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AC electrokinetics is becoming a strategic tool for lab-on-a-chip systems due to its versatility and

its high level of integration. The ability to foreseen the behaviour of fluids and particles under non-

uniform AC electric fields is important to allow new generations of devices. Though most of studies

predicted motion of particles in co-planar electrodes configurations, we explore a pure 3-D AC

electrokinetic effect that can open the way to enhance contact-less handling throughout the

microchannel. By fabricating 3D microfluidic chips with a bi-layer electrodes configuration where

electrodes are patterned on both sides of the microfluidic channel, we present a detailed study of the

AC electrokinetic regimes that govern particles motion suspended in different host media subjected

to a non-uniform AC electric field that spreads through the cross-section of the microchannel.

We simulate and observe the motion of 1, 5, and 10lm polystyrene particles relative to the

electrodes and provide an insight on the competition between electro-hydrodynamical forces and

dielectrophoresis. We demonstrate that using relevant electrode designs combined with the

appropriate applied AC potential, particles can be handled in 3-D in the micro-channel at a single or

a collective level in several medium conductivities. Both numerical simulations and experimental

results provide a useful basis for future biological applications.VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4804304]

I. INTRODUCTION

Since microfluidics has opened access to high strength

electric fields (>105 V/m) in confined environments, electro-

kinetics has been widely used to manipulate beads or cells.

Electrokinetic phenomena have a great potential for biologi-

cal applications, especially in cellomics. Several devices

have been presented1 to focus,2–6 separate,7–9 organize,5,10–13

or handle14–16 polarizable micro- to nano-objects when apply-

ing potentials within the fluid.

Since DC voltages can produce electrolysis of water, the

application of AC potentials is preferred. Those potentials

create a force named Dielectrophoresis (DEP), a term intro-

duced by Pohl,17 that occurs in polarizable objects induced

by a non-uniform electric field. AC potentials also cause

motion of the fluid by electrohydrodynamical (EHD) forces,

namely, AC electro-osmosis (ACEO)18 and the electrother-

mal effect (ETE).19 Those phenomena drive bulk fluid motion

and drag particles along. When submitted to both EHD and

DEP forces, movement of micro- and nano-particle in AC

electrokinetics devices can be difficult to analyse and predict.

Several studies have presented the competition between DEP,

ACEO, and ETE forces in 2-D configurations, i.e. coplanar

electrodes geometries.19–24 Such configuration of electrodes

has been widely used to manipulate particles in closed PDMS

microchannels. However, by essence, coplanar electrodes

geometries have a close proximity effect on objects and flow

can release trapped particles by dragging them.25,26 This limi-

tation of co-planar electrodes prevents them from being used

in fully integrated lab-on-chip systems for high throughputs

applications. We believe that 3-D configuration electrodes

can overcome those limitations and open the way to new

devices and applications.

The ability to fabricate 3-D electrodes,27–29 i.e., electro-

des that are designed on the top and the lower parts of the

confined colloidal solution, has lead to devices capable of

trapping particles while sustaining flows. Such devices could

provide tools for precise 3-D handling of particles but also to

trap cells under continuous media replacement, such as in

perfusion devices. Very low volumes of liquid are required to

fill a microchannel (e.g., 200 nl of liquid for a typical channel

size of height 20, width 500, and length 20 000lm) and

swapping liquids while trapping cells could provide tools for

high throughput drug discovery. However, biological samples

are generally suspended in buffer solutions that present high

electrical conductivities (Phosphate buffer solution (PBS)

1� has a conductivity of 1.42 S/m and Dulbecco’s Modified

Eagle Medium (DMEM) of 1.38 S/m). The conductivity of

the medium plays a significant role in the relative strengths of

EHD and DEP forces and studies have more commonly pre-

sented the impact of such high conductivities on the AC elec-

trokinetics forces in 2-D20–22,24,30 than in 3-D electrodes

configurations.27,31–33

This work presents a systematic study of the motion of

micrometer range polystyrene (PS) particles under 3-D elec-

trodes configurations. Particles have been suspended into 3

buffer solutions with varying conductivities: DI water, salted

water, and DMEM. We investigate the motion of particles

within several 3-D configurations of electrodes: vertical bars,

donut trap, and perpendicular bars. We have chosen those

designs to be most of interest for future applications for sepa-

ration, trap, or manipulation of cells. We first introduce thea)Electronic mail: david.peyrade@cea.fr
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theoretical background of EHD and DEP forces. Then, we

present a detailed simulation of the AC electrokinetic phe-

nomena and give a frequency-voltage mapping for particle

trapping. Finally, we investigate the validity of the theory

with experimental results. Therefore, we demonstrate the

motion and manipulation of particles in a 3-D configuration

of electrodes, and confirm the ability of such devices to posi-

tion particles not only in close proximity to the electrodes but

also in the center of the microchannel.

II. THEORY

A. Dielectrophoresis

DEP is a force that appears in a polarizable particle (di-

ameter a, permittivity ep, conductivity rp) suspended in a

polarizable medium (permittivity em, conductivity rm)

when immersed in a non-uniform electric field (~E). For a

spherical particle, this force can be written as Eq. (1). The

factor Re½CMFðxÞ� is known as the Clausius-Mossotti factor

(CMF) and translates the difference of polarizability of the

particles and its suspending medium. As presented in Eq. (2),

Re½CMFðxÞ� depends on the physical characteristics of the

particle and of the medium but also on the frequency of the

AC electric field. Therefore, when the particle is more polar-

izable than the medium, the dipole induced by the electric

field responds to the gradient of this field which attracts the

particle to regions where the electric field gradient is the max-

imum (typically at the borders of the electrodes). This regime

is named positive dielectrophoresis (pDEP). On the contrary,

when the particle is less polarizable than the medium, the par-

ticle is repelled from high gradient regions. This regime is

named negative dielectrophoresis (nDEP). This versatility

makes DEP a very unique contact-less force for attracting

and repealing polarizable objects only by tuning the AC fre-

quency. Comparatively, switching from repulsion to attrac-

tion is not possible with the application of capillary34 or

optical35 forces in order to control particle trapping

hFDEPi ¼ pema
3Re½CMFðxÞ�rjEj2; where jEj2 ¼ E � E�;

(1)

Re½CMFðxÞ� ¼
~ep � ~em

~ep þ 2~em
; (2)

~em=p ¼ em=p � i
rm=p

x
; (3)

whereas the electrodes geometry defines the spatial variation

of the field gradient, the CMF dictates the direction and

strength of the DEP force. As reported by previous

works,36–38 the conductivity of a solid homogeneous non-

metallic spherical particle (such as a PS sphere) is given by

Eq. (4), where a is the particle radius and Ks its the surface

capacitance. For PS spheres, the bulk conductivity is negligi-

ble, so that the effective conductivity of the particle is domi-

nated by the surface conductance (typical values are of the

order of 1 nS (Refs. 39 and 40)

rp ¼ rbulk þ 2
Ks

a
: (4)

The CMF of plain, i.e. non surface modified, PS particles are

shown in Fig. 1(a). The real part of the CMF for particles

varies from positive to negative with a specific crossover fre-

quency at which Re½CMFðxÞ� ¼ 0 (corresponding to a net

zero DEP force). As plotted in Fig. 1(a), when varying

the conductivity of the medium from DI water (rm ¼ 2:10�4

S/m) to biological medium (PBS, rm ¼ 1:38 S=m), plain PS

particles tend to have a negative response. This behaviour can

vary from one particle-medium pair to another. Moreover, in

the case of anisotropic particles16,41 or cells, the values of

Re½CMFðxÞ� can present 2 crossover frequencies.40,42 Recent

works39,40 have presented a method to determine experimen-

tally Re½CMFðxÞ� and to extract the intrinsic physical param-

eters (surface conductance in a single or multi-shell model) of

polarizable particles as soon as they can be tracked individu-

ally. The complete determination of Re½CMFðxÞ� is crucial to
manipulate with accuracy polarizable particles by DEP.

