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We present quantitative modeling software for simulating multiple forces acting on a single

particle in a microsystem. In this paper, we focus on dielectrophoretic (DEP) trapping of single

cells against fluid flow. The software effectively models the trapping behavior for a range of

particles including beads, mammalian cells, viruses, and bacteria. In addition, the software can be

used to reveal useful information about the DEP traps – such as multipolar DEP force effects,

trap size-selectivity, and effects from varying the flow chamber height. Our modeling software

thus serves as a predictive tool, enabling the design of novel DEP traps with superior performance

over existing trap geometries. In addition, the software can evaluate a range of trap dimensions to

determine the effects on trapping behavior, thus optimizing the trap geometry before it is even

fabricated. The software is freely available to the scientific community at: http://www.rle.mit.edu/

biomicro.

Introduction

Dielectrophoretic (DEP) traps use the interaction of an

induced multipole with a nonuniform electric field to create

forces that will stably position particles.1 DEP forces can

trap particles on or between electrodes – including micron

and submicron polymer beads,2,3 cells,4–6 viruses,7,8 and

bacteria.9,10 With the appropriate electrode geometry and

careful control of the experimental conditions, single particle

trapping is attainable.11–14

For a variety of reasons, much of the DEP-based trap design

to date has been qualitative in nature. Most current microscale

DEP traps are meant to capture many particles at once. The

electrostatic interactions between the many particles in such a

trap make the trapping behavior very difficult to quantitatively

analyze. Additionally, traps for large particles, such as cells,

are relatively simple to design and fabricate – many electrode

configurations and experimental conditions will generate some

kind of trapping, and thus detailed analysis may not be

necessary. However, the maturation of DEP-based micro-

systems demands additional functionality – such as multi-

directional stability within a DEP trap, trapping against

substantial fluid flows for a range of cell sizes, and precise

single-cell holding. These requirements necessitate a modeling

tool capable of quantitatively describing the DEP trap

behavior, thus allowing the design of trap geometries that

can meet these increased demands.

Several groups have performed quantitative analysis of DEP-

based microsystems. Pioneering work in validating the shape of the

force fields was first reported by the German group for

quadrupole15 and octopole DEP traps.16 DEP forces have also

been quantified using gravity as a counterforce, by measuring

particle levitation over quadrupoles15,17 or interdigitated electro-

des.18,19 Several other groups have analyzed the balance of DEP

forces and hydrodynamic drag. Watarai et al. measured the

migration velocity of a particle traveling through a quadrupole

trap.20 Similar experiments were later done by the German group

measuring the particle displacement in an octopole trap against

flow21 and the critical flow velocity needed to break through paired

electrodes on the top and bottom of the flow chamber22 – both

correlating modeling predictions to experiments. Hughes et al.

quantified the DEP force by using quadrupole traps to confine

motile bacteria.23 From the DEP trapping force, they calculated

the bacterial swimming velocity and found good agreement

compared to published values. While all of these quantitative

analyses have worked well for their specific applications, they

investigate only limited aspects of DEP trapping behavior – such as

particle levitation, velocity, or displacement within a DEP trap.

Instead, we have developed modeling software that can not only

perform comprehensive analysis of trapping, but also serve as a

powerful design tool – allowing the user to create novel DEP traps

with superior performance over existing trap geometries. Our

experimental work with both beads and cells11,24–26 has repeatedly

validated the software’s accuracy, without the use of fitting

parameters, and for several different DEP trap geometries. In

addition, the modeling software has proven to be a valuable design

tool – allowing us to develop the strongest known single-cell nDEP

traps, in 2-D11 and in 3-D.25

In this paper, to further demonstrate the utility of this

software, we compare the trapping behavior of three trap

geometries found in the literature: our recently introduced 2-D

nDEP square geometry,11 the 3-D nDEP octopole,12 and a 3-D

pDEP points-and-lid geometry.13 Our modeling software

reveals new information about the behavior of these traps –

such as multipolar DEP force effects, trap size-selectivity, and

effects from varying the flow chamber height. This modeling

software thus serves as a predictive tool in designing

technology for single-particle manipulations, allowing the user
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to quantitatively understand the behavior of their DEP traps

and optimize them before they are even fabricated.

