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We demonstrate new principles of microfluidic pumping and mixing by electronic components

integrated into a microfluidic chip. The miniature diodes embedded into the microchannel walls

rectify the voltage induced between their electrodes from an external alternating electric field. The

resulting electroosmotic flows, developed in the vicinity of the diode surfaces, were utilized for

pumping or mixing of the fluid in the microfluidic channel. The flow velocity of liquid pumped by

the diodes facing in the same direction linearly increased with the magnitude of the applied

voltage and the pumping direction could be controlled by the pH of the solutions. The transverse

flow driven by the localized electroosmotic flux between diodes oriented oppositely on the

microchannel was used in microfluidic mixers. The experimental results were interpreted by

numerical simulations of the electrohydrodynamic flows. The techniques may be used in novel

actively controlled microfluidic–electronic chips.

Introduction

Manipulation of fluids, colloidal particles, or biomolecules on

the microscale can be performed in integrated devices for

sample pre-treatment and analyte detection. Such systems

integrated in a single chip are known as micro-Total Analysis

Systems (mTAS) or lab-on-a-chip devices.1–6 In comparison to

conventional laboratory techniques, these miniaturized analy-

sis systems are more flexible, allow easy automation and

require significantly reduced samples sizes and analysis times.

The precise control of fluid and particle transport inside the

microfluidic channels is of paramount importance for the

progress in their design and utilization.

Reducing the channel dimensions to the micrometer scale

results in a laminar flow, characterized by low Reynolds

numbers (Re = Ud/n, where U is the average flow velocity, d is

the characteristic width of the channel and n is the kinematic

viscosity of the liquid). This means that the viscous forces

dominate the fluid behaviour, while the inertial contribution is

negligible.6,7 The laminar fluid motion makes operations like

fluid pumping and solute mixing very challenging. Laminar

flows normally lead to low Péclet number (Pe = Ud/D, where

D is the molecular diffusivity), indicating that the solute

transport is predominantly due to molecular diffusion.3,6–10

Hence, new tools for microfluidic flow control, manipulation

and stirring are needed.

Mechanical pumps are not the best solution to overcome the

viscous resistance of fluid flow in microchannels. A large

external pump defies miniaturization and low energy con-

sumption, which are among the main advantages of micro-

fluidic devices.11,12 Alternatively, microfluidic flows have been

driven by electroosmosis,13–15 piezoelectrics,11 internal pres-

sure difference of liquid drops,12 thermal gradients,16,17

optically actuated pumps,18,19 or catalytic micropumps.20,21

Some of these micropumps, however, are difficult to fabricate

because of their complex structures, whereas others are limited

to a specific chemical solution. Alternating current (AC) field

micropumps have been reported that create net flow over

asymmetric electrode structures.22–27 An important advantage

of using AC field is the minimization of electrolysis, which may

occur during direct current (DC) electroosmosis.28 AC electro-

hydrodynamic pumps, however, need complicated electrode

micropatterns and can only operate in a limited range of AC

frequencies.

Microfluidic mixing may be accomplished by passive or

active mixers. The passive mixers guide the fluid flow through

specially designed channels, where it is subjected to repeated

splitting and recombination,29,30 chaotic advection in stag-

gered herringbones9 or three-dimensional serpentine chan-

nels,31,32 and Dean flows in curvilinear or spiral channels.10,33

Passive mixers, however, require complex channel geometries

and more importantly cannot be turned on and off on demand.

In the active mixers the fluid is actuated using external energy,

by miniature magnetic stirrers,34 ultrasonic actuation,35

electrowetting of droplets,36,37 and electrohydrodynamic

flows.38–43 The moving components in some active mixers

are difficult to fabricate and integrate into a microfluidic chip.

A disadvantage of the electrohydrodynamic mixers is the

difficulty of patterning complex electrode structures and

heterogeneously charged surfaces inside the microchannels.

