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Abstract Performances of a magnetic particle driven

micromixer are predicted numerically. This micromixer

takes advantages of mixing enhancements induced by

alternating actuation of magnetic particles suspended in

the fluid. Effects of magnetic actuation force, switching

frequency and channel’s lateral dimension have been

investigated. Numerical results show that the magnetic

particle actuation at an appropriate frequency causes

effective mixing and the optimum switching frequency

depends on the channel’s lateral dimension and the ap-

plied magnetic force. The maximum efficiency is obtained

at a relatively high operating frequency for large magnetic

actuation forces and narrow microchannels. If the mag-

netic particles are actuated with a much higher or lower

frequency than the optimum switching frequency, they

tend to add limited agitation to the fluid flow and do not

enhance the mixing significantly. The optimum switching

frequency obtained from the present numerical prediction

is in good agreement with the theoretical analysis. The

proposed mixing scheme not only provides an excellent

mixing, even in simple microchannel, but also can be

easily applied to lab-on-a-chip applications with a pair of

external electromagnets.

Keywords Magnetic particles � Micromixing �
Microfluidic � Magnetic actuation

List of symbols

A cross-section area of the microchannel (m2)

Ap cross-section area of the particle (m2)

B magnetic flux density (Tesla)

C dimensionless concentration

CD drag coefficient

D diffusion coefficient (m2/s)

F force (N)

f switching frequency (Hz)

fcr critical switching frequency (Hz)

H channel height (m)

He magnetic field strength (A/m)

HM electromagnet thickness (m)

I current (A)

L streamwise dimension or length (m)

m particle mass (kg)

M magnetization of the particle (A/m)

P pressure (N/m2)

Pe peclet number (ReSc)

r particle radius (m)

Re Reynolds number (UWqf/g)

Sc Schmidt number (g/qfD)

St Strouhal number (Wf/U)

S distance between two parallel electromagnets (m)

t time (s)

T period, 1/f (s)

U relative velocity between the fluid and particle along

y direction (m/s)

V volume (m3)
~V fluid’s velocity vector

~v particles’ velocity vector

W lateral dimension or width (m)
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x streamwise coordinate of the microchannel

y lateral coordinate of the microchannel

z coordinate in the direction normal to the x–y plane

Greek

g dynamic viscosity of the fluid (kg/m s)

q density (kg/m3)

v magnetic susceptibility of the particle

ge mixing efficiency (%)

l permeability (N/A2)

Subscript

d drag

f fluid

m magnetic

M electromagnet

o prior mixing stage or medium

p particle

r relative

s magnetization saturation

¥ complete mixing state

1 Introduction

Rapid mixing of two or more analytes is essential for many

microfluidic systems used in biochemical analysis, immu-

noassays, and DNA analysis. Rapid mixing is also neces-

sary for microreactors that involve complex chemical

synthesis. However, in most microfluidic systems, the flow

is laminar with very low Reynolds number; the mixing is

dominated by the diffusion. In the absence of turbulent

flow, complete and homogeneous mixing of fluids might

take very long time, and requires large channel length. In

particular, for analyte solutions containing large molecules

such as DNA and proteins, the mixing of two solutions

becomes very inefficient because the diffusion coefficients

are in the order of 10–10 m2/s or less.

Numerous micromixers have been designed in order to

enhance the micromixing. These micro mixers fall into two

categories, namely, active mixers and passive mixers.

Passive mixers have no moving parts, and achieve mixing

by virtue of their structure or topology alone. Using passive

structures, the fluids are forced to change directions, split

or reunify, to increase the contact areas of the sub-streams

(Bessoth et al. 1999; Hong et al. 2004; Losey et al. 2002;

Mengeaud et al. 2002). As the microchannel dimensions

are scaled down to smaller values, larger flow impedance

will be generated, which lead to significantly lower flow

rate. So far, most passive mixers reported only show rel-

atively high mixing efficiency at low flow rate. Active

mixers, however, can produce excellent micromixing by

incorporating external energy in the flow. A variety of

active mixing schemes have been studied in microfluidic

devices to enhance the mixing efficiency. These include

ultrasonic excitation (Yang et al. 2001), mechanical stirrers

(Lu et al. 2002; Ryu et al. 2004), thermal bubble mixing

(Tsai and Lin 2002), dielectrophoretic mixing (Deval et al.

2002), bubble acoustic agitation (Liu et al. 2002), shear

superposition micromixer (Bottausci et al. 2004), etc.

While active micromixers can produce excellent mixing,

they are often difficult to operate, fabricate or integrate to

microfluidic chips. Electrokinetic mixers are favorable

among active micromixers because of their simplicity and

ease of integration to microfluidic chips (Biddiss et al.

2004; Jacobson et al 1999; Oddy et al. 2001; Santiago

2001; Wang et al. 2007; Xuan and Li 2005). However, they

require the use of high electrical potentials, which may

cause significant impair to the cells or bioorganisms

(McClain et al. 2001).

Active micromixers utilizing magnetic forces represent

another important class of mixing possibility (Hessel et al.

2005; Nguyen et al. 2005). Although magnetic microstir-

rers enable efficient mixing, they typically involve moving

parts and are difficult to package and seal (Lu et al. 2002;

Ryu et al. 2004). Magneto-hydro-dynamics (MHD) mi-

cromixers (West et al. 2002) utilize Lorentz force to agitate

fluids and induce secondary complex chaotic flows. How-

ever, Lorentz force is proportional to the fluid volume, as

the microchannel dimensions are scaled down to smaller

values, the agitation force is too small to induce sufficient

chaos. In addition, MHD mixers can only be used for

conductive fluids.