However, applying an electric field in a liquid also indu-

ces motion of the fluid itself. This motion drags the particles

along with the fluid. Such phenomena, known as AC electro-

osmosis or the electrothermal effect, are discussed below.

B. AC electro-osmosis

ACEO refers to the flow motion created at the

electrodes surfaces when AC signals are applied. The induced

surface charges at the electrode/electrolyte interface attract

FIG. 1. (a): Re½CMFðxÞ� for PS particles suspended in raising medium conductivity. (b): huACEOi of ACEO as a function of AC frequency for several conduc-

tivities of the fluidic medium when Et ¼ 106 V=m. (c): Evolution of P factor from ETE as a function of frequency for several conductivities of the medium.
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counter-ions from the solution and repel co-ions from

the surface to maintain minimal local charge neutrality.

Consequently, an excess of charges is built up near the elec-

trodes surfaces, thus forming an electrical double layer. The

counter-ions in this double layer will migrate under the influ-

ence of the tangential field and drag the rest of the liquid

towards the electrodes. The volumic force will convey par-

ticles towards the surface of the electrodes. Most ACEO

devices reported so far adopt a co-planar electrodes

configuration.20–22 Recent works43,44 have presented asym-

metric face-to-face pairs of electrodes for particle concentra-

tion on one electrode. The fluid motion on the electrode is

obtained from the Helmholtz-Smoluchowski velocity given in

Eq. (5). The zeta potential is developed in Eq. (6) where rqd
is the diffuse layer charge density of the solid/liquid interface.

Since most of microfluidic chips consist of electrodes on glass

slides, we use the value of the borosilicate glass measured in

DI water (rqd ¼ �0:32mC:m�2) by Micheletto45 in our simu-

lations. In the case of co-planar electrodes, the potential drop

across the double layer is spatially varying, which leads to an

induced zeta potential. In our case, bi-layer electrodes induce

a uniform electric field on their faces and thus present a con-

stant zeta potential as suggested by previous work43,44

uACEO ¼
em

gm
fEt; (5)

f ¼ �
rqdkd

em
: (6)

The creation of the boundary slip velocity requires both the

tangential electric field and the charged ions at the interface.

Therefore, there exists an optimal AC frequency at which the

product of the electric field and the interface zeta potential

reaches a maximum. For a frequency that is lower than the

optimal frequency, the capacitance induced by the ions at the

electrode/liquid interface is much larger that the bulk liquid

and the potential drops within this layer. The electric field

that can penetrate through the double layer is small, resulting

in a small tangential electric field. This also yields to a small

slip velocity. On the contrary, for a frequency that is much

higher than the optimal one, the electrode/liquid capacitor is

saturated and the potential drop within the double layer indu-

ces a small zeta potential, resulting in a small slip velocity.

The frequency dependency of face-to-face electrodes can be

estimated by introducing a non-dimensional frequency

XACEO

XACEO ¼
p

2

L

kd

em

rm
x; (7)

where L is the distance between the electrode, kd is the

double-layer thickness, rm is the conductivity of the liquid

medium, and em is the permittivity of the liquid. Finally, the

time average velocity of asymmetric face-to-face electrodes

can be given by

huACEOi ¼
em

gm
f

X
2
ACEO

ð1þ X
2
ACEOÞ

2
Et: (8)

Calculation of the ACEO velocity on the electrodes is pre-

sented in Fig. 1(b) with a tangential electric field of

Et ¼ 106 V/m.

The velocity of the fluid diminishes when raising the

medium conductivity. Since the double layer thickness

decreases with the conductivity, the zeta potential falls, and

thus the velocity also falls. A shift in frequency can also be

spotted and maximum velocities are reached for 200Hz

when rm ¼ 2� 10�4 S=m, for 1 kHz when rm ¼ 10�2 S=m,

and for 10 kHz when rm ¼ 1:38 S=m.

C. Electrothermal effect

When an electric field E is applied over the fluid (electri-

cal conductivity rm), Joule heating is produced inside the

fluid according to the energy balance equation (9),19 where T

is the temperature and k is the thermal conductivity of the

fluid. If the field is non-uniform, there will be spatial varia-

tion in heat generation, which leads to temperature gradient

rT in the fluid. This variation produces spatial gradients in

the local permittivity and conductivity, given as a (10) and b

(11), respectively. Furthermore, those gradients generate

mobile space charges, q, in the bulk fluid, following

q ¼ rðemEÞ ¼ remEþ emrE and dq=dtþrðrmEÞ ¼ 0 in

AC fields. The time average of the electric force that acts on

the fluid through viscosity and leads to fluid transport is

given as Eq. (13), where the P factor plays a significant role

in the magnitude and direction of the force as shown in Fig.

1(c). When the left term on Eq. (14) is greater than the right

one, P is positive and the fluid flows from the edge to the

center of the electrode. For negative values of P, the flow

pattern is in the opposite direction

kr2T þ rE2 ¼ 0; (9)

a ¼
1

em

rem

rT
¼ �0:4%K�1; (10)

b ¼
1

rm

rrm

rT
¼ 2%K�1; (11)

sm ¼ em=rm; (12)

hFETE
��!

i ¼ �
1

2

em
rrm

rm
�
rem

em

� �

~E � ~E

1þ ðxsmÞ
2

þ
1

2
j~Ej2rem

2

6
6
4

3

7
7
5

¼
1

2
emrT~E

2
PðxÞ; (13)

PðxÞ ¼
a� b

1þ ðxsmÞ
2
�
a

2

 !

: (14)

In this work, we do not take under account the possible

source of temperature gradient that could rise from the

microscope illumination light. This type of excitation is pres-

ent in a microfluidic system but it has been shown to be

much less than the ETE body force.19
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To conclude this theoretical part, the application of an

AC electric field inside the fluid creates two major EHD phe-

nomena, ACEO and ETE, that settle a competition with

DEP. Those effects will generate fluid motion and alter the

dielectrophoretic manipulation of particles. Whereas ACEO

is a dominant force for small frequencies of the AC field

(typically below 10 kHz) and decreases in magnitude when

raising the conductivity of the medium, ETE will remain

constant at all frequencies and strongly increasing with the

conductivity of the medium. Moreover, DEP will be domi-

nant for 106Hz range frequencies or when the conductivity

of the medium is low (rm < 10�2 S/m). In the conductivity

range of biological medium, in the order of 1 S/m, EHD

forces are still dominant but there exists a window of opera-

tion in which DEP is still active (V� 2Vp�p) and where bio-

logical sample can be addressed.