In our previous work,44 we demonstrated how diodes

suspended in liquid can self-propel by local electroosmotic
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flow. We suggested on this basis a new approach for pumping

liquids and controlling flow pattern in microchannels based

on miniature diodes. These diodes are powered by an external

AC field that is locally rectified into a DC field across the

diode electrodes. This DC field gives rise to an electroosmotic

flow in the liquid adjacent to the diode surface. The DC

voltage (Vd) induced between the electrodes of the floating

diode as a result of rectification of the external AC field (Eext)

can be evaluated as

Vd~
l

2
Eext{Ed0ð Þ (1)

where l is the length of the diode body and Ed0 is the electric

field compensated by an offset voltage on the diodes. The

latter is an intrinsic property of the semiconducting p–n

junctions.45 Electroosmosis is induced by the interaction of

ions in the electric double layer at the diode surface with

the tangential component of the applied electric field. The

electroosmotic velocity (ueo) is well approximated by the

Helmholtz–Smoluchowski equation, which is valid for thin

double layers,8,46

ueo~{
ee0f

m
E (2)

where e0 is the dielectric constant in a vacuum, e is the relative

dielectric permittivity of the liquid, f is the electrokinetic zeta

potential, m is the fluid dynamic viscosity and E is the electric

field. The velocity of the floating diode (ud) reactively induced

by the local electroosmotic flow can be evaluated by

combining eqn (1) and (2) with the addition of a hydro-

dynamic-resistance correction coefficient, b,

ud~b
ee0f

m

Vd

l
~b

ee0f

2m
Eext{Ed0ð Þ (3)

In this report, we present detailed results and discussion of

the fluid pumping and flow pattern control using semi-

conductor diodes with an externally applied AC electric field.

The diodes are immobilized alongside the channel walls and

depending on their mutual orientation can operate as pumps

or mixers. The parameters that govern the fluid flow are

identified and their effects are analyzed quantitatively and

modelled numerically.

Experimental

Fabrication of microfluidic channels

The microfluidic channels were fabricated in poly(dimethyl-

siloxane) (PDMS, Sylgard 184, Dow Corning) using soft

lithography.47,48 Channel masters were created by coating

SU-8 2050 photoresist (MicroChem, Inc.) on a silicon wafer to

a thickness of ca. 200 mm using a spin-coater (Model P6700,

Specialty Coating Systems, Inc.). Then, the wafer was soft-

baked on a hot plate. The procedure was repeated twice on

the same wafer to obtain thicknesses of ca. 570 mm for the

rectangular loop channel and ca. 590 mm for the Y-shaped

mixer channel. The transparency photomasks with the channel

printout were brought into contact with the SU-8 photoresist

followed by a UV exposure (Model B-100A, BLAK-RAY).

After a post-baking, the UV-exposed wafers were developed in

an SU-8 developer solution (MicroChem, Inc.) and hard-baked.

Two 1 mm-long silicon switching diodes (Part no.

1N4448HWTDICT-ND, Digi-key, Co.) were attached to the

side wall of the channels using a 500 mm thick sticky rubber

patch (Fig. 1). The PDMS was then cast on the masters and

cured at 70 uC. Two holes were punched at the centre of the

short channel sections in the PDMS layer containing the

rectangular loop channel using a 16-gauge needle to inject

fluids and connect electrodes. Similar inlet and outlet ports

were also punched in the PDMS layer containing the Y-shaped

channel. Finally, the polymerized PDMS replicas with the

embedded diodes were irreversibly sealed to a PDMS film

coated on the glass slides after pre-treatment by an air-plasma

cleaner (Model PDC-32G, Harrick Plasma).

Fig. 1 (a) Microfluidic device for diode pumping. Two 1 mm-long

diodes were attached on the channel wall facing in the same direction

for the diode pump. The electroosmotic flow driven by the diodes was

monitored at point (i) between the diodes. The flow velocity of the

pump was measured at the centre of the longer channel without diodes

(ii), using tracing microspheres. (b) Microfluidic device for diode

mixing. The two diodes were attached on the chamber wall facing in

opposite directions. Milli-Q water and fluorescent dye solution were

injected continuously into each inlet by a syringe pump. The mixing

efficiency after applying the external AC field was monitored using

a confocal microscope. The microchannels and diodes in both

schematics are not to scale.
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Microfluidic pumping using diodes

Arranging two diodes in parallel orientation on both sides of

the channel creates a micropump that is powered by the global

AC field [Fig. 1(a)]. The resultant fluid motion was monitored

by tracing a dispersion of 0.002 wt% 2 mm fluorescent sulfate-

stabilized latex (Molecular Probes) in Milli-Q water at various

pH values. The solutions also contained 1024 wt% Tween-20

and 1025 M NaCl. The rectangular loop channel of width ca.

