
pensions were gently vortexed to disrupt aggregations of
the particles before all the experiments.

3.2 Device preparation and equipment

The microfluidic DEP device was fabricated using a 1-inch
by 1-inch microscope slide (thickness=1 mm) as a sub-
strate. Three basic geometric shapes, namely triangular,
square, and circular trap patterns were first patterned using
the standard photolithography technique. The fabrication
steps of the microfluidic DEP device are shown in Fig. S1 in
the Supplementary Information.

In brief, the slide was first washed ultrasonically with ace-
tone (5 min) and then in piranha solution (30 min) to clean off
organic materials. The surface was then coated with hexam-
ethyldisilane (HMDS) vapor in a vacuum chamber to convert
the clean hydrophilic surface to a hydrophobic surface. This
ensured better adhesion of the photoresist layer used in the
next step. A~1 pm thick layer of AZ 5214E-IR photoresist
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(Micro Chemicals, USA) was coated on the HMDS treated
glass surface using an SCS 6800 spin coater (SCS, USA).
After that, the trap patterns (triangular, square, and circular)
were formed through UV exposure (PLA-501-FA, Canon,
Japan) and subsequent development of the substrate using
AZ 400 K Developer (AZ Electronic Materials, USA). A
100 nm thick chromium layer was deposited using the physi-
cal vapor deposition process (KV-301, Key High Vacuum
Products, Inc., USA), and then patterned by a lift-off pro-
cess using acetone under ultra-sonication. Chromium was
selected as the thin film electrodes and fabricated through
thermal evaporation. The main reason to select chromium
is its sublimation properties and high vapor pressure (100
mT at 1500 °C) compared to gold (30 mT at 1500 °C) and
platinum (1 pT at 1500 °C) (Sarangan 2016). This enables
chromium to be thermally deposited on the substrate faster
with less energy usage. Moreover, chromium is less expen-
sive than the noble metals, i.e., gold and platinum, typically
used in thin film-based metal electrodes. As shown in Fig. 1a,
an orthogonal electrode configuration was created with a
transparent indium-tin-oxide (ITO) coated 1-inch by 1-inch
glass slide (Nanocs Inc, USA) as the counter electrode. The
thickness and surface resistivity of this ITO coated glass was
1.1 mm and 10 Q/square, respectively. A closed microfluidic
channel was created by placing 30 um thick polyethylene
terephthalate (PET) double sided-adhesive spacers (Nitto
Denko Co, Japan) between the chromium electrode (bottom)
and ITO counter-electrode (top). Adhesive copper foil tape
(JVCC CFL-5CA, electrical resistance: 0.003 Ohms/square
inch) was used to attach the wires to the electrodes. Inlet

and outlet tubing were attached to a pair of holes created on
the ITO-coated glass with a highspeed mini-drill. A KDS
200 syringe pump (KD scientific, USA) was used to inject
the fluid containing the microparticles into the device. The
square trap had a side length of 30 um and an area of 900
um?; the triangular trap had the same area as the square trap
with a base of 30 um, height of 60 pm, and a vertex angle
of 28.07°. For the circular trap, however, the diameter was
kept as 30 um, which resulted in a trap area of 706.86 um>.
Figure 1a presents a schematic illustration of the microfluidic
DEP device and experimental setup.

An Agilent 33250A arbitrary waveform generator was
used to apply sinusoidal AC electric potentials of up to 10
Vpp at 1 MHz. An optical upright microscope (BX53F,
Olympus, Japan) fitted with a high-speed camera (Bonito
CL-400, Allied Vision Technologies, USA) was used for
real-time image observation and recording. All images
were acquired at 50 frames/sec for 40 s with a resolution
of 2320 1725 pixels. For particle movements and analy-
sis, the Particle Tracker plugin (Mosaic Toolbox Suite) in
Imagel software (V1.52P) was used. Before any experiment,
the fabricated microfluidic DEP device was washed with DI
water three times and dried at room temperature. Experi-
ments started with filling up the device with the suspend-
ing medium containing 4.42 um polystyrene particles. An
AC electric potential was applied to the electrodes after a
wait time of 5 min to avoid movements and internal flow of
the particles. Figure 1b shows the fabricated microfluidic
DEP device with triangular, square, and circular traps with
4.42 pm particles trapped in each of them. Videos and still
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images of the un-trapped and trapped particles were taken
to analyze particle behavior under the effect of the electric
field with potentials from 6 V,p to 10 Vpp at 1 MHz. To
calculate the trap stiffness, the series of images captured
by the high-speed camera was first converted to 8-bit gray
scale images. The Sobel edge detector was then applied to
all the images to highlight sharp changes in intensity in the
active image. This enables the detection of the boundary
of all spherical particles in the images. In the next step, the
ParticleTracker plugin was used to determine the locations
of the particles, which were then linked with all the subse-
quent images. These location data were then extracted and
used for the computation of trap stiffness.