Modeling software overview

We wrote the software using Matlab (R14, The Mathworks,

Inc., Natick, MA) to take advantage of the diverse numerical

and visualization algorithms available within, and have made

it freely available to the scientific community at: http://

www.rle.mit.edu/biomicro.

The modeling software, though general, was written

expressly for analyzing the problem of DEP trapping of single

particles against fluid flows. It takes electric-field data and

other experimental parameters and computes the total force on

a uniformly spaced grid. From the total force calculations,

streamlines are generated and used to determine whether the

particle is stably held in the trap. An overview of the software

is given in the ESI, Fig. 1.{

Electric field calculation

Many methods exist to calculate electric fields in electroquasi-

static systems. Some of the commonly used electrode

geometries have analytical solutions, such as the point

quadrupole and octopole, the cone–plate geometry,27 poly-

nomial electrodes,28 and interdigitated electrodes.29 Some

groups have used commercial field solvers, such as

Maxwell,8,24–26 FlexPDE,13 and FEMLAB.11 Other

approaches incorporate efficient algorithms to calculate the

electric fields in two and three dimensions.5,30–32 Due to the

diversity of methods available for calculating the electric fields

in these systems, we have developed our modeling software to

accept electric-field solutions as an input, therefore allowing

the user to calculate the electric fields any way they choose.

In this work we investigated our 2-D nDEP square trap,11

the 3-D nDEP octopole,12 and the 3-D pDEP points-and-lid

geometry,13 shown in Fig. 1A, 1B, and 1C, respectively. We

generated electric field data from simulations using the

commercial field solver FEMLAB (Comsol, Inc., Burlington,

MA). The simulated domain includes a flow chamber with

variable height, sandwiched between two 1 mm thick glass

slides. The boundary conditions are electric potential on the

electrodes, electric insulation on the outer surfaces, and

continuity at the interfaces of different materials in the system.

Field data is written to a 3-D grid, using a grid spacing of

1.0 mm, and smoothed using a Gaussian low-pass filter.

Simulations are run using a peak voltage of 5 V potential

difference between electrodes. We evaluate results for other

applied voltage differences by scaling the electric field, using

the linear dependence of electric field on voltage.

Forces

In our modeling software we include five forces – the DEP force,

the hydrodynamic (HD) drag force, the gravitational force, the

HD lift force, and the normal force from the top and bottom of the

flow chamber. The dielectrophoretic force in its simplest

implementation is the interaction of a nonuniform electric field

with the dipole moment it induces in an object (see ESI, eqn (1){).

However, to accurately solve for the DEP forces in these traps, it is

important to include the contributions from multipolar DEP

forces (see ESI, eqn (3)). Most previous analyses incorporate only

the dipole approximation to the DEP force5,13 which does not

adequately describe the true physical behavior at electric-field nulls

or in cases where the particle size becomes significant compared to

electric field nonuniformities. Analyses including higher-order

multipoles have shown that these terms often make significant

contributions to the total DEP force.2,33 To extend this work, we

have implemented in our modeling software an iterative algorithm

for quickly determining the multipolar DEP forces, allowing us to

accurately describe the trapping forces associated with arbitrary

electrode geometries (see ESI, eqn (6) and (7)). The DEP force can

be in the x-, y-, and z-directions, depending on the trap geometry.