Recently magnetic particle actuation has received great

interest because of its potential application in the field of

micro biological assay system (Pamme 2006; Zborowski

et al. 1999). The sub-streams containing target molecules

and the magnetic particles are mixed so that target cells

or molecules are specifically bonded to magnetic beads

coated with antibody (Hayes et al. 2001). Consequently

the magnetically labeled biomolecules can be separated

and analyzed. Mixing of fluids containing magnetic beads

and biological solutions are critical for the microfluidic

devices targeted at these applications. Actuated by mag-

netic forces, the suspended magnetic particles can add

agitation and chaotic advection in the fluid flow and thus

enhance the mixing (Rida and Gijs 2004a; Suzuki et al.

2004). Typically, there are two ways to actuate magnetic

particles: (1) use of on-chip planar electrodes or 3D micro

electromagnets, (2) use of macro-sized external permanent

magnet or electromagnet. Suzuki et al. (2004) developed

a magnetic micromixer with embedded planar electrodes
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at the bottom of the channel. With the weak magnetic

field generated by these planar electrodes, the induced

chaotic advection is small and the enhancement of the

micromixing is limited. To increase the magnetic force,

one has to fabricate large aspect ratio planar electrodes to

carry a large current. Zolgharni et al. (2007) designed a

micromixer using embedded serpentine electrodes with a

cross section of 50 lm (height) by 25 lm (width). A

maximum mixing efficiency of 85% was predicted at an

applied current of 750 mA. However, large aspect ratio

planar electrodes for carrying a large electric current will

need complicated microfabrication process, and will cause

large heat dissipation to the fluid. Another way to gen-

erate large magnetic actuation forces is to fabricate 3D

micro magnetic actuation structures (Rida and Gijs 2004a,

b; Rong et al. 2003). The magnetic actuation structure

developed by Rida and Gijs not only creates large agi-

tation forces but also provides a modulated magnetic field

in the streamwise direction, which can retain magnetic

particle in the microchannel longer and, hence, further

enhance the micromixing. However, the fabrication of this

micromixer is complicated. To circumvent this problem,

macro-sized external electromagnets are chosen for this

study, which are commonly used in cell sorting and

separation applications (Zborowski et al. 1999). In this

paper a magnetic particle driven micromixer with a sim-

ple actuation configuration is studied numerically. This

micromixer takes advantages of mixing enhancements

induced by time-dependent magnetic particle actuation. In

order to obtain a high mixing performance, the effects of

magnetic force and switching frequency of magnetic field

are investigated. Unlike the superposition method utilized

by Suzuki et al. (2004), a multi-physics model that

simultaneously solves the magnetic particle motion and

fluid flow is utilized in this study.

2 Principle and design of the magnetic micromixer

Figure 1a shows the schematic view of a magnetic mi-

cromixer considered in this study. The magnetic microm-

ixer consists of a pair of macro-sized external

electromagnets that are placed to face each other vertically,

and a microchannel located in the middle of the two

electromagnets. Application of current to one electromag-

net creates large magnetic force and magnetic gradients in

the microchannel. When magnetic particles are loaded to

the microchannel, they are polarized and subjected to the

magnetic forces in the lateral direction (y-direction, parallel

to the gravity direction) by the external magnetic field. The

magnetic forces actuate the magnetic particles to move in

the y-direction of the microchannel. When this electro-

magnet is switched off and the other electromagnet is

turned on, the magnetic forces on the particles change

directions and drive the particles to move to the reverse

direction. By switching the electromagnets on and off

alternatively as shown in Fig. 1b, one can generate periodic

magnetic forces that agitate the magnetic particles to

oscillate along the y-direction of the microchannel. The

mixing in the microchannel is thus improved due to the

interaction of the fluids and magnetic particles.

Each electromagnet can be formed by winding copper

wires (0.1 mm in diameter, 80 coil turns) on a 99.95% pure

iron core. The relative permeability of the electromagnet is

approximately 1.3 · 104 (ASM Committee on Magneti-

cally Soft Materials 1964) when the applied magnetic field

He is in the range of 0.2–2 Oe, which is the case in our

study. The usage of the iron core is to magnify the mag-

netic field by its relative permeability in the vicinity of the

electromagnet. The electromagnet considered here is 8 mm

long quadrangular whose cross section is 2 cm · 2 cm,

and is much larger than the microchannel. The micro-

channel is placed in the middle between these two elec-

tromagnets, and is 1.0 cm (S) away from the pole of each

electromagnet. The microchannel under consideration is

sketched in Fig. 1c. Two fluids are loaded into the mixing

channel through two inlet channels (not shown in the fig-

ure) connected to the horizontal mixing channel. Inlet 1

brings buffer solution of scalar concentration C = 0, while

inlet 2 feeds sample solution of scalar concentration C = 1

with seeded magnetic particles. By switching (on and off)

current to the two electromagnets alternatively, we are able

to apply time dependent agitation forces that induce the

oscillation of the magnetic particles in the mixing region.

In this work, the computational domain will be the mi-

cromixing channel. The streamwise dimension of the mi-

crochannel is L = 1,000 lm and the dimension

perpendicular to the x–y plane is H = 100 lm. The mi-

crochannel’s lateral dimension, W is varied from 100 to

300 lm.