III. MATERIALS AND METHODS

A. Microfabricated devices and materials

AC electrokinetics experiments have been conducted on a

transparent, multi-level electrodes microfluidic chip.28,46 The

microfluidic chip consists of a photopatternable PDMS (PPS)

layer sandwiched between a top and a lower glass slides pat-

terned with etched Indium Tin Oxide (ITO) electrodes. The

microchannel is opened on the top and the bottom slides dur-

ing the photolithography step without any PDMS residual layer

(Fig. 2(a)). Its shape is rectangular (500lm � 20lm cross-

section). The ITO electrodes (150 nm layer thickness) are

directly in contact within the fluid. Three geometries of elec-

trodes are investigated: parallel bars (Fig. 2(b)), donuts (Fig.

2(c)), and perpendicular bars (Fig. 2(d)). Electrodes are 10lm

wide and the inner diameter of a donut electrode is 15lm.

Each design offers unique handling properties. All our

designs are implanted in 3 microfluidic chips in which the

channel height (PPS layer) was chosen to be 20 lm.

• Parallel bars (PaB): Parallel bars are perpendicular to the

microchannel (Fig. 2(b)) and can provide a stop function

that prevents colloidal particles from passing through it.

According to the CMF properties of a population of par-

ticles, parallel bars can also work as a particle sorter:

Applying an AC frequency at which one type of particle

presents Re½CMFðxÞ� ¼ 0 whereas another type presents a

negative one can prevent the latter to pass through it.27,47

Our designs consist of 2 bars of 10 lm width through the

entire width of the microchannel.
• Donut trap (DT): The donut trap consists of 2 concentric

rings (Fig. 2(c)). One of them is grounded whereas the other

one is connected to the AC potential. Such rings, or donut,

can create a trap with a nDEP cage. Unlike other designs

such as co-planar squared traps,26 planar ring traps,48 or

octopoles 3-D traps,49 our 3-D design can sustain liquid

flow in all directions. Moreover, this design does not allow

any other particle to penetrate the trap. This design consists

of several concentric rings on the top and lower slides con-

nected side-by-side. The width of the ring is 10lm and the

diameter of the inner circle of the ring is 15lm.
• Perpendicular Bars (PeB): Perpendicular bars are two

linear electrodes that are perpendicular one to each other

(Fig. 2(d)). This design was first presented for Moving

DEP (mDEP) that has been shown to manipulate beads or

cells.50 The general idea is to induce motion of particles

by moving the electric field via an array of electrodes.

The applied potential can induce either positive or nega-

tive DEP for a certain amount of time on the bead. A spe-

cific sequence will control the bead movement to a

targeted location. Few works50–52 have been done on this

3-D configuration, especially considering the effect of

induced fluid motion. Our design consists of an array of

vertically aligned 10 lm width electrodes separated by

10 lm. One array is placed on the top slide and another

one is aligned perpendicularly to it on the lower slide.

Each electrode can be activated independently to an AC

potential.

Fluidic connections are ensured by Upchurch Nanoport

(N-333) connectors and fluid is pushed into the microchannel

by a remotely controlled syringe pump. This pump will push

a fixed amount of air that will push the liquid inside the chip.

By doing so, the “cap” effect53 is avoided and particles

motion can be easily controlled inside the chip.

B. Simulations

Simulations of the forces were performed by a finite ele-

ment method using COMSOL MULTIPHYSICS (COMSOL). Each

design was modelled according to the geometries given in

previous paragraph. We have chosen to model the electrodes

with no height, i.e., as boundary conditions on the borders of

the channel. Since the thickness of the ITO electrodes

(170 nm) are small (<1%) compared to the channel height

(20 lm), they can be modelled as boundary electrostatic

potentials without modifying the electric field compared to

extruded ones.54 The final mesh of the system was refined

(100 nm) near the borders of the channel.

In order to compute the slip velocity induced by ACEO,

the tangent electric field for each design is computed on the

borders of the electrodes.

FIG. 2. (a) ITO microfluidic chip. Schematic of designed electrode pairs: (b) Parallel bars trap, (c) donut trap, and (d) perpendicular bars trap. All lower elec-

trodes are grounded and upper electrodes are put to an AC potential. Fluid motion is indicated by black arrows.
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Four parameters are varied: conductivity of the buffer

rm, diameter of the particle a, applied voltage Vp�p, and fre-

quency f of the AC signal. For all simulations, a first step

consists of computing Re½CMFðxÞ�, P and XACEO factors for

each set of parameters. 3 models are then applied:

• Electrostatics: The spatial distribution of the electric field

and the voltage is computed.
• Thermal diffusion: The spatial distribution of the tempera-

ture and its gradient induced by the electric field are

calculated.
• Incompressible Navier-Stokes flow: The flow velocity is

given by the combination of the volume ETE induced ve-

locity (which acts like a body force on the liquid) and the

surface ACEO induced velocity (which acts as a slip ve-

locity on the electrodes).

The assembly of each force is performed in post process-

ing mode. The DEP force FDEP is computed for a given mesh

point with rjEj2 for each parameters. The global EHD force

FEHD is the sum of the ACEO and ETE velocities that act on

the liquid. This velocity is converted as a drag force acting on

the particle19 according to Eq. (15). In our simulations, we con-

sider the particle to be at rest (vp ¼ 0) when the electrokinetic

forces first appear. The gravity force Fgrav is summed to FEHD

according to Eq. (16). Finally, all forces are summed into FTot

Fdrag ¼ 6pgmaðvp � vf luidÞ; (15)

Fgrav ¼
4

3
p

a

2

� �3

ðqp � qmÞg: (16)

C. The electro-microfluidic platform

The chip is inserted into a home-made electro-microflui-

dic platform that creates up to 112 electrical connections via

a zero force insertion module55 (Fig. 3(a)). Each contact is by

default grounded and can be connected to an AC voltage via

an electronic home-made device. The platform (Fig. 3(a)),

based on a modified Leica microscope, is controlled in

real-time with a home-made Labview program (National

Instrument) for the fluidic module, the electrical module, and

for the observation module.

In order to visualize the flow pattern in the X-Z plane, a

cleaved microfluidic chip is fabricated according to the same

protocol. The electrode design consists of 2 pairs of electrodes

separated by 15lm as presented in Fig. 3. The final stack is

cleaved on both sides with a diamond tip. A colloidal drop is

deposited on the side of the stack and capillary forces drag the

solution into the channel. A small glass slide is then placed in

front of the stack to avoid meniscus formation which allows

monitoring the motions of particles from the side. Particles

are illuminated from the top through a 20� microscope objec-

tive and scattered fluorescence is observed from the side

through a 50� long focal distance objective. Electrical con-

nections are activated by clipping the electrodes far from the

channel. Top and bottom electrodes are, respectively, put to

the AC potential and grounded. Such configuration of electro-

des matches either the median X-Z plane of the donut trap or

the X-Z plane of a focalisation-funnel design.3,28,56 A side-

view picture of the platform is presented in Fig. 3(b).