The HD drag force is the force of a moving fluid on a

stationary particle. In our microsystem, the flow is low-

Reynolds-number flow because of the small dimensions and

Fig. 1 The three simulated trap geometries. (A) The 2-D nDEP

square trap, consisting of one square electrode with inner square side

length of 25 mm and another line electrode spaced 10 mm away. All

electrode widths are 10 mm. (B) The 3-D nDEP octopole with no phase

shifts between the quadrupoles on the top and bottom surface. The

electrode width is 12 mm and the tip-to-tip electrode spacing is 40 mm.

(C) The 3-D pDEP points-and-lid geometry, consisting of a 3 mm point

electrode on the bottom surface and a planar electrode on the top

surface.
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low applied flow rates. When the particle sits close to the

substrate, we are justified in using a shear flow approximation

and the HD drag force is then similar to Stokes’ drag on a

sphere, with a correction for the effects of the wall (see ESI,

eqn (8)). When the particle is not near the substrate, we use a

parabolic Poiseuille flow profile (see ESI, eqn (9)). The HD

drag force is applied in the +x-direction in our microsystem.

The gravitational force pushes down on the particle in the

2z-direction, since the particles are more dense than the

surrounding media (see ESI, eqn (10)). The HD lift force is

caused by low-Reynolds-number viscous flow over an object

near a solid plane, which tries to levitate the particle in the

+z-direction (see ESI, eqn (11)). Our final force is the normal

force in the 2z- and +z-direction, respectively defined by the

top and bottom of the flow chamber. To incorporate this final

force, we use an algorithm that automatically adjusts the

z-directed total force on the particle so that its magnitude is

zero when the particle is sitting on the top or bottom surface.

Maximum flow rate

Using the modeling software, we calculated the individual

forces in the x-, y-, and z-directions. By summing the forces in

all directions, we then generated streamlines for the cell,

mapping its trajectory from a specified starting position. For a

given set of parameters, the program steps up the flow rate to

determine the maximum flow rate – the highest flow rate where

the particle is stably held in the trap. Any increase in flow

above this rate will knock the particle out of the trap,

producing streamlines highlighting this removal (see ESI,

Fig. 2{).

Varying experimental parameters

In calculating the maximum flow rate, we can easily vary

certain parameters in the microsystem to determine their

effects on the trapping behavior. Such parameters may include

the applied voltage, the applied signal frequency, the particle

diameter, the flow chamber geometries, and a number of other

variables. In its current form, the program allows for the

simultaneous variation of two parameters at once, so that for

instance, sweeps in voltage and frequency can be performed,

thus enabling the user to rapidly test a large range of

experimental conditions simultaneously.

Modeling parameters

Unless specified otherwise, all simulations performed for this

paper used the following parameters. The applied signal was

always a sine wave with a peak voltage of 5 V at 5 MHz. The

media density was 1000 kg m23 with a relative permittivity of

80. The solution conductivity was 1.5 S m21 for the nDEP

traps, which is the typical conductivity of cell-culture media,

and 0.01 S m21 for the pDEP trap, which approximates the

conductivity for previous pDEP cell trapping experiments.6,13

We modeled all particles as cells with a density of 1071 kg

m23, a cell cytoplasmic relative permittivity of 75, and a

cytoplasmic conductivity of 0.75 S m21. The cell membrane

had a permittivity of 75, and a cytoplasmic conductivity of

0.75 S m21. The cell membrane had a conductance of 22 mS

cm22, a capacitance of 1.6 mF cm22, and a thickness of 1 nm.

These values were taken from Gascoyne.34 The cell diameter

was 14 mm, except when varying cell diameter, in which case it

ranged from 2–24 mm in increments of 2 mm.

For all cases, the chamber width was 4 mm. The chamber

height was 40 mm, except when varying chamber height when it

ranged from 40–200 mm in increments of 40 mm. The

simulations used a flow rate resolution of 10 mL h21 for the

nDEP square trap, 1 mL h21 for the nDEP octopole, and 10 mL

min21 for the pDEP trap. The starting position of the cell was

in the center of the square electrode and on the bottom

substrate for the nDEP square trap, the center of the point

electrode and on the bottom substrate for the pDEP trap, and

in the center of the quadrupole and in the center of the flow

chamber for the nDEP octopole trap. These positions were

chosen based on the trapped particle locations in each of these

traps,11–13 although the software allows the user to specify the

the particle starting position anywhere within the simulated

space.