3 Magnetic force calculation

The magnetic force exerted on the magnetic particles can

be calculated by the following equation:

~Fm ¼ Vpð~M � rÞ~B ð1Þ

where ~Fm is the magnetic force, Vp is the particle volume,
~M is the magnetization of the particle, and ~B is the flux

density generated by the external electromagnets. Equation

(1) indicates that a large magnetization and magnetic flux

density are needed to obtain a large magnetic force. Para-

magnetic particles CM-10-10 (from Spherotech Inc.), a soft

magnetic material particle, are considered in this study.
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These paramagnetic particles are selected because they

have high saturation magnetization and they are commonly

used in the micro cell sorting applications (Suzuki et al.

2004). The hysteresis loop of the paramagnetic particles is

illustrated in Fig. 2, which consists of a linear region and a

saturation region. In the linear region where the external

magnetic field is weak (B < 0.06 T), the magnetization is

proportional to the magnetic field. In the saturation region

where a strong magnetic field is applied (B > 0.06 T), the

magnetization reaches saturation and can be considered a

constant (Ms = 3.363 · 105 A/m). Here we use electro-

magnets to generate a strong magnetic field in y direction

(By > 0.06 T). Note that the other two components Bx and

Bz are negligible compared to By under the current con-

figuration as described later. Thus the suspended particles

are saturated in the y-direction with a constant magnitude

Ms. The properties of the paramagnetic particles are listed

in Table 1.

The magnetic field generated by the electromagnet is

calculated by CFD-ACE+ (ESI Group, Huntsville, AL).

Figure 3a shows the numerical results of the nondimen-

sional Bx, By and Bz along the centerline that connects the

two magnetic poles (y-direction), when the applied current

is 50 mA. Bx, By and Bz are normalized by the magnetic

field BM at the surface of the electromagnet, which is 2.27

Tesla in this case. For convenience, we defined a separate

Cartesian coordinate x1, y1, z1 as shown in Fig. 3a, where

x1 ¼ x; y1 ¼ y� S� HM=2; z1 ¼ z: The electromagnet

width LM = 2 cm is used as the reference to normalize the

axis. To validate the magnetic flux density calculation by

CFD-ACE+, the analytical solution of nondimensional By

(Furlani 2001) along the axis of a rectangular electro-

magnet (8 mm long, 2 cm wide and 2 cm thick) is also

shown in Fig. 3a. The analytical solution and numerical

solution are found to be in excellent agreement.

The magnetic field at the microchannel location is pre-

sented in the inset of Fig. 3a for clarity. It is obvious that in

the mixing region By is dominant, and Bx and Bz can be

neglected. Hence the magnetic actuation forces in the x-

and z-directions (Fmx and Fmz) are negligible. Considering

the magnetization saturation in the y-direction, Eq. 1 can

be simplified as:

 (a)  

(b) 

Time 
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Time 
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Fig. 1 Schematic diagram of a magnetic micromixer; b time-

dependent current applied to the electromagnets; c mixing micro-

channel
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Fig. 2 Hysteresis loop for the paramagnetic particles (Spherotech

CM-10-10). Redrawn based on the original B-H hysteresis loop

provided by Spherotech, Inc

Table 1 Property of the magnetic particles CM-10-10

Susceptibility of the particle vp 11.3

Particle radius rp 0.5 · 10–6 m

Particle volume Vp 5.236 · 10–19 m3

Particle density qp 1,580 kg/m3

Particle mass mp 8.27 · 10–16 kg
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Fmy ¼ VpMs
oBy

oy
ð2Þ

where Ms is the saturation magnetization of the particle.

Figure 3b shows the magnetic actuation force along the

channel’s lateral direction (y-direction), showing a slight

decrease from 16.64 to 16.46 pN across the microchannel.

Because of the usage of large electromagnets, the magnetic

actuation forces do not vary along the channel length and

the channel height. The resulting magnetic actuation forces

are also presented for an applied current of 25 and 5 mA.

To simplify the model, the applied actuation forces on

magnetic particles are considered constant in the micro-

channel and are imported to the particle motion equation. It

is worth to note here that although the magnetic field/force

calculation is based on the specific electromagnets, it is

possible to generate 1–100 pN magnetic actuation forces

on magnetic particles using the configuration similar to the

one shown in Fig. 1 (Gijs 2004; Pamme 2006).

4 Mathematic model and boundary conditions

4.1 Mathematical model

The behavior of incompressible liquid is governed by the

continuity and modified Navier-Stokes equations:

r � ~V ¼ 0 ð3Þ

qf

o~V

ot
þ ð~V � rÞ~V

 !
¼ �rPþ gr2~V þ ~Fdð~r; tÞ ð4Þ

where ~Fdð~r; tÞ is the drag force exerted by the magnetic

particles, and is dependent on time t and position

~rðx; y; zÞ; ~V is the velocity vector of fluids; qf is the

density of fluid; P is the pressure and g is the dynamic

viscosity of the fluid. The motion of the magnetic particles

is governed by the Newton’s second law:

mp
d~v

dt
¼ ~Fd þ mp~gþ ~Fm ð5Þ

where

~Fd ¼ CDqf ð~V �~vÞ ~V �~v
�� ��Ap

2
: ð6Þ

In our work, ~Fm is significant only along the y direction,

i.e., only Fmy exists. CD is the drag coefficient; ~V is the

velocity vector of the magnetic particles and Ap is the

cross-section area of the particles. The calculation of the

applied magnetic field and force has been described in

Sect. 3. The gravity force of each magnetic particle is

8.1·10–3 pN. In comparison to the magnetic actuation

forces considered in this study (1.66 pN–16.6 pN), the

gravity force is neglected in Eq. 5.