D. Particles and solution preparation

PS particles are purchased from Duke (diameter 1, 5,

and 10 lm) and resuspended 3 times by a centrifugation-

resuspension process in 3 different buffer solutions with

increasing conductivities: DI Water (rm ¼ 2� 10�4 S=m),

NaCl saline solution (rm ¼ 10�2 S=m), and cell culture me-

dium, Dulbecco’s Modified Eagle Medium (DMEMþ 10%

SVFþ 1%ATAM (Hela)) (rm ¼ 1:38 S=m). Each solution

contained 1% wt. of particles. Buffer solutions were freshly

prepared before experiments and conductivities were meas-

ured with a mobile conductimeter (COND6þ from Eutech

instruments).

E. Experimental protocol

Before injection in the microfluidic chip, the colloidal so-

lution is vortexed in order to maintain a uniform dispersion.

Particles are injected at a mean constant velocity of 50 lm=s
(50 nl/min) to avoid any sedimentation. As soon as the chan-

nel is filled, the pressure maintained by the syringe pump is

lowered so that particles motions are only Brownian. AC

potentials were then applied on targeted electrodes. A

sequence of frequencies, voltages and application durations

are programmed. Particles motion movies are then com-

pressed and time-adjusted according to the recording frame-

rate (20 fps) so that all movies present the same time frame.

Particle tracking velocities are extracted from recorded

FIG. 3. (a): Home-made electro-microfluidic platform: (i) Fluidic module with a pressure driven flow (flow: 0-1 nl/s with a 100ll injection loop); (ii) Holder

and observation module (Obj. 5� 20� 50� - Dark-field - Fluorescence); (iii) Electrical re-routing module of the AC potential via microcontrollers and electro-

magnetic relay via the chip electrical connections. (b) Zoom on the chip holder with alignment of the chip to the electrical connections via the zero force inser-

tion module. (b) Schematic view and side-view picture of the electro-microfluidique platform that allows access to X-Z plane velocities. Particles are

illuminated by a microscope objective from the top and scattered fluorescence is recorded from the side.
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movies and analyzed with IMAGEJ. Once the sequence is

accomplished, the particles are pushed out of the microchan-

nel that is washed 3 times with ethanol before the next experi-

ment. Movies of particles motion are recorded with a LABVIEW

program that controls entirely the platform in real-time.

When used, particles in the microfluidic channel are counted

with an IMAGEJ plugin “Particle tracker.”57

IV. RESULTS AND DISCUSSION

A. Simulations: Visualisation of the forces

Isosurfaces represent rjEj2ðV2m�1Þ and arrows the

negative dielectrophoretic force (N). The channel height is

20 lm and the applied potential is 2 Vp�p.

We first visualize rjEj2 for each electrode design to

foreseen the direction of the nDEP force, typically the most

observed case when the medium conductivity is high. Fig. 4

shows the COMSOL simulation for the designed electrodes in

3-D views. The vertical bars (Fig. 4(a)) present a clear repul-

sive force from the electrode edges on the top view but also

on the side view. The directions of the nDEP forces indicate

that particles will be repelled from the electrodes but also

focused in the center of the channel. When injecting liquid,

the flow may pass through the electrodes whereas particles

may stay in front of them.

For the donut trap design, the nDEP forces create a cage

and push the particle to be trapped in the center of the con-

centric rings but also in the middle of the channel. Moreover,

particles could not pass through this trap since nDEP forces

act also on the outer edges of the rings. In the same way as

for the parallel bars, flow will continue to pass through the

electrodes whereas particles will be trapped and their posi-

tion will be maintained in 3-D. Finally, the perpendicular

bars design shows a repulsive force from the bottom elec-

trode that will repeal particles from its edges whereas the top

electrode will repeal them from the entire electrode (gra-

dients are all over the upper electrode).

Based on the models described in Sec. II, we simulate the

directions and strengths of the AC electrokinetic forces to

understand the experimental observations of the particles

motion induced by the competition between EHD and DEP

forces.

FIG. 4. 3-D electromagnetic simulations for (a) Parallel bars with face-to-face 10lm bar electrodes, (b) Donut Trap with 15lm as the inner trap diameter, and

(c) Perpendicular bars with 10 lm perpendicular bars electrodes.
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B. Simulations: Electrokinetics regimes

1. Individual forces

For each design, we visualise the streamlines induced by

each electrokinetic force (ACEO, ETE, or DEP) on 1lm PS

particles for each value of the parameters (particle diameter,

conductivity of buffer, frequency, voltage). Fig. 5 plots the

cross-section of the microchannel for the PaB design and

Fig. 13 in Appendix A extends the plot for all designs. We

can observe that those electrokinetic effects can induce 3

types of behaviours that will affect the particles movement.

• Attractive and Convective Rolls (ACR): Typical ACEO

flows at low frequencies (f < 5 kHz) and low conductiv-

ities (rm < 10�2 S/m) are presented for the parallel bars

design. Convection rolls at the edges of the electrodes force

the position of the particle to the middle of both electrodes.

Counter vortexes can also be seen out of the electrodes and

will drag particles far from the electrodes. According to the

example given in Fig. 12 of Appendix A, tangents electric

fields Et magnitudes are in the order of 1MV/m and

decrease with the distance to the electrode. Moreover, the

sign of Et changes from one edge of the electrode to the

other. This also implies a change in the direction of the ve-

locity of the ACEO induced flow: resulting flow will be

rolls pushing liquid to or from the edges to the center of the

electrode.
• Dispersive and Convective Rolls (DCR): The same type of

vortexes was observed for ETE flows with a change of

direction when the P factor is negative. We can, however,

notice that ETE vortexes are more centred on the electro-

des edges compared to ACEO ones. Particles are, there-

fore, repelled from electrodes borders with high speed

from electrodes edges.
• Electrodes Attraction or Repulsion (EAR): pDEP and

nDEP patterns on the vertical bars design can either

attract or repeal particles from electrode borders. For the

donut trap design, the directions of the forces are both

towards the center of the trap and repealing from the out-

side border of the trap. This duality of direction should

provide an efficient way to localize particles in the center

of the trap but also to repeal non trapped particles far

from the trap itself.

The axis of the forces will not change when changing

the values of the frequency, the voltage or the medium con-

ductivity but their direction and magnitude. Moreover, we

have simulated three main motions of fluid and particles

according to the effect from which they raised, which gives

us the opportunity to identify the dominant force while

observing particle motion during experiments.

2. Total forces exerted on particles

FEHD and FDEP are summed in FTot as illustrated in

Fig. 6 for a nDEP preferential regime. Hence, according to

the geometry of the electrodes, particles will present differ-

ent trajectories and their motions will get stabilized in a posi-

tion relative to the electrodes according to FTot streamlines.

For the PaB design and under nDEP dominancy condi-

tions, particles are simply repelled from electrode borders

but also confined in the center of the microchannel. For the

DT design and still under nDEP dominancy conditions, par-

ticles are focussed in the centres of the trap and of the chan-

nel itself.