Results

To demonstrate the software’s utility and ease of use, we

compared the trapping behavior from three trap geometries

found in the literature: our 2-D nDEP square geometry,11 a

3-D nDEP octopole,12 and a 3-D pDEP points-and-lid

geometry.13 The modeling software revealed new information

about the behavior of these traps – such as multipolar DEP

force effects, trap size-selectivity, and effects from varying the

flow chamber height.

Multipolar DEP force effects

For all three trap geometries, we simulated the maximum flow

rate versus cell diameter for multipole contributions ranging

from n = 1 to n = 7 (where n = 1 corresponds to the dipole

contribution, n = 2 corresponds to the dipole plus quadrupole

contribution, etc.). n = 7 was the highest multipole contribu-

tion we could simulate at our 1 mm grid resolution before

running out of memory (Intel Pentium 4, 2.26 GHz processor,

1 GB RAM). We defined the ‘‘number of multipoles needed’’

as the number of multipoles required to best approximate the

true maximum flow rate. We set this value as the number of

multipoles that bring the maximum flow rate within 15% of the

maximum flow rate when n = 7.

The nDEP square trap is only symmetric in the y-direction

(Fig. 1A), making its electric fields more complex than the

other two traps, which are symmetric in both the x- and

y-directions. We see that as the cell size increases, the number

of multipoles needed also slowly increases (Fig. 2A). The trap

size is of the same order as the cell size, so higher-order poles

are expected to be induced.33

The nDEP octopole was simulated with no phase shifts

between the upper and lower planes (Fig. 1B). Therefore, every

positive electrode on the top of the flow chamber has a positive

electrode positioned directly below it on the bottom of the

chamber. The same is true for the negative electrodes. This

type of configuration creates the strongest trapping against the

direction of fluid motion.12 We see that the maximum number

of multipoles needed for this geometry is n = 1 – the dipole
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contribution alone is enough to approximate the maximum

flow rate (Fig. 2B). Although inclusion of the quadrupole force

(n = 2) is necessary to levitate the cells in the center of the trap

(data not shown), as shown previously,12 this levitation effect

did not significantly change the maximum flow rate.

Therefore, n = 1 was still sufficient to solve for the maximum

flow rate in this trap.

The pDEP trap consists of a 3 mm point electrode on the

bottom surface with a lid electrode on the top surface (Fig. 1C).

We see that the number of multipoles needed increases with

cell diameter, at an even faster rate than the square nDEP trap

(Fig. 2C). This effect occurs because the point electrode is

much smaller than the size of the cell. As the size of the cell

gets larger compared to the size of the electrode, the electrode

starts to look like a point source, requiring the contribution of

all the multipolar moments for proper modeling.35

Trap size-selectivity

To determine how the three traps’ operating characteristics

changed with cell size, we simulated the maximum flow rate as

a function of cell diameter with all other parameters held

constant (e.g., voltage, frequency, etc.). For the square nDEP

trap, we see that there is size-selectivity such that the maximum

flow rate initially increases with cell diameter, approaching a

peak maximum flow rate, and then starts to decrease with cell

diameter (Fig. 2D). Since the dipole contribution of the DEP

force increases as R3, where R is the cell radius, we would

expect the maximum flow rate to keep increasing with cell

size for a given DEP trap. We previously elucidated the

reasons for the size-selectivity in this trap.11 Briefly, this

effect results from the complex geometry of the force fields in

the z-direction. There exists a stability transition line below

which the cell experiences a downward force, pushing it into

the trap and keeping it stably held. Above the stability

transition line, the cell experiences an upward force, pushing it

out of the trap. The smaller and larger particles cross this

stability transition line into the region of upward force at lower

flow rates than the medium-sized particles, producing size-

selectivity behavior.