The mass transport equation of the sample and buffer is

described as:

oC

ot
þ ~V � rC ¼ Dr2C ð7Þ

where C is the dimensionless concentration. To evaluate

the mixing rate at a particular cross-section, a parameter

called mixing efficiency (ge) is defined as the following:

ge ¼ 1�

RA=2
�A=2 C � C1

�� ��dA

RA=2
�A=2 C0 � C1

�� ��dA

0
B@

1
CA� 100% ð8Þ
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Fig. 3 a Magnetic flux density generated by the electromagnet along

the centerline that connects the two magnetic poles (z = 0). The

analytical solution is based on a rectangular electromagnet (2 cm ·
2 cm · 0.8 cm), The baseline BM is 2.27 Tesla and 2.4 Tesla for

numerical and analytical solutions, respectively. Here,

x1 ¼ x; y1 ¼ y� S� HM=2; z1 ¼ z: b Magnetic actuation force

exerted on the particles along the channel length
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where A is the cross section area of the microchannel, C¥ is

the concentration at the ideal (complete) mixing at the outlet,

which is 0.5 for our case, and C0 is the concentration at the

inlets for completely unmixed buffer or sample (0 or 1).

4.2 Boundary conditions and initial conditions

The computational domain is L (streamwise direction) · W

(lateral direction) · H (direction normal to x–y plane),

where L = 1,000 lm, H = 100 lm and W varies from 100

to 300 lm. At the inlet of the mixing microchannel, both

the buffer and sample fluids enter the microchannel (see

Fig. 1a) with same inlet velocity at 1 mm/s. The mixing of

the two fluids takes place in the microchannel by diffusion

only. The fully developed fluid flow field and concentration

(Fig. 4a) by diffusion are set as the initial conditions for the

subsequent numerical studies. No-slip boundary conditions

are applied on all channel walls. At the channel outlet, the

atmospheric pressure P = P0 is applied. At t < 0, no par-

ticles are loaded to the microchannel. To simulate that the

particles are uniformly distributed in the sample fluids,

starting from t = 0 the particles (red dots) are injected from

the nine locations of the bottom half channel. As repre-

sented in Fig. 4b, all peripheral locations where particles

are injected are 1 lm away from the channel wall. The

particle’s mass flow rate is set at 9 · 10–12 kg/s (volume

flow rate: 5.7 · 10–15 m3/s). This is converted to a volume

ratio of 0.057% for the microchannel considered in this

study. The initial velocities of the magnetic particles are

the same as the sample solution.

5 Numerical scheme and validation

5.1 Numerical scheme

Superposition method is typically adopted to solve the

motion of the magnetic particles in the fluid (Suzuki et al.

2004), i.e., the flow velocity field is solved first and then

the particle velocity relative to the fluid flow is calculated

using Stokes equation. The two velocities are superim-

posed to obtain the particle trajectory assuming the motion

of the magnetic particles does not affect the fluid field. This

model tends to have larger errors if a large number of

magnetic particles are used because the oscillation of many

magnetic particles induces the lateral velocity of the fluid,

which causes the enhancement of the micromixing. In our

numerical work, we simulated the mixing by solving

magnetic particle equations and flow equations simulta-

neously. Each particle’s initial position and velocity are

specified. After the particle enters the actuation region, its

trajectory and the fluid flow field will be coupled due to the

drag force between them. The solution procedure of this

coupling problem is given by the flow chart in Fig. 5a. The

Spray module of CFD-ACE+ is utilized for the numerical

work. Details of the Spray module can be obtained from

references (Crocker et al. 2001) and (CFD-ACE+ V2006

help documentation, Spray module). Recently Spray

module has been used in numerical simulation of spray

combustion (Crocker et al. 2001) and chemical vapor

deposition process (Bouteville 2005). The flow chart of the

numerical scheme is sketched in Fig. 5b.

5.2 Model validation

5.2.1 Comparison to the theoretical solution

For validation study, a 1-lm single paramagnetic particle

(properties are listed in Table 1) is injected from the lower

left corner of a straight microchannel and is actuated by a

magnetic field perpendicular to the flow direction, as

shown in Fig. 6a. The dimensions of the 2D microchannel

are L = 1,000 lm and W = 100 lm. This model has an

analytical solution (Berthier and Silberzan 2006) with the

following assumptions:

(a) Fluid flow field is not affected by the presence of a

magnetic particle because of the limited agitation by a

single particle.

(b) External magnetic field and gradient are only along

the channel’s lateral direction (y direction), so is

the magnetic force. In our study, we apply

By ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðyþ 50� 10�6Þ

p
;

where y is measured in meter. We assume that the

properties of the carrier electrolyte fluids are the same as

that of water, which are listed in Table 2. The inlet velocity

is set at 1 mm/s. To simplify the model, gravity force of the

magnetic particles is neglected in both the analytical

solution and the numerical work.