300 mm was used for pH 5.0 and 7.3 solutions, while the

pumping experiment at pH 6.0 was performed in a ca. 600 mm

wide channel. The trace particle suspensions were injected into

the chip through two syringe needles inserted in the access

holes at the short channel sections. The AC electric field

generated by a function generator (Model 33120A, Agilent)

and amplifier (PZD 700, Trek) was applied through the syringe

needles. The tracer particles’ motion was monitored (i)

between the two diodes and (ii) at the centre of the longer

channel without diodes using an Olympus BX-61 microscope

in reflection and fluorescence mode [Fig. 1(a)]. Time-lapse

micrographs were taken using a 506 objective and high

resolution Olympus DP-70 digital CCD camera. Two frames

of the images were superimposed in Adobe Photoshop and

then the distances travelled by each tracer particle were

measured from their coordinates in the image.4 The particle

velocities were then calculated by dividing the particle

displacement by the time span between the two frames.

Microfluidic mixing using diodes

The mixing chamber is created by embedding the diodes in an

anti-parallel orientation in the walls of the microchannel

[Fig. 1(b)]. Silver wire electrodes were placed into the ports

of the Y-shaped channel. Rubber tubing (Norton Co.) was

inserted into the inlet and outlet ports. The efficiency of

microfluidic mixing in the diode chamber was characterized

with a neutral fluorescent dye (Texas Red dye-labelled dextran

conjugate) obtained from Molecular Probes. Milli-Q water

and 1024 M Texas Red solution, which were adjusted to

pH 5.4 also containing 1024 wt% Tween-20 and 1025 M NaCl,

were flowed into each of the inlet ports using a syringe pump

(Model NE 1800, New Era Pump Systems, Inc.). The

distribution of dye in the flows was measured by confocal

microscopy using an FV 300 scanner attached to the Olympus

BX-61 system.

Results and discussion

Diode pumping

Macroscopic circulation in the closed rectangular channel was

not observed in the absence of diodes on the wall under AC

or DC fields because of the symmetry of the channel and the

electrode placement – the electroosmotic force in the upper

half of the rectangular channel loop is exactly balanced by the

one in the lower half [see Fig. 1(a)]. The liquid in the loop

channel far from the diodes, however, began circulating upon

application of external AC electric fields of square wave-form,

frequency 1 kHz and magnitude 20–80 V cm21. The rectified

DC field in the diode section leads to electroosmotic pumping.

The equivalent circuit diagram is presented in our earlier

publication.44 Intensive circulation is visible in the diode

section, including the formation of two vortices between the

diodes (see Movies 1 and 2 in the ESI{). These vortices are a

result of the backpressure of the viscous liquid in the channel

loop. As the electroosmotic force is present only at the diode

surfaces, the bulk liquid between the diodes shows some degree

of recirculation.

The liquid in the closed rectangular loop began circulating

through the channel once the external field applied was larger

than the diode offset voltage (Fig. 2). The direction of the

macroscopic circulation was the same as the direction of the

local electroosmotic flows at the diode surfaces. The formation

of bubbles by electrolysis at the diode electrodes was not

observed under these experimental conditions. All flows driven

by the diodes had a linear dependence on the applied AC

electric fields (Fig 2). This flow direction depends on the pH

and diode orientation. The effect of pH near the isoelectric

point of the diode surface (pI # 6.4, as estimated in our earlier

work44) can be attributed to the change of the sign of the zeta

potential at the diode–solution interface. The local electro-

osmotic motion on the diode surfaces at lower pH values

(pH 5.0 and 6.0) was directed from the anode to the cathode of

the diode [that is, from position B to A in Fig. 1(a)]. The liquid

in the remaining part of the channel circulated in a clockwise

direction [that is, from position A to B in Fig. 1(a)]. At a

higher pH value (pH 7.3), however, the direction of the

electroosmotic flow between the two diodes reversed, and the

resulting circulation changed direction, shown as the negative

velocities in Fig. 2.

The maximal experimental velocity of ca. 40 mm s21 was

obtained at an AC field of 80 V cm21 at pH 7.3 (Fig. 2). The

fluid velocity in the two vortices between the diodes also

increased as the applied voltage increased (compare Movies 1

and 2 in the ESI{). The motion of tracer particles in the loop

due to the macroscopic hydrodynamic flow driven by the

diode pump is shown in Movie 3 in the ESI.{

Fig. 2 Flow velocities measured in the microfluidic loop channel at

different pH values as a function of AC external field. The lines are

plotted by the analytical solution of eqns (6) and (7) below with the

zeta potential as the fitting parameter (f = +60 mV, +25 mV, 280 mV

for pH = 5.0, 6.0, 7.3, respectively).
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Theoretical analysis of the diode pump

The interpretation of the data for the diode pump is based on a

separate theoretical analysis of the pump region and the rest of

the rectangular loop channel [see Fig. 1(a)]. In the following

section, we first consider the electroosmotic vortex generation

between the diodes and then the resulting macroscopic

circulation in the remaining channel section.