The nDEP octopole trap displays the expected behavior for

a DEP trap – the maximum flow rate, and therefore the DEP

Fig. 2 (A–C) DEP multipolar force effects. The number of multipoles needed to bring the maximum flow rate to within 15% of the maximum flow

rate when n = 7, as a function of cell diameter, for the: (A) nDEP square trap, (B) nDEP octopole, and (C) pDEP trap. Note that although we show

these plots as continuous functions, only integer numbers of multipoles are possible. (D–F) Size-selectivity behavior. The maximum flow rate versus

cell diameter, for the: (D) nDEP square trap in mL min21, (E) nDEP octopole in mL h21, and (F) pDEP trap in mL min21. (G–I) Flow chamber

height effects. The maximum flow rate versus chamber height, for the: (G) nDEP square trap in mL min21, (H) nDEP octopole in mL h21, and (I)

pDEP trap in mL min21.
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force, increases with cell size (Fig. 2E). The increase scales

approximately as R2. This result is best explained with a

scaling analysis, similar to that used by Jones.36 At the stable

point where the cell is trapped, the DEP force and HD drag

force from Poiseuille flow must balance, so Fdrag = FDEP.

Looking at the relevant components of these forces (see ESI,

eqn (1) and (9)), we can set up a proportionality for the

maximum flow rate, QR 3 R3+E2, where Q is the flow rate

and +E2 is the gradient of the electric field squared. If we

cancel the R term from both sides, we see that Q 3 R2+E2.

Since +E2 at the cell center does not significantly change with

cell size (data not shown), the maximum flow rate will scale

approximately as R2.

The pDEP trap shows size-selectivity similar to the square

trap (Fig. 2F). In this case, the force fields in the z-direction

do not affect the size-selectivity, since the trap pulls cells to

the point electrode with incredibly strong forces (on the

order of nanoNewtons). A similar scaling analysis as above

helps to explain this size-selectivity. Once again, at equilibrium

the DEP force and HD drag force from the shear flow are

equal in magnitude. Looking at the relevant components

(see ESI, eqn (1) and (8)), we set up a proportionality for the

maximum flow rate, QRz 3 R3+E2, where z is the

distance from the particle center to the bottom surface. Since

the cell is trapped on the bottom surface at the point

electrode, z = R, and QR2 3 R3+E2. If we cancel the R2

term from both sides, we see that Q 3 R+E2. If we look at the

individual contributions from each of these terms as a function

of the cell diameter, we see the trivial relation that R increases

with cell diameter (Fig 3A). However, +E2 decreases

significantly with cell diameter (Fig 3B). This effect occurs

because the electric fields decrease quickly as one moves

further and further away from the point electrode. Since the

larger cells occupy more volume further away from the point

electrode, the field gradients at the particle center will be

smaller. By multiplying these two contributions together, we

are able to reproduce the same size-selectivity shape as seen in

Fig. 2F (Fig. 3C). Thus, the size-selectivity is due to a

combination of factors, including the increased DEP force due

to the cell size, the decreased DEP force due to the electric field

geometry, and the increased drag force due to the cell size

(which was hidden in the scaling analysis by the cancellation of

the R2 term).

Chamber height effects

We have seen previously that some traps highly benefit from

an increase in flow chamber height, since it allows for an

increase in the trap’s maximum flow rate.11 For the three

electrode geometries, we simulated the maximum flow rate as a

function of the flow chamber height for a 14 mm diameter cell.

For the nDEP square trap, we see that the maximum flow rate

increases with chamber height (Fig. 2G). This behavior occurs

because for any trapped cell, the DEP force and drag force

must be equal in magnitude. Since the HD drag force from the

shear flow is proportional to Q/h2 (see ESI, eqn (8)), where h is

the flow chamber height, and the DEP force is independent of

Q and h, increasing the chamber height will allow an increase

in the maximum flow rate. For this trap, the DEP force is

independent of h because both electrodes are on the bottom

surface, so changing the chamber height does not change the

electrode spacing.