Based on above assumptions, the fluid velocity between

two parallel plates is

(a)

(b)

1µm

1µm

50µm

100µm

Fig. 4 a The fully developed concentration field is used as the initial

condition for the subsequent numerical studies; b initial positions of

particles in the computational domain. The magnetic force is parallel

to the gravity force direction
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VxðyÞ ¼
3

2
V0 1� 4y2

W2

� �
: ð9Þ

The magnetic force (along the y-direction) and the

hydrodynamic drag force (along both x and y directions)

on particles are given in Eqs. 10 and 11, respectively:

Fmy ¼ VpMy
oBy

oy
¼

VpvpBy
oBy

oy

l0lr

ð10Þ

Fdx ¼ �6pgrpðvx � VxÞ and Fdy ¼ �6pgrpðvy � 0Þ:
ð11Þ

Here the magnetic particles are not saturated because the

applied magnetic field is weak. A linear relationship

between its magnetization and external magnetic field is

held (shown in Fig. 2). The governing equation for the

particles can be decomposed into two parts along different

directions:

(a)

End

Start

Initialize particle’s position (xp, yp and zp) and velocity (vpx, vpy and vpz)

Substitute particle’s velocity to the drag force between the 

particle and the fluid: 
2

)( p
fDd

A
vVvVCF −−= ρ  (Eq. 6) 

Recalculate the drag force Fd between the particle
and the fluid (Eq. 6) 

Solve particle’s trajectory xp, yp and zp

Solve flow field V (Vx, Vy, Vz) by Continuity and Navier-
Stokes equations (Eq. 3 and 4) using SIMPLEC algorithm 

Solve particle’s velocity v  with its governing 
equation (Eq.5) 

Are V and v converged? 

Yes

No

(b)

End

Start

Calculate ),,( zyxB , ),,( zyxB∇

Calculate magnetic force on the particle: 
∂By

∂y
MVF spmy = , Substitute myF  into Eq. (5) 

Solve both flow field V and particle velocity v
by coupling Equations (3), (4) and (5) 

Solve fluid concentration field C using Eq. (7) 

Compute mixing efficiency with Eq. (8) 

Fig. 5 Flow chart for a fluid-

particle coupling and

b magnetic mixing scheme used

in this study
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)1050(2 6−×+= yBy
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 y 

Fig. 6 Numerical model validation: a schematic diagram of the 2D

microchannel. The particle is initially located at the left bottom corner

of the microchannel; b comparison of particle trajectories obtained by

numerical simulation and analytical solution. Particle trajectory is

recorded at every 0.2 s

Table 2 Property of the fluid studied in current model

Permeability of free space l0 4p · 10–7 N/A2

Relative permeability of the fluid lr 1.0

Carrier fluid density qf 1,000 kg/m3

Carrier fluid dynamic viscosity g 1 · 10–3 kg/m s
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mp
dvx

dt
¼ Fdx ¼ �6pgrpðvx � VxÞ ð12Þ

mp
dvy

dt
¼ Fdy þ Fmy ¼ �6pgrpvy þ

VpvpBy
oBy

oy

l0lr

: ð13Þ

Solutions of Eqs. 12 and 13 lead to the following particle

velocity profiles:

vx ¼ vx0e�c
1
t þ Vxð1� e�c

1
tÞ ð14Þ

vy ¼ vy0e�c
1
t þ c2

c1

ð1� e�c
1

tÞ ð15Þ

where c1 = 6p grp /mp and c2 ¼
VpvpBy

oBy
oy

l0lr

�
mp:

At the beginning (t = 0 s), the particle is located at the

left corner of the channel wall and hence the particle’s

velocity vx0 and vy0 are zero. Based on the afore-mentioned

initial conditions, the final particle trajectory is obtained:

x ¼ � 2V0

W2

c1

c2

yp y2
p �

3

4
W2

� �
�W

4

3
� �

: ð16Þ

Figure 6b depicts the particle trajectory calculated by

Eq. 16.

Simulation of the particle trajectory using CFD-ACE+

has also been conducted. The 2D simulation model utilizes

3,762 cells. It can be seen that during the time period from

t = 0 s to t = 0.2 s, the particle’s trajectories predicted by

the analytical solution and the numerical model are in good

agreement.

Mesh independence test of the numerical scheme was

also performed. Four mesh configurations (490, 1,422,

3,762 and 9,522 cells) are tested for this validation prob-

lem, and grid-independent results are obtained on the

current mesh (3,762 cells). In the micromixer simulation,

mesh independence has also been checked. The conver-

gence criteria for all numerical results are set as 1 · 10–6.

5.2.2 Comparison to the experimental results

The numerical scheme presented in Sect. 5.1 was used to

study the performance of a micromixer reported by Rida

and Gijs (2004a). A schematic of their micromixer is

illustrated in Fig. 7a. To simulate their experimental work,

3 lm diameter paramagnetic particles are used in a 5 mm

(long) · 200 lm (wide) · 200 lm (high) channel. The time

dependent magnetic actuation forces are obtained from two

200 lm wide electromagnet poles. The magnetic particles

are agitated in the actuation region (x = 0 to x = 200 lm).

The inlet fluid flow is set at 0.5 cm/s and the magnetic

particle flow rate is maintained at 1 ll/s. A square-shaped

magnetic agitation field is applied (f = 5 Hz, By = 30 mT at

the centerline of the microchannel). These simulation

parameters are identical to the experimental conditions of

Rida and Gijs (2004a). Note here that in this configuration,

the magnetic particles were not saturated because of the

small local magnetic field generated between the two poles.

Three-dimensional numerical simulation is performed

using the Spray module of CFD-ACE+. The mesh inde-

pendent results are obtained by using 24,100 cells. The

fully developed fluid flow field and the concentration field

by diffusion (without particle agitation) in the microchan-

nel are set as the initial conditions for this validation study.

Figure 7b shows the simulation results of the concentration

distribution across the microchannel at the outlet

(x = 3 mm) when the mixing reaches stable condition. Our

simulation results qualitatively agree with the experimental

trend observed by Rida and Gijs (2004a). The fluorescent

intensity image reported at their experimental work is

presented in Fig. 7c.