When varying the parameters (frequency, voltage, parti-

cle diameter, and medium conductivity), a competition

between forces appears. This competition will contribute in

some cases to localize particles in the targeted areas or in

other cases to push particles into undesired areas.

In order to understand this competition, a geometry

dependant frequency-voltage mapping is presented in Fig. 7

and represents, for each COMSOL simulation, the magnitude

of FTot exerted on a particle whose initial position is at the

electrode edge. This cartography identifies the range of fre-

quencies and voltages where an AC electrokinetic regime

will dominate. It also determines the strength of the force

applied on the particles.

FTot is presented on those figures on which the white

separation line show the balance FEHD ¼ FDEP. One can

FIG. 5. Vectors and equi-potentials of the dominant electrokinetic force exerted on PS 1 lm particles for the the PaB design under different conditions.

Vectors are normalised and represented by the white arrows. Streamlines are represented in black and the spatial distribution of the magnitude of the force is

plotted in the color background in the log scale (in Newton). FEHD when ACEO dominates (rm ¼ 2:10�4 S=m; f ¼ 1 kHz; Vpp ¼ 10 V), FEHD when ETE

dominates (rm ¼ 10�2 S=m; f ¼ 100 kHz;Vpp ¼ 10 V), FDEP in nDEP regime (rm ¼ 2:10�4 S=m; f ¼ 2 MHz;Vpp ¼ 10 V).
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FIG. 6. Vectors and equi-potentials of the total electrokinetic force exerted on PS 1 lm particles for the three designs. Vectors are normalised and represented

by the white arrows. Streamlines are represented in black and the spatial distribution of the magnitude of the force is plotted in the color background in the log

scale (in Newton). rm ¼ 2� 10�4 S=m; f ¼ 2MHz;Vpp ¼ 10V.

FIG. 7. Mapping of the total force exerted on the PS particles (diameter a) for several frequencies and voltages. The magnitude of the total force (in Newton)

exerted on this particle is simulated at the electrode edge and reported in each plot for each value of the studied parameters. The white separation lines repre-

sent the equilibrium point at which EHD and DEP forces are balanced.
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TABLE I. Details of the electrokinetic regimes with their experimental observations.

Regime Frequency

Conductivity

(S/m) Observations

Regime 1 f < 10 kHz rp ¼ 2� 10�4 Electrode center collection (ACEO and pDEP)

Particles are concentrated in the center of upper and lower electrodes. Particles are under a strong

ACEO regime. Raising the voltage increases the number of particles with a drag of particles that

are far from electrodes. For all designs, particles are placed in the middle of the electrodes

themselves. They remain in this position as long as the potential is applied. pDEP seems

sufficiently strong to avoid particle to move in convective patterns. In the case of perpendicular

bars design, particles accumulation appears only at the intersection between top and lower

electrodes. Long range attraction to high concentrated zone is still present. One can notice no

special motion at those frequencies for high conductivities, probably because ACEO velocities

are not high enough to induce motion of liquid as shown in Fig. 1(b). Streamlines of liquid can be

observed in Fig. 5 of Appendix B.4, where vortexes and counter vortexes of liquid on each

electrodes can be observed

Regime 2 f¼ 1 kHz rp ¼ 10�2 Electrode edge collection with stable position (ACEO and nDEP)

Particles accumulate both at the center and at the edges of electrodes. Those behaviours are

explained by the presence of ACEO at this range of frequency. Accumulation at the edge could

suggest a pDEP response but not at this conductivity. The edge collection is the result of ACEO

convective pattern against nDEP reaction that occurs only at the edges of electrodes. This is

clearly observed on parallel bars. Contrary to the first accumulation process, particles are moving

along the center of the electrodes. This latter behaviour emphasizes the competition between

ACEO and nDEP. From the side, particles are located at the edges of the electrodes and

convective rolls are observed on the lower right hand of Fig. 5 in Appendix B.4

Regime 3 f¼ 50 kHz, f¼ 500 kHz rp ¼ 2� 10�4 Electrode edge collection with convection rolls (pDEP and ETE)

Particles are collected at the edges of electrodes with a clear convectivemotion as showed in Fig.

5 of Appendix. At those frequencies, particles are under pDEP regime but ETE drags the particle

among rolls. This effect is increased when the voltage is raising. At higher voltages, theP factor

of the ETE changes its sign and convective rolls tend to repeal particles from the electrode edges.

Regime 4 f¼ 50 kHz

rp ¼ 10�2;

rp ¼ 1:38 Electrode edge collection with convection rolls and chain formation (weak nDEP and ETE)

At mid-high conductivities and for, particles are attracted to electrodes edges and started to form

particles chain.This behaviour has been observed11,58 in coplanar electrode configuration.Chains

of particles appear both in the plane of the lower and upper electrodes but also between electrodes

themselves. In the case of nDEP, particles chain formation is the results of attraction inter-

particles due to low electric field strength between them.24 It can be noticed that chain formation

does not appear for the donut trap or the perpendicular bars designs. In those cases, particles are

attracted to the outer edges of electrodes. Those observations confirm that this regime results from

a competition between ACEO and ETE forces.24 In the parallel bars design, EHD forces are

symmetrical and have the same convection rolls patterns on both sides of the electrodes, as

discussed later. This symmetrical behaviour results in the attraction of particles before and after

the electrodes and between themselves. In the other designs, EHD flow patterns are not

symmetrical and particles that are “far” from regions where the gradient are the strongest are not

submitted to any forces. Particle chains are clearly observed in theX-Z plan in Fig. 5 of Appendix

B.4 where chains are aligned along the z axis

Regime 5 f¼ 500 kHz, f¼ 2MHz All, low voltages Collection in front of electrode with stable position (strong nDEP dominant)

At high frequencies, particles are repelled from electrodes borders. A single line alignment can be

observed for vertical bars. For the donut trap design, 2 behaviours are observed, first particles are

focused in the center of the traps, i.e. repelled from the inside borders of the trap, but also they are

repelled from the trap itself, i.e. from the outside border of the trap. This dual behaviour

emphasizes the trapping efficiency of the donut trap. For the perpendicular bars design, particles

are placed between vertically aligned electrodes. All those behaviours suggest an nDEP regime

without any convective rolls. When the voltage is increased, rolls start to appear. As particles are

repelled from the electrodes, they are located in the center of the microfluidic channel (in the

middle plane X-Z) as shown in Fig. 5 of Appendix B.4
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clearly see the domination of ACEO at low frequencies and

the CMF like curvature of the DEP responses at the pDEP-

nDEP interface. For each domain, the dominant force has

been overlaid and matches with the experimental behaviours

for all designs. Such mappings are presented with the total

forces when raising particle diameter and medium conduc-

tivity. More generally, ETE dominates at high conductivities

but a nDEP window remains opened at low voltages.

Those simulations and mappings allow the extraction of

several frequency-voltage couples for which dominant behav-

iours seem to appear. For example, at rm ¼ 2� 10�4 S=m a

typical (f,V) couple may be f¼ 2MHz, Vpp ¼ 10 V in order

to induce a nDEP motion of particles. We started from the

values of those couples to experimentally observe the par-

ticles’ behaviours within the microfluidic chips for the 3 elec-

trodes geometries.