For the nDEP octopole trap, we see that the maximum flow

rate quickly decreases as the chamber height increases

(Fig. 2H). This effect occurs because the DEP force is now

dependent on h, since the electrodes are on both the top and

bottom surfaces. By doubling the chamber height, from 40 to

80 mm, we can see the disappearance of the octopole cage – the

stable octopole geometry essentially turns into two separate

quadrupole geometries (Fig. 4). Quadrupole traps are much

weaker due to their lack of stability in the z-direction – they

levitate the cells away from the traps into higher shear flows

and the cell is pushed out of the trap.24 Above a chamber

height of 80 mm, further increases in chamber height do not

decrease the maximum flow rate as significantly.

For the pDEP trap, we see the maximum flow rate increases

with chamber height (Fig. 2I). This behavior is unexpected

since increasing the chamber height increases the distance

between the two electrodes. We would assume that this should

decrease the electric field and therefore the DEP force and

maximum flow rate as well. To investigate this effect, we

solved for the z-directed electric field as a function of chamber

height, since this quantity should be the most sensitive to

chamber height. We found that there is only a slight decrease

(y6%) in electric field magnitude over this range of chamber

heights (data not shown). For further validation, we also

examined the analytical solution to the cone-plate electrode

geometry,27 which is very similar to this points-and-lid

Fig. 3 pDEP size-selectivity scaling analysis. (A) The cell radius versus cell diameter. (B) +E2 at the cell center versus the cell diameter. (C) R 6
+E2 at the cell center, which is proportional to the flow rate, versus the cell diameter.
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geometry. Using the analytical solution to the z-directed

electric fields, for an electrode separation of 40–200 mm, we

also found that the electric field magnitude only decreases

slightly (2%) over this range of chamber heights (data not

shown). Therefore, for the pDEP trap, these chamber heights

are far enough away that the 3 mm diameter point electrode

operates like a point source. We saw this behavior earlier for

the same trap when examining the DEP multipolar force

effects. Furthermore, we looked at the x-directed DEP force to

determine if it was also as insensitive to variations in chamber

height. We found that the DEP force only varies by about 5%

over this range of chamber heights (data not shown) and

therefore is not significantly dependent on h, so an increase in

chamber height allows an increase in the maximum flow rate

for the same reasons as the nDEP square trap above.

Discussion

We have used our modeling software to investigate the

trapping behavior for three different trap geometries. The

model revealed interesting trapping behavior, such as multi-

polar DEP force effects, trap size-selectivity, and effects from

varying the flow chamber height. In addition, the diverse

functionality of the model enabled quantitative explanations of

these behaviors. We have thus demonstrated a predictive

modeling tool that can be used for intelligent design of single-

particle DEP traps.

Comprehensive analysis and design

While previous quantitative analyses of DEP trapping have

been suitable for their specific applications – investigating such

phenomena as levitation height,15,17–19 velocity,20 or displace-

ment within a DEP trap21 – we provide modeling software for

performing comprehensive analyses of DEP trapping beha-

vior. The automatic computation of maximum flow rates

enables comparative analyses of different traps in a straight-

forward manner. In large measure, this automation is enabled

by the iterative DEP force calculation, which trivializes the

ability to compute the multipolar DEP forces. Including

multipolar DEP forces is essential for small trap geometries

(the pDEP trap) or trap geometries with complicated electric

fields (the nDEP square trap). In addition, our modeling

software has the ability to quickly explore a large parameter

space and monitor the corresponding changes in trapping

behavior. The forces incorporated in our model all vary

differently with such experimental parameters as voltage,

frequency, and particle diameter, which makes it difficult to

predict how parameter variations will affect trapping. Our

modeling software allows us to make these predictions easily

and quantitatively. Lastly, the main advantage of our

modeling software is its ability to serve as a powerful design

tool. We previously created the strongest known single-cell

nDEP traps,11,25 both of which could have only been designed

by using this modeling software. By making the software freely

available to the scientific community, we hope that others will

take advantage of its design capabilities to create their own

high-performance DEP traps.