In order to show the quantitative matching between the

experiments and simulation, the concentration variation

along the y direction at x = 3 mm is presented in Fig. 7d.

The simulation results are in good agreement with the

fluorescent measurements. The overall mixing efficiency

predicted by the simulation at this location (x = 3 mm) is

67%, while the experimental result illustrates a 70% mix-

ing efficiency. The slight difference in the mixing effi-

ciency prediction is possibly due to the measurement

uncertainty and the variation in the magnetic particle vol-

ume ratio due to the magnetic particle retention effect.

6 Results and discussion

In this section we present the mixing performances of the

magnetic mixer shown in Fig. 1a. Parameters considered in

this numerical work are applied magnetic force and

switching frequency for the electromagnets. Numerical

results are obtained based on a 3D model where the

dimension normal to the chip substrate (H) is fixed to be

100 lm. For the concentration equation, D = 10– 10 m2/s

(Sc = 104) is used in order to obtain appropriate molecular

diffusion effects in the species transport equation. In our

study, the volume fraction of the particles ranges from

0.019 to 0.057%. With such a low fraction of the particles,

the presence of the particles has negligible influence on the

fluid properties (Berthier and Silberzan 2006). The mixing

performance is evaluated by Eq. 8.

6.1 Effect of magnetic actuation forces

Many factors could affect the micromixing including (1)

applied current, (2) geometry of the electromagnet, (3)

magnetization Ms of the magnetic particles, (4) size of the

382 Microfluid Nanofluid (2008) 4:375–389

123



magnetic particles, (5) the relative position of the micro-

channel to the electromagnet. These factors determine the

actuation forces on the magnetic particles. Systematic

numerical simulations are performed to study the effect of

the magnetic actuation forces. The effect of three actuation

forces (1.66, 8.27 and 16.6 pN) are investigated. These

forces can be generated by applying a current I = 5, 25 and

50 mA to the electromagnet, as shown in Fig. 3b. The

switching frequency is set as f = 10 Hz. The particle ratio

(volume/volume) is 0.057% for all three cases. Figure 8

shows the numerical solution of the mixing efficiencies at

an intermediate position of the microchannel (x = 500 lm).

To explain the mixing mechanism due to the magnetic

particle agitation, vector field of the fluid flow inside the

microchannel is plotted in Fig. 9 under different conditions

used in Fig. 8.

For the case of small actuation force (F = 1.66 pN),

the mixing efficiency is approximately 32.5% at t = 1 s

and 48.6% at t = 2 s. This is because the magnetic forces

only allow the magnetic particles to oscillate within a

small distance in the lateral direction. Thus only a small

fraction of the magnetic particles initially located close to

the fluid interface move into the upper half of the channel

filled with the buffer solution within a limited area near

the interface (see Fig. 9). So the enhancement of the

micromixing is limited. It is expected a large magnetic

force that can cause the magnetic particles to oscillate

within the full channel in the lateral direction will en-

hance the micromixing. This can be seen from the case

where the magnetic actuation force is Fmy = 8.27 pN, the

mixing efficiency reaches 77.6% at 1 s and 98.3% at t =

2 s. With an applied current of 25 mA, the power con-

sumption for the pair of the electromagnets is 0.009 W.

Thus rapid mixing can be enabled by this simple con-

figuration. When a magnetic actuation force Fmy 16.6 pN

is applied to the magnetic particles it is found that the

mixing performance is degraded, i.e, a longer time is

required to achieve a mixing efficiency of approximately
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Fig. 7 Comparison to

experimental results:

a schematic diagram of the

fluidic structure and the

magnetic poles of an

electromagnet; b simulation

result of the fluorescence

intensity at the downstream;

c experimental results of the

fluorescence intensity at the

same location (Courtesy of Rida

and Gijs); d comparison of the

fluorescence intensity at the

channel outlet (x = 3 mm)
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97.2%. This implies that f = 10 Hz is not the optimum

switching frequency. We can increase the switching fre-

quency f to speed up the micromixing. As shown in

Fig. 8, with a magnetic actuation force of 16.6 pN and a

switching frequency of 25 Hz, at x = 500 lm, the mixing

efficiency reaches 97.7% within 1.1 s, while it takes 2 s

to reach the same mixing efficiency under a switching

frequency of 10 Hz. This is because a large actuation

force and an increased switching frequency allow more

cycles of full-range oscillation of magnetic particles within

a fixed time. However, a large switching frequency may not

work for small actuation force because of the limited travel

velocity in the lateral direction (y-direction). For example,

when Fmy = 1.66 pN, the application of a large switching

frequency (f = 10 Hz) does not induce an efficient mixing

(see Fig. 8). The above analysis on particle agitation

within the microchannel can be seen from the corre-

sponding concentration contour of five cases shown in

Fig. 10 at t = 2.0 s. The blue color represents the con-

centration of the buffer solution and the pink color rep-

resents the concentration of the sample solution. For

comparison purposes, the concentration contour of no-

magnetic-agitation case is also presented. In this case, the

micromixing is completely dependent on the diffusion and

thus has the lowest mixing efficiency.