The diode pump with electroosmotic flow between a pair of

the parallel-oriented diodes in low pH solutions is sketched in

Fig. S1.{ The electroosmotic flow between the two diodes is

opposed by the viscous resistance of the fluid in the rest of the

channel, which induces a counterpressure gradient across

the diodes’ ends. This results in the backflow in the middle of

the channel between the diodes and the complex shape of the

fluid velocity profile. This flow pattern is broadly similar to the

electroosmotic flow combined with pressure-driven flow such

as in closed tube electroosmosis.49–51

The counterpressure, DP, compensating for electroosmotic

flow in a capillary is given by a balance of viscous and

electrical body forces,50

DP~
32e0efL

d2
0

E (4)

where d0 and L are the diameter and length of a capillary. The

rectified DC field (Ed) across a diode under an external AC

field was derived from eqn (1),

Ed~
1

2
Eext{Ed0ð Þ (5)

Assuming that the cross-section of the channel is rectangular

(the actual shape of the channel cross-section is slightly

trapezoidal) and after substituting eqn (5) into eqn (4), we

obtain a formula for the pressure difference created across the

diode pump as a function of the external AC field,

DP~PA{PB~
16e0efl

d2
h

Eext{Ed0ð Þ (6)

where PA and PB are the average pressures acting on planes A

and B in Fig. S1, respectively, and dh is the hydraulic diameter

of the channel defined as the channel cross-sectional area

divided by the wetted perimeter.52

The pressure drop across the diode pump also creates

pressure gradients through the whole channel, which give

a rise to fluid motion. The fully developed velocity

profile in a microchannel with rectangular cross-section is

given by53,54

vz x,yð Þ~ DP

2mlT
b2{y2{

4

b

X?

n~0

{1ð Þn 1

m3

cos my cosh mx

cosh ma

 !

m~
p 2nz1ð Þ

2b

(7)

where DP is the pressure drop along the microchannel, a and b

are the half of channel width and height, respectively, and lT
is the channel length, which can be considered to be the total

length of the rectangular loop channel after subtracting the

diode body length.

Introducing eqn (6) into eqn (7), we obtain a formula for the

macroscopic flow profiles pumped by the diodes, which

linearly depends on the external AC electric field. After sub-

stituting the physical parameters of the liquid phase, we plot

the maximum velocity vz(0,0) with one fitting parameter – the

zeta potential for each experimental condition (Fig. 2). The

fitted zeta potential values are reasonable, as typical magni-

tudes of f are of the order of 100 mV or lower. The macro-

scopic flow velocities measured experimentally at position (ii)

in Fig. 1(a) can be considered as fully developed because

channel entrance effects are negligible. The theoretical calcula-

tions of the macroscopic flow induced by the diode pump are

in good agreement with the experimental data (Fig. 2). The

velocity of the liquid pumped by the diodes decreases as pH

increases. Once pH exceeds the pI of the diode surface, the sign

of the zeta potential reverses. The electroosmotic pressure

gradient through the channel is in the opposite direction at this

higher pH, resulting in the pumping in the reverse direction.

The efficiency of the diode pump presented here does not

depend on the AC frequency. This was already verified in the

study of self-propelling semiconductor diodes whose motility

showed no correlation with the AC field frequency in the range

from 10 Hz to 40 kHz. This is a major difference with the AC

electrohydrodynamic pumps, which have an optimal range of

frequencies (5–17 kHz for the maximum flow rate).23–27,44,55

The integration of our diode pumps into devices with micro-

channels may be simple and straightforward. Single miniature

diodes can be used to locally pump and control fluids at

specific positions in the chip, while multiple diodes in

organized arrays with large surfaces may increase the power

of the AC-driven pumps.

Numerical simulation of fluid flows in diode pumping

The diode-driven flow velocity distribution in the two-dimen-

sional (2D) rectangular loop channel as shown in Fig. 1(a) was

simulated to compare to the experimentally observed profile

using the COMSOL Multiphysics 3.3 package (COMSOL,

Burlington, MA) (see ESI{ for details of the simulation).