Comparing DEP trap geometries

In addition to quantitative analyses on a given DEP trap

geometry, the modeling software permits comparisons of

trapping behavior across multiple trap geometries rather

easily. The three traps simulated here are very different in

nature: nDEP vs. pDEP, symmetric vs. asymmetric traps, 2-D

vs. 3-D, and small vs. large trap sizes when compared to the

size of the cell.

From the three plots in Fig. 2D–F, we are able to compare

the trap strength of these traps under the same set of

experimental conditions. For a 14 mm diameter cell, the

nDEP octopole traps withstand flows of 0.6 mL min21, the

nDEP square trap holds against 4.3 mL min21, and the pDEP

trap operates up to 270 mL min21. However, this may be an

unfair comparison, since the nDEP octopole traps cells

towards the center of the chamber, where the velocity, and

thus the HD drag force is greatest. The difference in maximum

linear flow velocities between the nDEP traps is somewhat less,

0.2 mm s21 for the nDEP octopole and 0.8 mm s21 for the

nDEP square trap, while the pDEP trap is still much stronger

with a linear velocity of 50.2 mm s21. The high strength of the

pDEP trap is due to several factors. First, pDEP traps usually

have a greater Clausius–Mossotti (CM) factor (see ESI, eqn

(1){), which has a maximum of +1.0, while nDEP traps can

only have a maximum magnitude of |20.5|. If the nDEP traps

are in cell-culture media, which is one of the advantages of

using nDEP for cell trapping, then the CM factor is only

y20.2. This gives the pDEP traps a 2–56 stronger

Fig. 4 nDEP octopole electric fields. FEMLAB 3-D plot of the

electric fields for (A) a 40 mm chamber height and (B) an 80 mm

chamber height.
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advantage, depending on the media conductivity. In addition,

pDEP trap geometries generally produce higher electric field

gradients in close proximity to the trapped particles. nDEP

traps usually position the cell far away from the electrodes at

the electric-field minima, where the DEP force is smallest,

whereas the pDEP traps hold the cell at the electric-field

maxima, where the DEP force is highest. Our nDEP square

trap capitalizes on this fact by placing the cell in the electric

field minima, yet very close to the electric field maxima, thus

creating the first 2-D nDEP trap that can resist significantly

high flow rates.

Furthermore, we can compare the trapping behavior as a

function of cell size. If trying to trap a mixed-size population

of cells, all three of these examined trap geometries will

discriminate in their trapping behavior. The nDEP octopole

selects for larger cells, since the maximum flow rate increases

with cell diameter. The nDEP square trap and pDEP trap are

both size-selective, being optimized to trap cells with certain

diameters. However, because the nDEP square trap is much

weaker than the pDEP trap, it is only selective over a range of

a few mL min21, whereas the pDEP trap is selective over

hundreds of mL min21. This size-selectivity behavior, easily

tuned by changing the trap dimensions,11 could serve as an

advantage if trying to sort cells based on size.

Aside from their trapping behavior, these traps demonstrate

other inherent differences. The pDEP trap and the nDEP

octopole trap are both 3-D geometries, implemented using

electrodes on both the top and bottom surfaces of the flow

chamber. Since the pDEP top electrode is a plane, alignment

with the bottom point electrode is unnecessary. However, the

nDEP octopole requires proper alignment between the top and

bottom quadrupoles for effective operation. The pDEP trap

also requires the cells to be immersed in artificially low-

conductivity media, which can affect cell physiology, whereas

the nDEP traps can be used with normal cell-culture media.