The above numerical results imply that the maximum

efficiency will be obtained by applying a large magnetic

actuation force and an optimal switching frequency. The

optimal switching frequency is dependent on the magnetic

force, and the desired travel distance of the particles in the

lateral direction. The selection of switching frequency will

be discussed in the following section.
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Fmy = 8.27 pN, f=10 Hz

Fmy = 16.6 pN, f=10 Hz

Fmy = 16.6 pN, f=25 Hz

No agitation

Fig. 8 Effects of the magnetic

actuation force on the mixing

efficiency at an intermediate

position of the micromixer

(x = 500 lm). W = 100 lm,

Pe = 1,000

Fmy=1.66 pN,  f=10 Hz 

Fmy=16.6 pN,  f=10 Hz 

Fmy=16.6 pN,  f=25 Hz 

Fmy=16.6 pN,  f=67 Hz 

No agitation 

Fig. 9 Velocity vector field in

the central plane (z = 0,

x = 400–800 lm) of the

magnetic micromixer under

different magnetic forces and

switching frequencies described

in Fig. 8. Numerical results are

obtained at the moment before

the direction of the magnetic

force is switched. W = 100 lm,

Pe = 1,000
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6.2 Effects of switching frequency

In the magnetic mixer configuration shown in Fig. 1,

alternating magnetic actuating forces (force direction is

reversed) on the particles induce particles’ oscillations in

the microchannel. The particle oscillation brings lateral

momentum (in y-direction) to the fluid and stretch/fold

streamlines of the fluids. Hence the switching frequency is

one critical factor affecting the micromixing. Eight dif-

ferent switching frequencies are considered to optimize the

mixing performance in a microchannel with a lateral

dimension W = 100 lm. In this section, the applied mag-

netic force is fixed at 16.6 pN when the switching fre-

quency is not zero. The mixing efficiencies at an

intermediate position of microchannel (x = 500 lm) pre-

dicted by the numerical scheme are presented in Fig. 11.

For the purpose of comparison, the case with no actuation

where particles are not injected into the channel is also

plotted in the figure. The mixing efficiency is only 13.9%.

Numerical results show that at low switching frequencies

(f = 2 Hz), the mixing efficiency is quite oscillatory,

ranging from 30.9 to 68.9%. This is due to the fact that at a

low switching frequency the particles all move to the other

half of the channel and bring the surrounding fluid (sample/

buffer) to the other fluid (buffer/sample). When the parti-

cles reach the channel wall they stay there because of the

attractive magnetic forces until the other electromagnet is

switched on to generate reverse actuating magnetic force.

To reach an efficient mixing, the electromagnets have to

be switched on and off at a higher frequency. Figure 11

shows that at a switching frequency of f = 10 Hz, the

mixing efficiency reaches 72.4% at x = 500 lm at t = 1 s,

and the mixing becomes stable (ge = 97.2%) at t = 2 s.

Further increase in the switching frequency f (=14.29,

18.18 Hz) leads to the mixing efficiency of 81.8, 86.5% at t

= 1 s, and a stable mixing efficiency of 96.9 and 96.6%,

respectively, can be achieved at t = 1.4 s. At f = 25 Hz, a

complete mixing (ge = 97.7%) is achieved at approximately

t = 1.1 s. As we further increase the switching frequency,

the effective travel/oscillation range of magnetic particles

is reduced in the channel’s lateral direction, leading to a

longer mixing time. This can be seen from the mixing

efficiency curves for f = 33.33 Hz and f = 40 Hz, where the

complete mixing (efficiencies of 97.8 and 96.5%) is

achieved at approximately t = 1.3 s and t = 1.35 s,

respectively. While for the optimum switching frequency

(25 Hz), the particles can oscillate within the full range of

the channel’s lateral direction, which is important for

mixing the fluid near the wall where the diffusion is neg-

ligible. However, at a very high frequency (f = 100 Hz),

magnetic particles can only oscillate within a very limited

range near the fluid interface. The mixing efficiency dras-

tically drops to 41.7% at x = 500 lm and t = 2 s.

The contour of concentration at different time for the

case of f = 25 Hz is demonstrated in Fig. 12. At t £ 0,

with the absence of agitation of the magnetic particles,

the mixing is dominated by the diffusion and the mixing

efficiency is very low (13.9% at x = 500 lm). At t > 0

magnetic particles are injected into the microchannel and

are agitated by the time-dependent magnetic field. As

shown in Fig. 12, starting at t = 0.8 s, complete mixing is

already achieved at an intermediate location of the

channel (x = 300 lm). The average mixing efficiency

reaches 94.7% at this position. Then the well-mixed fluid

starts to fill in the downstream section, while the magnetic

particles continue to oscillate and increase the mixing

efficiency in the downstream. These results indicate that

the simple micromixing scheme, utilizing alternating

magnetic fields, offers a highly efficient mixing within a

very short time.

6.3 Critical/optimal switching frequency

for magnetic mixing

Because the goal of the magnetic micromixer is to obtain

the maximum and stable mixing of the sample and buffer

Fmy=1.66 pN,  f=10 Hz 

Fmy=8.27 pN,  f=10 Hz 

Fmy=16.6 pN,  f=10 Hz 

Fmy=16.6 pN,  f=25 Hz 

No agitation 

Fig. 10 Concentration contour

in the central plane (z = 0) of the

magnetic micromixer under

different magnetic forces and

switching frequencies described

in Fig. 8. Numerical results are

obtained at t = 2.0 s.