The computed flow profiles between the diodes at the

channel wall for f = +60 mV and Eext = 80 V cm21 are shown

in Fig. S2(a).{ The velocity vectors near the diode surfaces are

oriented in the same direction, toward the cathodes of the

diodes. The flow in the middle of the channel is in the reverse

direction due to the loop channel counterpressure, which is in

good agreement with the experimental flow pattern. However,

there is a net flow in the direction of the electroosmotic flow

since the flux at the diode walls is greater than the back flux in

the centre. This net flow is conserved along the loop channel

due to the fluid incompressibility and is exactly equal to the

bulk flow rate far from the diodes. We observed a faster rate

of vortex rotation between the diodes at the larger external

fields during the pumping experiments. Similarly, the velocity

of the reverse electroosmotic flow between the diodes in the

simulations also increased with the magnitude of external AC

field [Fig. S3(a){].

The simulation results for the liquid motion in other channel

sections confirm the presence of macroscopic circulation

through the closed rectangular channel in the direction of
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the electroosmotic flow on the diode surfaces [Fig. S2(b){]. The

velocity of the circular flow pumped by the diodes obtained in

the simulations is plotted as a function of the external electric

field in Fig. S3(b).{ The simulated velocity of the circulation

also shows a linear dependence on the external AC field, in

correlation with our experimental measurements, with slightly

lower values than the experimental data. This discrepancy

of the velocities might come from the restriction of this

simulation to 2D domains. Nevertheless, the simulation results

are in a good agreement with the experimental data and

support the mechanism of pumping driven by the localized

electroosmotic flow engendered by the diodes.

Diode mixing experimental results

The flow that developed down the Y-shaped channel in

Fig. 1(b) was laminar in the absence of AC field and only

subject to mixing by molecular diffusion across the interface.

When an AC electric field was applied, the two streams

between the diodes formed a vortex that led to intensive

mixing. The origin of the transverse flow within the diode

mixing chamber is schematically shown in Fig. 3(a). The

combination of pressure and electroosmotic flows creates a

vortex inside the diode mixer, dramatically improving the

mixing efficiency. The active stirring flow led to larger inter-

facial area between two laminar flows, which reduced the

mixing time for a given fluid volume.9,34 A series of typical

confocal microscope images of fluid motion inside the diode

mixer under the AC field is presented in Fig. 3(b). The dyna-

mics of the process is well visualized in Movie 4 in the ESI.{
The efficiency of the diode mixer was characterized from the

confocal micrographs collected in the microchannel down-

stream of the Y-junction. The channel cross-sectional images

were converted into grayscale, representing the concentration

distributions of the fluorescent dye in the channel. The

fluorescence intensities were analyzed using image analysis

software supplied with the confocal microscope. The micro-

graphs at a distance of 2.5 mm after the diode mixer showed

that the two streams in the channel were clearly separated

before applying the AC external field, while the red fluorescent

colour was almost uniformly distributed through the channel

after the AC field was turned on. The fluorescence intensity

averaged across the channel width obtained from the confocal

micrographs confirmed that the vortex flow induced by the

diodes increased the mixing of two laminar flows, as shown in

Fig. 4(a).

The degree of mixing was evaluated with a mixing index

calculated as the standard deviation of the fluorescence

intensity in the experimental confocal images,34

Mixing index~

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

X Ik{I0

I0

� �2
s

(8)

where N is the total number of pixels of a scanned image, Ik is

the intensity of a pixel k and I0 is the average intensity over

all pixels in the image. The mixing index is equal to 1 for

an unmixed state and 0 for a fully mixed state. The mixing

index in the microchannel was plotted as a function of

channel length under the different magnitudes of applied

AC field [Fig. 4(b)]. Increasing the AC field significantly

improved the mixing efficiency within the diode mixer. The

two laminar streams showed a level of ca. 80% mixing at

2.5 mm downstream for the diode mixer under 150 V cm21 of

the AC field, while the mixing in the absence of AC field was

only ca. 20%.

The channel length necessary to obtain the same mixing

index by pure diffusion only (Pe # 1.2 6 103 for the

molecular diffusivity of fluorescent dye, D # 10210 m2 s21

from the literature34,41), would be Dymix # Pe 6 l = 68 cm.

The experimental data in Fig. 4(b) demonstrate nearly com-

plete mixing within 2 cm from the position of the diode mixer.

The diode-driven microfluidic mixing is strongly dependent

on the overall flow rate through the device. As the pressure-

driven flow velocity increased, the mixing efficiency decreased

(Fig. S4{). This is not surprising because at higher flow rates

the fluid spends less time in the mixing chamber. The present

diode mixer is very effective for laminar flows with a low Péclet

number (Pe , 2.2 6 103). For comparison, most passive

mixers operate well at high Péclet number flows (Pe .