4 Results and discussion
4.1 Numerical simulation of the effect of geometry

A finite element analysis was performed with COMSOL
Multiphysics software (V5.2) using the creeping flow, elec-
trostatics, and particle tracing module in a coupled 3-D
model (Lee et al. 2017; Rahman et al. 2021). A Dirichlet
boundary condition with an applied voltage equivalent to the
Vyrums Value of the electric potential of 6 Vi p, 7 Vpp, 8 Vpp,
9 Vpp, and 10 Vp p, with opposite polarity, was imposed
at the top and bottom electrodes. The other boundaries
were set to be perfectly insulated. Infinite inlets and outlets
were assumed at the two ends of the channel and periodic
boundary conditions were applied at the opposite sides. Fig-
ure S2 in the Supplementary Information shows the computa-
tion domain used in this study. The model was first solved for

Fig.2 Magnitude and direction 5x10°
of the computed DEP force

acting on a single 4.42 pym

polystyrene particle with an 4.5

applied electric field of 10 Vpp

at 1 MHz, calculated from finite 4

element simulation using COM-

SOL Multiphysics. The arrows 3.5

indicate normalized DEP forces

with the electric field magnitude 3

(V/m) in grayscale. The top,

cross-section, and isometric 2.5

view for a triangular (a-c),

square (d-f) and circular (g-i) 2

trap shows the predicted particle

trapping location (white arrows) 15

using n-DEP, i.e. the weakest

electric field region 1
0.5

the creeping flow module as the stationary study. In the next
step, the model was analyzed in the frequency domain to
study the effect of the applied electric field (6 Vpp to 10
Vpp) at 1 MHz. As the model was solved for a no-flow con-
dition, the effect of hydrodynamic drag forces were found to
be insignificant. The CM factor was computed with relevant
parameters in MATLAB and subsequently used to compute
the DEP force. The electric field gradient data were used in
the equations discussed above to calculate the overall DEP
force.

Figure 2 shows the magnitude and direction of the
DEP force field acting on 4.42 um particles in triangu-
lar, square, and circular traps inside the microfluidic DEP
device. Here, the directions and relative magnitudes of
the DEP forces acting on a particle are portrayed by the
arrows, whereas the grayscale indicates the magnitude of
the electric field. As shown in Fig. 2, the electric field
strength varied greatly across the traps, with a zero value
in the geometric centroid (black color) and maximum at
the edges of the traps (white color). In the case of n-DEP
based particle trapping, a particle will be pushed away
from the edges of the traps towards the low strength
electric field gradient. The trapping location (in the xy-
plane) will be dictated by the balance of the inward push-
ing forces from the edges of the trap. The white arrows
inside the triangular, square, and circular traps indicate
the predicted particle trapping locations based on the
finite element simulation. The cross-sectional views of
the triangular, square, and circular traps (Fig. 2b, e, and
h, respectively) indicate that a particle will be pushed from
the sides and from the top towards the trapping location.
At the same time, a particle can be pushed away from the
trap due to the outward pushing force along the trap edge.
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Here, the traps act as a 3-D closed cage when DEP is ON
(i.e. an electric field is applied), in which case the particles
will be pushed down towards the centroid region of the
traps. The simulation also shows that the DEP force will
keep a particle trapped and the DEP force will increase
with the increase of applied electric potential.

In this study, we have not considered the flow of the
medium (i.e. flow-through mode) and the analysis was
conducted for a no-flow condition. Hence, the initial loca-
tions of dispersed particles were important in the experi-
ments conducted for particle trapping. In contrast, in flow
through mode, the induced drag force can overcome the
repelling force from the boundary of the traps. For any
particle in the favorable trapping locations, the inward
force will push the particle towards the bottom of the trap,
where the electric field strength is at a minimum. It was
found that the trapping location (in the xy-plane) for the
three different geometric shapes was, in each case, the
geometric centroid.