C. Experimental: Electrokinetics regimes

We then observe and identify the electrokinetic regimes

that govern the particles displacements within the microflui-

dic chip. The three electrodes geometries previously pre-

sented are tested with PS particles (diameter 1lm)

suspended in different media. This size (the smallest of our

range of experiments) is chosen because small particles pres-

ent the weakest DEP response and allow a better understand-

ing of the competition with the others EHD forces. Identical

behaviours are expected with the biggest PS particles (diam-

eters 5 and 10lm) but with stronger DEP forces.

For each conductivity, several key frequencies have

been selected from the simulations results according to the

strength of each force: ACEO frequency (f¼ 1 kHz), pDEP

and negative ETE frequency (f¼ 50 kHz), positive ETE fre-

quency (f¼ 500 kHz), nDEP and positive ETE frequency

(f¼ 2MHz). In the same way, 3 voltages have been

selected: 2, 5, and 10V. Note that for high conductivities,

10V is not applied to avoid electrolysis of water and elec-

trode degradation.46

In general, at a given frequency, we observe that increas-

ing the voltage leads to a stronger force that was already dom-

inating. However, in some cases, the presence of forces in

competition leads to a contribution of each individual force.

For all electrodes designs, we observe several similar particles

motions in the X-Y plane. We have identified six typical

behaviours, further referred as the different regime. Table I

describes the experimental observation of each regime and

detailed pictures for each design are presented in Table II of

Appendix B for parallel trap electrodes, Table III of Appendix

B for donut trap, and Table IV of Appendix B for perpendicu-

lar electrodes (mDEP) configuration. Each regime has been

outlined with a specific color and we detail a schematic expla-

nation of the motion of the particles. Moreover, for each re-

gime, the localizations of particles were observed laterally in

the X-Z plane for the donut trap geometry only and observa-

tions are shown in Table V of Appendix B.

This parametric study demonstrates experimentally the

6 dominant electrokinetic regimes that can be exploited in

the microfluidic chip with 3-D bi-layer electrodes configura-

tions. Each regime is a combination of electrokinetic forces,

whose individual streamlines were simulated in Sec. IVB,

that superimpose and induce a localization of the particles in

a stable position at which the forces reach a balance. Hence,

we emphasize that the localizations of the particles relatively

to the electrodes are the result of a competition between

EHD and DEP forces. According to where the particles need

to be localized, each regime can be used independently. We

will hence exploit the regime 5 (strong nDEP regime) to fo-

cusing the particles in the middle of the microfluidic channel

and in front of the electrodes, as shown in Fig. 8.

This regime will be exploited in the next section to real-

ize electro-microfluidic functions for particle handling in a

purely 3-D electrodes geometry.

D. Electrokinetic functions

We have chosen to investigate the capacity of the paral-

lel bar and donut trap to manipulate colloidal particles under

constant flow rates. We introduce electrokinetic functions for

handling particles based on the design of those bi-layer elec-

trodes. The principle of those electro-microfluidic functions

is first exposed and then experimentally tested. Each function

is based on the use of higher regimes (5 or 6) because those

TABLE I. (Continued.)

Regime Frequency

Conductivity

(S/m) Observations

Regime 6 f¼ 500 kHz, f¼ 2MHz All, high voltages Collection in front of electrode with convection rolls (strong nDEP and ETE)

In this last regime, particles are repelled from electrodes at high frequencies. But when raising the

voltage, convective rolls tend to drag and accumulate long range particles to the electrodes

borders. Those particles are then repelled by nDEP and so on. Convective rolls assist nDEP to

make a strong barrier in the case of parallel bars, even when particles are submitted to a

hydrodynamic drag flow. For the donut trap design, the same behaviours as the Regime 5 are

observed butwithmore strength: particles seem to bemore centredwithin the donut trap andmore

repelled from its outside border. For the perpendicular bars design, particles are still repelled from

the activated electrodes and localized between the vertical ones. However, in order to maintain a

precise localisation within the perpendicular bars design, it is most likely that the adjacent

electrode should be also activated since convective rolls tend to repeal particles from the electrode

as far as not feeling the electrokinetics forces any more. Fig. 5 of Appendix B.4 shows the lateral

view of the Regime 6 in the donut trap design. Particles are centred in the middle of the channel

but convective rolls can be seen on lower electrodes
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regimes have been observed in high conductivity medium

and can be exploited within cell culture medium.

1. Stop function with parallel bars

Parallel bars electrodes that are perpendicular to the

channel are exploited to sort particles and provide a stop

function based on the CMF crossover frequency. Dragged by

a hydrodynamic flow inside the microfluidic channel thanks

to the fluidic module of the platform, the particles are

stopped by a strong nDEP force in front of the electrodes as

illustrated in Fig. 9(a) and observed by the regime 5 motion

of particles. When increasing the voltage at a constant flow

rate of incoming colloids, more particles are stopped. We

define the stop efficiency as the ratio between the number of

incoming colloids and the number of unstopped particles by

the nDEP trap.

Fig. 9(b) shows the evolution of the stop efficiency at a

constant flow rate (Q¼ 500 pl/s) when raising voltage for

different medium conductivities. We recall that the section

of the microfluidic channel is 500 � 20 lm. All the flow

rates in this section have been directly measured by tracking

the velocities of particles inside the microfluidic channel

before the electrodes area.

A threshold voltage is observed before the stop effi-

ciency starts to raise (4V at low conductivity and 9V for

high conductivity). This threshold value represents the mini-

mum DEP force that is needed to counteract the particle flow

drag force. At high voltages (above >10V), a plateau region

is reached above 95% of the stop efficiency function. The

minimum voltage that is required to reach this region

increases when raising the medium conductivity. In this area,

the DEP and ETE forces overpower the drag force and all

particles are stopped.

The efficiency of the stop function is also evaluated in

terms of maximum sustainable flow rate according to the

electrokinetic regime. Hence, a high voltage is applied (typi-

cally 20V) to reach the previous 95% stop function effi-

ciency regime and the AC frequency is swept in order to

change the electrokinetic regime. After applying the voltage,

the flow rate is raised until all previously repelled particles

are dragged. Fig. 9(c) plots the maximum sustainable flow

rate until no particles are trapped any more.

At low conductivity, when the AC frequency is lower

than the crossover frequency (f < f0 ¼ 1:1MHz), pDEP

occurs but also ETE. As viewed in previous paragraph, ETE

force is dominant, forcing the particles to be repelled from

the electrodes, but pDEP contributes also to attract particles

to the electrodes. This competition is unbalanced in favour

of ETE force when raising the frequency and thus the maxi-

mum sustainable flow rate gets higher. When f > 1:1 MHz,

particles displacement is governed by nDEP forces which

add a contribution to the ETE forces. Both of them repeal

FIG. 9. (a): Illustration of the stop func-

tion. The red colloidal particles are

stopped in front of the parallel bars elec-

trodes set in the regime 5 (strong nDEP

dominant). (b): Efficiency of stop func-

tion with the parallel bars design for

1 lm PS particles and different medium

conductivities (nDEP regime with

f¼ 2MHz) at a constant flow rate of

Q¼ 500 pl/s. The dashed line represents

95% of efficiency. (c): Maximum flow

rate of the stop function with the parallel

bars electrodes (20V and f¼ 2MHz)

design for different medium conductiv-

ities and 1 lm PS particles. The particle

velocity is directly converted from flow

rate according to the microchannel

dimensions and corresponds to the ve-

locity of particles that arrive in front of

the trap without going through.