104).9,10,41 The diode mixer efficiency can be improved at high

flow speeds by fabricating a series of diode mixers on the

channel or reducing the channel dimensions. All mixers can be

Fig. 3 Microfluidic mixing in the channel with two oppositely

oriented embedded diodes. (a) Schematic of the generation of the

localized electroosmotic flow in the diode mixer. Two oppositely

directed ionic fluxes on the diode surfaces create crossover flows

leading to mixing inside the chamber. The diodes and channel

geometry are not to scale. (b) Typical confocal micrographs of the

microfluidic flows in the diode mixer, after an AC external field was

applied through the channel at t = 0 s. See also Movie 4 in the ESI.{
The AC external field applied was 133 V cm21 and 1 kHz. The scale

bar in (b) is equal to 500 mm.
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conveniently and rapidly turned on and off remotely, but

switching on and off the AC field.

Numerical simulation of the diode mixing process

The electroosmotic flow from diodes with opposite orientation

leading to the mixing was also studied by numerical simula-

tions using the COMSOL software (see the ESI{ for details of

the simulation). The concentration distributions of uncharged

species and the flow profiles were calculated in the 2D

projection of the microchannel [see Fig. 1(b)].

The simulated concentration distributions and stirring

flow profile within the diode mixer at an external AC field

of 133 V cm21 are shown in Fig. 5. Movies of a dynamic

simulation for mixing driven by the diodes along the whole

length of the channel and in the mixing chamber are available

in the ESI{ (Movies 5 and 6). The well homogenized solutions

flow downstream from the diode mixer [top image of Fig. 5(a)].

At early mixing times, transverse fluid components arise at the

diode mixer driven by the up-cross flow toward accelerated

flow region [bottom images of Fig. 5(a)]. The resulting vortex

leads to mixing within the diode chamber. The velocity vectors

in the diode mixer provide further details of the oppositely

directed electroosmotic flows on each diode surface and the

convective mass transfer across the interface of the two

laminar flows in Fig. 5(b). The images and movies of the

experiment and simulation for the mixing are well correlated

and confirm that the miniature diodes can significantly

enhance the micromixing in a simple device that operates on

demand under an external AC field, without any additional

moving components or complex channel structures. The

mixing efficiency can be increased further by using multiple

diodes generating flows with different directions, dimensions

and intensities, resulting in chaotic-like flow patterns.

Conclusions

The new class of electrohydrodynamic techniques presented

here allows manipulation of fluids on the microscale by on-

chip integration of microfluidic and electronic components.

The results prove that oriented diodes placed at specific

locations in a microfluidic network enable facile and con-

trollable pumping or mixing under an external AC field. The

theoretical model and the numerical simulations for the

electrohydrodynamic flows and material transportation in

the microchannel systems were in good agreement with the

experimental data. The technique and the results from the

theoretical and numerical analysis can be used to design and

Fig. 4 (a) Mean fluorescence intensity of the confocal images for the

distribution of neutral fluorescent dye in the cross-section of the

channel at a distance of 2.5 mm from the diode mixer at Eext = 0 and

150 V cm21. (b) Mixing index at different AC fields calculated as a

standard deviation of fluorescence intensity in cross-sectional confocal

images as a function of the distance from the Y-shaped channel

junction. All experimental conditions are the same as in Fig. 3.

Fig. 5 Simulations of the mixing process in a microchannel with

oppositely oriented diodes. (a) Concentration distribution in the whole

microchannel (top); a series of mixing images within the diode chamber

after initial times (bottom). (b) Computed steady-state flow profile and

concentration distribution within the diode mixer at 300 s. The

magnitudes of the velocity vector are represented by the length of the

arrows. Colours show the concentration distribution. The results

confirm the creation of crossover flows resulting in enhancement of

microfluidic mixing. See also ESI Movie 5 for the mixing in the whole

channel and Movie 6 for the mixing inside the diode mixer.{

122 | Lab Chip, 2008, 8, 117–124 This journal is � The Royal Society of Chemistry 2008



operate new types of microfluidic chips and mTAS devices

for injection, mixing and separation of colloidal particles,

proteins, DNA, or cells. The miniature diodes can de used

in distributed local pumps and mixers in dynamically recon-

figurable chips. They can be easily combined with detection

and analysis components and simultaneously powered by a

global AC electric field.
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