Two different 3-D uncoupled models were also com-
puted numerically to study the effect of the electroos-
motic flow and electrothermal flow using the creeping
flow, electrostatics, and heat transfer in fluids modules in
COMSOL Multiphysics. The flow velocities at the trap-
ping location for each of the geometries were extracted to
compute the effect of drag on particle trapping by DEP. It
was found that for the operating conditions and the mate-
rials used in this study, the effect of the drag force at the
particle trapping location is insignificant. The overall DEP
force acting on a 4.42 um spherical particle at the trapping
location for the triangular, square, and circular traps is
depicted in Fig. 3. The overall DEP force is the resultant
of the DEP force acting in x-, y- and z-axis at the trapping
location, the centroid of each of the different shape traps.
The DEP force was computed at 2.21 um height from the
bottom of the electrode surface as the diameter of the par-
ticle was 4.42 um. As shown, the DEP force increases
gradually with an increase in potential from 6 Vp_p to 10
Vpp at 1 MHz. The non-linear dependence of DEP force
on applied potential is expected given that the DEP force
is proportional to the square of the electric field gradient
(VE?), which is a non-linear function. In the numerical
computation, the estimated DEP force was increased up
to 2.7 times when changing the applied potential from 6
Vp.pto 10 Vpp at 1 MHz for all three trap shapes. It is also
evident from the finite element simulation that amongst
the three different shapes, the triangular trap produces
the strongest DEP force at the trapping location, whereas
the square trap produced the weakest DEP force. At the
maximum electric potential (10 Vp_p), the DEP force at the
triangular trap was found to be about 17% higher than the
DEP force at the circular trap, and the latter was estimated
to be 18% higher compared to the square trap.

@ Springer

60

—A— Trianglular Trap
—&— Square Trap

301 | —e— Circular Trap

40

30

Force (pN)

20

6 7 8 9 10
Potential (V)

Fig. 3 Effect of applied potential (6 Vpp to 10 Vpp at 1 MHz) on the
DEP force acting on a 4.42 um polystyrene spherical bead in trian-
gular, square and circular traps from finite element simulations using
COMSOL Multiphysics software

4.2 Effect of geometric shapes on DEP force
and trap stiffness

A large set of experiments was performed to observe trap-
ping behavior of 4.42 um particles with electric potentials
from 6 Vp_p to 10 Vpp at 1 MHz applied to the microfluidic
DEP device containing triangular, square, and circular traps.
As displayed in Fig. 1b, particles were trapped in triangular,
square, and circular traps using the developed microfluidic
DEP device; the trapping of particles was also confirmed in
the finite element simulation with the particle tracing mod-
ule. High-speed images from the experiments were analyzed
to compare the trapping characteristics for the different trap
shapes. It was observed that the trapped particles were not
trapped in a stationary fashion, but that they were fluctuat-
ing continuously with very small displacements within the
trapping zone. As a baseline for the fluctuations of trapped
particles, the movements of particles without an applied
electric field (i.e. with no DEP force acting on them) were
also recorded. For this, an arbitrary particle was randomly
selected from the dispersed particles inside the microfluidic
device before applying the electric field. The movement of
an un-trapped particle in the xy-plane was reconstructed
from the frames of the high-speed video and converted to
pm displacements. The trajectory displayed in Fig. 4 indi-
cates pure Brownian motion due to continuous collisions
with molecules of the surrounding medium (Almendarez-
Rangel et al. 2018; Cohen and Moerner 2006; Guan et al.
2011; Volpe et al. 2007).

In the next step, the movements of single particles trapped
in each of the triangular, square, and circular traps were
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Displacement along y axis (um) ——

Displacement along x axis (um) ———

Fig.4 Trajectory of a 4.42 pm particle without DEP (no electrical
field applied) showing pure random movements (Brownian motion)
under no-flow conditions

analyzed under the steady-state conditions. Particle loca-
tions relative to the trapping location (geometric centroid)
of the trap were measured in pixels and converted to pm
for each frame. The experiments were repeated three times
with DEP forces generated by applying 6 Vpp, 7 Vpp, 8
Vpp, 9 Vpp, and 10 Vp, at 1 MHz to triangular, square,
and circular traps. As shown in Fig. 5, the xy-trajectories
of a single trapped particle (under DEP force) exhibited a
much more restricted movement compared to an un-trapped
particle (without DEP force) when plotted at the same scale.