FIG. 8. Lateral observation (X-Z plane) of the particles displacement for the

donut trap design at f¼ 500 kHz, f¼ 2MHz, rp ¼ 2� 10�4 S=m. The elec-

trodes are highlighted in dashed lines.
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particles from electrodes and maximum sustainable flow rate

reaches a maximum when nDEP is fully maximized.

At medium conductivity, as can be seen in Fig. 1(a), par-

ticles are under a weak (i.e., Re½CMFðxÞ� > �0:5) nDEP re-

gime that adds a small contribution to ETE forces. When

raising the frequency, nDEP becomes stronger and reaches

the strong nDEP and ETE regime. At high conductivity, par-

ticles are directly in the maximum sustainable regime because

the absolute value of their Re½CMFðxÞ� is already at maxi-

mum. This explains the green-triangle plateau.

Finally, we show that the 3-D parallel bars electrodes

design used in a nDEP regime for 1lm PS particles can sus-

tain a flow up to 600 pl/s in the microfluidic channel. The

right hand of the legend indicates the velocity of particles that

inbound the trap without penetrating through it. Those par-

ticles fall outside of the trap to finally being dragged by the

laminar flow between the electrodes trap and the microchan-

nel. From those observations and according to the simulations

in Sec. IVB, we can assert that the stop function will provide

a higher stop efficiency when increasing the particle diameter.

2. The trap function with donut trap

First, the localisation of the particles in the center of the

channel (X-Z plane) was observed for several sizes of

particles at high frequency (f¼ 2MHz) and high voltage

(Vp�p ¼ 20V) as presented in Fig. 14 of Appendix C.

Then, we focused on the capacity of the donut trap to

focus particles in the center of the donut. Hence, 1lm PS par-

ticles were trapped under nDEP conditions (f¼ 2MHz) in DI

water with raising voltages. As can be seen in Fig. 10, the trap

function creates a virtual trap cage. The size of this virtual

cage in the X-Y plane is reduced when the strength of the

nDEP force is increased by the applied voltage. Under those

conditions, particles Brownian motion is confined within the

nDEP cage. The behaviour of larger particles has also been

observed and is presented in Fig. 15 of Appendix C.

The virtual trap cage diameter has been quantified by

averaging the maximum displacement coordinates of the

trapped particles relatively to the center of the donut trap, as

shown in Fig. 10 (1 lm PS, 15V). This value is quantified for

each voltage and conductivity. Fig. 11(a) gives the virtual trap

cage diameter for 1lm particles in the 3 buffer solutions.

Under nDEP conditions, as the voltage increases, the virtual

trap cage gets more confined. A plateau region is observed at

high voltages defining the minimum virtual trap cage diameter.

Fig. 11(b) plots the minimum virtual trap cage diameter

for 1, 5, and 10 lm PS particles in the different buffer solu-

tions. The minimum trap diameter line represents the diame-

ter of the particle itself. Small particles can be trapped at a

FIG. 10. Photographs of 1 lm PS par-

ticles in the donut trap at f¼ 2MHz and

raising voltages. Particles motions are

confined in the nDEP cage whose diame-

ter is reducing as enhancing the applied

voltage value. The last picture is an

example of particle displacement track-

ing used to determine the diameter of

the virtual trap.

FIG. 11. (a): Effective diameter of the vir-

tual trap cage for 1 lm PS particles when

varying voltage and medium conductivity.

(b): Minimum virtual trap cage diameter

for 1 lm, 5 lm, and 10lm PS particles for

several medium conductivities. (c):

Maximum sustainable flow rate for 1 lm

PS particles in the donut trap when vary-

ing voltage and conductivity. Particle ve-

locity is directly converted from flow rate

according to the microchannel dimensions.

(d): Maximum value of the sustainable

flow rate for 1 lm, 5 lm, and 10lm PS

particles when varying voltage and con-

ductivity. Particles traps in the donut trap

cage (f¼ 2MHz and Vp�p ¼ 20V) are still

trapped in the cage until those flow rates.
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single level only in low conductivity buffers. Bigger particles

can also be trapped at a single level and maintained in the

trap for high conductivity buffers, since the minimum diame-

ter of the cage is lower than twice the diameter of the particle

itself. Those experiments demonstrates the capacity of the

donut trap design to maintain in 3-D cells of 5 to 10 lm di-

ameter in their cell culture medium.

Finally, we investigated the capacity of the donut traps

to sustain flow whilst particles were trapped. The following

experiments were conducted: Once particles were trapped

under high frequencies (f¼ 2 MHz), the voltage was tuned

up and the drag flow was enhanced. As soon as the particle

was released from the trap, flow rate was stopped and

denoted as the maximum sustainable flow rate. Experiments

were conducted with 1 lm PS particles in each buffer solu-

tion and results are presented in Fig. 11(c).

At first, a threshold voltage value is required to maintain

particles in the trap. At maximum voltage (20V), flow up to

650 pl/s can be sustained while maintaining the particles in the

trap. Generally, more voltage implies more sustainable flow

rate. Therefore, 1, 5, and 10lm PS particles were trapped with

f¼ 2MHz and Vp�p ¼ 20V and the flow rate was increased

until the particle was released from the trap. Fig. 11(d) presents

the maximum sustainable flow rates at several conductivities.

The maximum sustainable flow rates are in the same order

of magnitude for each medium. As presented in the precedent

section, ETE forces can be significant for high voltages and

seem to overpower DEP responses of particles at high vol-

tages. Hence, thanks to the coupling of ETE and nDEP, par-

ticles can be trapped and sustained with flow up to 600 pl/s.

To conclude, we have demonstrated 2 main functions

for colloidal handling in microfluidic channels under hydro-

dynamical flows. The barrier like stop function can be main-

tained more than 95% of incoming particles in a

deterministic position along the microchannel while

injecting liquid medium up 750 pl/s in a large range of me-

dium conductivities. Moreover, the donut trap design extends

this possibility to a 3-D deterministic positioning of particles

in the center of the microchannel. Particles can be trapped at

a very precise location relatively to the center of the donut

trap and maintained at this position for incoming flows up to

750 pl/s. The holding flow rates of our microfluidic chip

show a real benefit compared with the state-of-art results.