Lastly, the nDEP square trap and pDEP trap hold cells near

the bottom-surface electrodes, while the nDEP octopole traps

cells near the center of the flow chamber. Therefore, the nDEP

octopole is advantageous if trying to prevent cells from

inadvertently sticking to the bottom substrate, while the

nDEP square trap and pDEP trap are more appropriate for

cell patterning. However, the nDEP octopole could also

potentially trap cells near the bottom substrate by varying

the applied voltages.

Extending to other forces

Our modeling software is designed to analyze the interaction

between dielectrophoretic, hydrodynamic drag, gravitational,

hydrodynamic lift, and normal forces. The software uses

separate program functions to solve for these individual forces

and then adds them together in the x-, y-, and z-directions.

Adding additional forces into the modeling software is readily

achievable. This flexibility enables straightforward extensions

of the software’s current capabilities as well as its ultimate

application space.

We could extend the DEP manipulations to include

nonlinearly polarized DEP excitations, such as those asso-

ciated with electrorotation and traveling-wave DEP, since the

relevant multipolar theories have been worked out.37 We could

also include other forces, such as those caused by electro-

hydrodynamic flows, or even incorporate other methods of

trapping, such as electrophoresis, magnetophoresis, optical

tweezers, etc. In addition, since the modeling software

generates particle trajectories, we are not constrained to use

this software for trapping alone. Our streamline approach

enables studies of dynamic particle manipulations, such as cell

sorting and concentrating using DEP.

Predicting effects on cell health

In this paper, we only include data describing cell trapping

behavior. We chose to neglect the possible effects on cell health

from the DEP trapping, such as cell heating and transmem-

brane loading, since it was unnecessary to highlight the

functionality of our presented software. Cell heating can occur

when electric fields exist in a conductive medium, thereby

heating the medium and the cells along with it. However, this

heating would not be an issue for most pDEP traps because

their media are much less conductive and does not cause

significant increases in temperature. Transmembrane loading

occurs when the induced cell membrane voltage exceeds critical

values, possibly causing electroporation or disruption of cell-

cycle dynamics. Since our model can predict the electric fields

everywhere in space, we can solve for the temperature rise of

the media and the induced transmembrane voltage on the cell.

Thus, we can use our modeling software to optimize the

operating conditions so that they minimize the effects on cell

health while maximizing trap strength.

Limitations

While our modeling software supports the addition of other

forces, some would be much harder to implement or quantify.

Incorporating rigid surfaces, such as those found in hybrid

DEP-mechanical traps, would be a difficult task. This type of

effort would require more sophisticated particle–boundary

intersection algorithms than the simple one we implement for

the top- and bottom-surface normal forces. Other forces, such

as those caused by cell–substrate interactions, are difficult to

quantify. With traps like the nDEP square trap and pDEP

trap, the cells are held on the bottom substrate, so cell–

substrate forces could be significant. Additionally, the

z-directed DEP force in the pDEP trap is on the order of

nanoNewtons, and therefore frictional forces could also be

important. For applications involving the manipulation of

nanoparticles, we would need to incorporate the effects of

Brownian motion into the forces in our microsystem. Despite

the challenges in incorporating these forces, if they could

somehow be quantified, then they could readily be included

into the modeling software.

Conclusion

We have presented an integrated modeling platform for the

development and quantitative analysis of single-particle DEP

traps. The modeling software takes user-supplied electric field

data and other experimental parameters and determines the

performance of DEP-based cell traps. We have shown that the
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modeling software provides useful insight on the trapping

behavior in DEP-based microsystems. This kind of predictive

model allows the user to quickly assess if a new DEP trap

design will behave as intended. In addition, once a trap design

is chosen, the software can be used to vary each trap dimension

to determine its effects on trapping behavior, thus optimizing

the trap geometry before it is even fabricated.
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