The stronger confinement of the trapped particle when the
applied electric potential is increased also indicates a rise
in the DEP force from the edges of the traps, which sup-
port the findings from the finite element simulations. Fig-
ure 5 clearly demonstrates trapping of particles by n-DEP;
the trapping locations arise from the balance of DEP forces
originating at the edges of the traps and were found to be the
same as those predicted by the finite element simulation. The
strong n-DEP behavior was observed for all three different
trap shapes under the applied AC voltage. A comparison of
the particle trajectories at 6 Vp_p vs. 10 Vp p shows that the
lateral movement of trapped particles is restricted to a very
small trapping region.

The restricted movement of the trapped particle shown in
Fig. 5 a-e exhibits less movement in the lateral direction and
more movement in the longitudinal direction. This behavior
is supported by the shape of the triangular trap, which has a
base of 30 pm and a height of 60 pm. Similarly, the forces
from the sides of the square trap restrict the motion of a
trapped particle (Fig. 5f-j). In the case of the circular trap,
the DEP forces generated in the radial direction confine the
particle to the central area (Fig. Sk-o0), which is the low-field
region according to the finite element simulations.

Along with the locations in the xy-plane, the locations of
the trapped particles along the z-axis (height) were also ana-
lyzed for all three trap shapes under the operating conditions
discussed in Fig. 5. We have utilized the general defocusing
particle tracking (GDPT) tool, a particle tracking tool devel-
oped in MATLAB by Barnkob et al. (Barnkob et al. 2015;
Barnkob and Rossi 2020). This particle-tracking technique

Displacement along y axis (pm)

n (o]

Displacement along x axis (um) ————>

Fig.5 Trajectories in the xy-plane of 4.42 um particles trapped by n-DEP, generated by applying electric potentials of 6, 7, 8, 9 and 10 V;
(from left to right) at 1 MHz to triangular (a-e), square (f-j) and circular (k-o) traps, respectively
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obtains the particle’s height information based on the defo-
cusing patterns from a series of particle images in a specific
range of z coordinates.

As depicted in Fig. 6, for applied electric potentials of
6 Vpp, 8 Vpp, and 10 Vpp at 1 MHz, the vertical move-
ment (along the z-axis) of trapped particles was confined
to~2 pm. The height locations for trapped particles in
triangular, square, and circular traps for applied electric
potentials of 6 Vpp to 10 Vpp at 1 MHz is included in the
Supplementary Information (Figure S3). The similar verti-
cal movements of the trapped particles in triangular, square,
and circular traps signify that the orthogonal electrode con-
figuration plays an important role for vertical confinement.
The downward force exerted by the counter-electrode is the
key reason for the restricted movement of trapped particles
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along the z-axis, while the trap shape is the decisive factor
for particle confinement in the xy-plane.

For the quantitative analysis of the motions of trapped
particles, we have employed the equipartition theorem,
which relates the energy of thermal fluctuations with the
positional variances from the steady-state condition. For an
absolute temperature T and trap stiffness k,,,,,, the equiparti-
tion theorem states (Guan et al. 2011):

_ 241
Kirap = kgT(07) 13)
where ky is the Boltzmann constant and 67 is the positional
variance of a trapped particle from the trap center. The sta-
tistical positional variance data were extracted from the

trajectories of trapped particles using the particle tracking
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Fig.6 Three-dimensional (3-D) movements (along the x-, y- and z-axis) of trapped 4.42 um polystyrene particles in a triangular trap (a-c),
square trap (d-f), and circular trap (f-h) at 6 Vp, 8 Vpp, and 10 Vpp at 1 MHz
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package in the ImageJ software. This process was repeated
to obtain three different data sets similar to Fig. 5 for the
triangular, square, and circular shape traps.

The overall trap stiffness for the three trap shapes is
shown in Fig. 7, and the trends found were very similar to
the computed DEP forces in the finite element simulation.
The overall trap stiffness of the triangular trap was found
to be the strongest, and the trap stiffness of the square trap
was the weakest. The non-linear behavior of trap stiffness in
response to the applied electric potential is again expected
given the non-linear dependence of the DEP force on the
electric field gradient (Eq. 7). The developed device has the
potential to trap multiple particles within the same trap, but
the trap stiffness was computed for single particles only to
avoid the effect of particle—particle interaction under the
influence of the applied electric field. The overall trap stiff-
ness increased more than eight-fold in the triangular trap
when the potential was ramped up from 6 Vpp to 10 Vpp,
while it increased by more than six times for square and cir-
cular traps over the same range of applied potential. As the
experiments were conducted under no-flow conditions, the
effects of flow and associated drag force were not included
in the computation of the trap stiffness.