Regarding the particle trap resistance to the incoming flow,

the bi-layer electrodes donut trap function demonstrates at

least a factor two with the holding force of co-planar quadri-

pole design25 or co-planar pDEP trap,59 and a decade more

with the one of nDEP co-planar electrodes.48

V. CONCLUSIONS

We have presented a complete study of the electrokinetic

regimes that govern the manipulation of particles under 3-D

non-uniform AC electric field in low to high conductivities

medium. The bi-layer electrodes microfluidic chip offers the

possibility to design microfluidic functions: The stop function

with parallel bars electrodes, the trap function with donut trap,

and the 3-D localization with perpendicular bars. Numerical

simulations have detailed the impact of EHD or DEP force on

particle displacements. Map of the dominant electrokinetic re-

gime has been determined in a broad range of frequencies,

voltages, and medium conductivities. Moreover, experiments

demonstrate that 1, 5, and 10lm PS particles can be precisely

trapped in 3-D under a liquid flow up to 600 pl/s, a clear bene-

fit compare to standard 2-D electrodes designs. Unlike copla-

nar electrodes where EHD forces can have undesired

localisation of particles, 3-D electrodes offer the capacity to

take advantage of those forces. Future work will focused on

the implementation of biological samples for cells manipula-

tion by DEP within this 3-D microfluidic chip.

APPENDIX A: SIMULATIONS RESULTS

1. Simulations of the tangent electric field

FIG. 12. (a): Spatial distributions of jEj (V/m) and equipotentials for the Parallel bars design when rm ¼ 2� 10�4 S=m, f¼ 1 kHz and Vpp ¼ 10 V. (b):

Simulated tangents electric field associated.
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2. Vectors and equi-potentials of the dominant
electrokinetic force

Vectors and equi-potentials of the dominant electroki-

netic force exerted on PS 1 lm particles for the 3 bi-planar

designs under different conditions. Vectors are normalised

and represented by the white arrows. Streamlines are

represented in black and the spatial distribution of the

magnitude of the force is plotted in the color background

in the log scale (in Newton). From top to bottom:

FEHD when ACEO dominates (rm ¼ 2:10�4 S=m,

f¼ 1 kHz, Vpp ¼ 10V), FEHD when ETE dominates

(rm ¼ 10�2 S=m, f¼ 100 kHz, Vpp ¼ 10V), FDEP in nDEP

regime (rm ¼ 2:10�4 S=m, f¼ 2MHz, Vpp ¼ 10V), and

FTot in nDEP regime (rm ¼ 2:10�4 S=m, f¼ 2MHz,

Vpp ¼ 10V).

FIG. 13. Vectors and equi-potentials of the dominant electrokinetic force exerted on PS 1 lm particles for the 3 bi-planar designs under different conditions.

Vectors are normalised and represented by the white arrows. Streamlines are represented in black and the spatial distribution of the magnitude of the force is

plotted in the color background in the log scale (in Newton). From top to bottom: FEHD when ACEO dominates (rm¼ 2.10�4S/m, f¼ 1 kHz, Vpp¼ 10V),

FEHD when ETE dominates (rm¼ 10�2S/m, f¼ 100 kHz, Vpp¼ 10V) and FDEP in nDEP regime (rm¼ 2.10�4S/m, f¼ 2MHz, Vpp¼ 10V).
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APPENDIX B: EXPERIMENTAL OBSERVATION OF THE ELECTROKINETIC REGIMES

1. The parallel bars

TABLE II. Parallel bars electrodes: Identification of AC electrokinetics regimes.

Frequency

rm V 1 KHz 50 KHz 500 KHz 2MHz

2� 10�4 S=m 2V

Regime 1 Regime 3 Regime 3 Regime 5

5V

Regime 1 Regime 3 Regime 3 Regime 5

10V

Regime 1 Regime 3 Regime 3 Regime 6

10�2 S=m 2V

Regime 2 Regime 4 Regime 5 Regime 5

5V

Regime 2 Regime 4 Regime 6 Regime 6

10V

Regime 2 Regime 4 Regime 6 Regime 6

1.38 S/m 2V

Regime 5 Regime 5

5V

Regime 6 Regime 6

10V X X

Regime 6 Regime 6
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2. The donut trap

TABLE III. Donut trap: Identification of AC electrokinetics regimes.

Frequency

rm V 1 KHz 50 kHz 500 kHz 2MHz

2� 10�4 S=m 2V

Regime 1 Regime 3 Regime 3 Regime 5

5V

Regime 1 Regime 3 Regime 3 Regime 5

10V

Regime 1 Regime 3 Regime 3 Regime 6

10�2 S=m 2V

Regime 2 Regime 4 Regime 5 Regime 5

5V

Regime 2 Regime 4 Regime 6 Regime 6

10V

Regime 2 Regime 4 Regime 6 Regime 6

1.38 S/m 2V

Regime 5 Regime 5

5V

Regime 6 Regime 6

10V X X

Regime 6 Regime 6
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3. The perpendicular bars

TABLE IV. Perpendicular bar electrodes: Identification of AC electrokinetics regimes.

Frequency

rm V 1 KHz 50 kHz 500 kHz 2MHz

2� 10�4 S=m 2V

Regime 1 Regime 3 Regime 3 Regime 5

5V

Regime 1 Regime 3 Regime 3 Regime 6

10V

Regime 1 Regime 3 Regime 3 Regime 6

10�2 S=m 2V

Regime 2 Regime 4 Regime 5 Regime 5

5V

Regime 2 Regime 4 Regime 6 Regime 6

10V

Regime 2 Regime 4 Regime 6 Regime 6

1.38 S/m 2V

Regime 5 Regime 5

5V

Regime 6 Regime 6

10V X X

Regime 6 Regime 6
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4. From lateral side

APPENDIX C: CHARACTERIZATION OF THE DONUT
TRAP CAGE

In order to check the localisation of the particles in

the channel (X-Z plane), experiments at high frequency

(f¼ 2MHz) and high voltage (Vp�p ¼ 20V) were conducted

for several sizes of particles in DI water with the side-view plat-

form. Particles are focused in the center of the channel as they

are repealed from the 4 electrodes borders as shown in Fig. 14.

5lm and 10 lm PS particles have been placed in the

donut trap at high frequencies (f¼ 2MHz) and the voltage

was raised. The same behaviour as for the 1 lm is observed

TABLE V. Lateral observation (X-Z plane) of the particles displacement for the donut trap design. The electrodes are highlighted in dashed lines.

Regime Frequency Conductivity Lateral observation

Regime 1 f < 10 kHz rp ¼ 2� 10�4 S=m Electrode center collection

(ACEO and pDEP)

Regime 2 f¼ 1 kHz rp ¼ 10�2 S=m Electrode edge collection with stable position

(ACEO and nDEP)

Regime 3 f¼ 50 kHz, f¼ 500 kHz rp ¼ 2� 10�4 S=m Electrode edge collection with convection rolls

(pDEP and ETE)

Regime 4 f ¼ 50KHz rp ¼ 10�2 S=m; rp ¼ 1:38 S=m Electrode edge collection with convection rolls and chain formation

(weak nDEP and ETE)

Regime 5 f¼ 500 kHz, f¼ 2MHz All, low voltages Collection in front of electrode with stable position

(strong nDEP dominant)

Regime 6 f¼ 500 kHz, f¼ 2MHz All, high voltages Collection in front of electrode with convection rolls

(strong nDEP and ETE)
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until a threshold voltage is reached where the particle does

not seem to move any more. Fig. 15 shows optical pictures

of such particles trapped in the donut nDEP cage.
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