Interestingly, at the maximum electric potential (10 Vp_p),
the overall trap stiffness of the triangular trap was found to
be about 26% higher than the trap stiffness of the circular
trap. Under similar conditions, the square trap was about
60% weaker than the triangular trap and 27% weaker than
the circular trap.

Past studies confirmed that the thermal changes gener-
ated from the applied AC potential in microchannels is well
matched with the predicted values obtained by the finite

0.5
A Triangular Trap (Experiment)
m  Square Trap (Experiment)
044 ® Circular Trap (Experiment) |
El
=
% 03
172]
172}
2
&=
= 024
n
=
8
3 0.1
00 T T T T T
6 7 8 9 10
Potential (V)

Fig.7 Effect of applied potential (6 Vpp to 10 Vpp) on trap stiffness
based on trapped 4.42 um polystyrene beads in triangular, square, and
circular traps at 1| MHz

element analysis for the range of potentials and frequencies
used in this study (Cetin and Li 2008; Gallo-Villanueva et al.
2014; Kwak et al. 2019a; Yan et al. 2017). From the finite
element simulation, it was found that the temperature will
increase by 0.4 and 1.6 °C over 40 s when 6 and 10 Vpp at
1 MHz of AC is applied. Total run time for image acquisi-
tion in this research was 40 s for stiffness analysis. Thus, the
maximum temperature increased during the stiffness meas-
urement was 1.6 °C.

The stronger Brownian motion of the trapped particles is
expected due to the increased temperature and thermal fluc-
tuations. The effect of thermal fluctuation would be higher
with higher potential, because the thermal fluctuation is
proportionally increased with applied potential. Thus, the
actual stiffness with higher potential supposed to be higher
than calculated stiffness, because the thermal fluctuation was
included in the stiffness calculation. However, the effect of
heat generation on trap stiffness among different trap geom-
etries was not separately considered in this study, because
the thermal effect is supposed to be the same for tested traps,
as long as applied potential, AC frequency, and trap area are
consistent. In depth analysis on the effect of thermal fluctua-
tion on trap stiffness is under investigation now. The devel-
oped devices have been used to trap specific-sized, spherical
protein particles from a mixture of different size proteins
particles (Kwak et al. 2021). Trapping of other biological
particles (cells and viruses) are under investigation using
the developed 3-D microfluidic DEP device.

5 Conclusion

In this work, we designed a 3-D microfluidic DEP device
containing triangular, square, and circular traps. The device
employs n-DEP forces to capture particles at a specific loca-
tion inside the traps. The objective of this research was to
quantitatively study the effect of different geometric shapes
on particle trapping with traps of similar dimensions. It
was assumed that the circular trap would be strongest due
to having the smallest area amongst the three different trap
shapes. But interestingly, from both numerical and experi-
mental studies, it turned out that the triangular trap gener-
ated the strongest n-DEP forces at 6 Vpp, 7 Vpp, 8 Vpp, 9
Vpp, and 10 Vpp and 1 MHz. When comparing triangu-
lar and square traps of the same area, triangular traps were
found to be about 60% stronger (in terms of trap stiffness)
than square traps at 10 Vp_p and 1 MHz, while the circular
traps were found to be 27% stronger than square traps under
these conditions. All three different trap shapes generated
the strongest DEP forces at the highest applied potential (10
Vpp at 1 MHz). The different shape traps were arranged in
the array with significant inter-spacing between the traps
to avoid any interference from the adjacent traps. The traps
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can be arranged more densely with different orientations to
improve trapping efficiency. The effect of spacing between
traps and orientation is under investigation now.

In this study, trap stiffness was not evaluated with an in-
flow condition as the flow-induced drag force would become
a dominant force under these circumstances. Moreover, only
the trap stiffness for single trapped particles was evaluated
to avoid the complicating effects of particle—particle interac-
tions and associated dynamics inside the traps. The operat-
ing conditions of this microfluidic trapping device are easily
controllable, and the corral trap arrays can be fabricated for
parallel operation. The research can be extended to explore
ways to further improve the trapping force, increase the effi-
ciency under different operating conditions, and investigate
other corral trap shapes. Although we have characterized the
trapping force and trap stiffness using polystyrene spherical
beads as surrogate particles, the developed device has the
potential to be used with biological particles, for example
cell patterning or cell isolation.
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