W = 100 lm, Pe = 1,000
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solutions, an appropriate switching frequency (the opti-

mum switching frequency) would be necessary to increase

the interfacial areas of those two fluids. There are two

factors that affect the maximum frequency: the particle

lateral travel velocity (y-direction) and the channel’s lateral

dimension W. The former is determined by the applied

magnetic actuation force. We define the characteristic

velocity as the particle’s relative velocity, U, when the drag

force in the y-direction is balanced by the magnetic actu-

ation force. From Stokes’ equation, the drag force can be

written as:

Fd ¼ �6pgrpðvy � VyÞ ¼ �6pgrpU

where vy and Vy are particle’s and fluid’s velocities in y

direction, respectively, g is the dynamic viscosity of the

fluid, U is the relative velocity, U = vy – Vy

The relative velocity (U) can be obtained from the force

balance as

U ¼ Fmy

6pgrp
ð17Þ

where Fmy can be calculated by Eq. 2. Using this

characteristic velocity, we introduce the critical switching

frequency as

fcr ¼
U

W
ð18Þ

where W is the channel’s lateral dimension.

Under the present conditions, the above characteristic

velocity and corresponding critical frequency are calcu-

lated and listed in Table 3.

The average mixing efficiency at an intermediate loca-

tion (x = 500 lm) of the microchannel for different

switching frequency is presented in Fig. 13. Numerical

results of the optimal switching frequency appear consis-

tent with Eq. 18. Note that the optimum switching fre-
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Fig. 11 Mixing efficiency at an

intermediate position (x =

500 lm) of the micromixer

under different switching

frequencies. W = 100 lm and

Pe = 1,000

Time (sec) Concentration contour 
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 t = 1.6
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Fig. 12 Concentration contours at different times in the central plane

(z = 0) of the mixing channel. W = 100 lm, f = 25 Hz. Initially two

fluids are mixed by the diffusion only without agitation by particles
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quency is defined as the frequency for which the average

mixing efficiency is the maximum. The average mixing

efficiency is calculated by integrating the mixing efficiency

over one switching cycle, i.e., �ge ¼
R t1þT

t1
geðtÞdt

T ; where T

= 1/f, t1 is an arbitrary moment after a repeatable fluid

pattern is reached. When the mixing efficiency does not

show repeated patterns, T should be replaced by several

cycles, nT, (n = 1, 2, 3...) to obtain an average value. The

error bars in Fig. 13 indicate the oscillation range of the

mixing efficiency. Numerical work on the mixer perfor-

mance on a microchannel with lateral dimension W =

300 lm was also conducted to find the optimal frequency.

The other dimensions and conditions including number of

particles injected into the channel per switching cycle are

kept the same as those of the 100 lm wide channel. The

average mixing efficiency vs. switching frequency is also

shown in Fig. 13. Four frequencies, f = 4, 5.88, 12.5 Hz

and 66.67 Hz are considered for this case. The optimum

switching frequency provided by the numerical scheme for

the cases of W = 100 lm and W = 300 lm, as shown in

Fig. 13, is 25, and 5.88 Hz, respectively, while Eq. 18

suggests 17.56 and 5.85 Hz. It is obvious that the increase

of channel’s lateral dimension W shifts the optimal

switching frequency to a lower level. It can be also pre-

dicted from Eq. 18 that the application of a larger magnetic

force (i.e. increase the applied current) will shift the opti-

mal frequency to a high level because it increases the

particle travel velocity along the channel’s lateral direction.

We noticed that the average mixing efficiency is lower for

the microchannel with lateral dimension of 300 lm. This is

because as we increase the channel’s lateral dimension

(thus the flow rate) while injecting the same number of

magnetic particles, the volume fraction of particles in this

case is 0.019%. Thus there are fewer particles per volume

that agitate and disturb the fluid flow, the key factor to

enhance the micromixing.

It can be seen from Fig. 13 that the maximum mixing

efficiency occurs at approximately an optimum switching

frequency of fcr ¼ U=W : Figure 14 shows the mixing

efficiency dependence on Strouhal number [St = Wf/U =

(f/fcr)]. The solid line is based on a fourth-order polynomial

curve fit of the numerical data points. It is seen that the

maximum mixing efficiency occurs at St = 1. We should

note here that Eq. 18 only provides an appropriate pre-

diction of optimum frequency for magnetic micromixers in

a straight channel. Because of the complexity involved in

the coupling of the fluid flow and magnetic particles, it may

not be accurate to use Eq. 18 to estimate the particle travel

velocity along the y-direction. This is especially true for a

microchannel with complicated geometries that further

complicates flow patterns and particle motions, and hence

the optimum frequency. Nevertheless, numerical results

indicate that a switching frequency close to the critical

switching frequency (St � 1), the high mixing efficiency is

expected to achieve.

Table 3 Characteristic velocity and critical frequency prediction for

different channels

Channel’s lateral

dimension W (lm)

Characteristic

velocity U (mm/s)

Critical frequency

fcr (Hz)

100 1.756 17.56

300 1.756 5.85
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Fig. 13 Average mixing efficiency at an intermediate position (x =

500 lm) of the magnetic micromixer for different electromagnetic

switching frequencies. Each error bar indicates the oscillation range

of the mixing efficiency. The data points on the curves are the average

values calculated by integrating mixing efficiency over a switching

cycle (or several cycles). The optimum frequency for micromixers

with lateral dimension W = 100 lm and 300 lm are 17.56 and

5.85 Hz, respectively
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Fig. 14 Mixing efficiency variation with Strouhal number (St). The

optimum mixing efficiency takes place at St � 1
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7 Conclusions

Effective mixing of sample solutions containing magnetic

beads and biological solutions are critical for the micro-

fluidic devices targeted at micro biological assay systems.

Rapid mixing can reduce the analysis time and permit high

throughput in lab-on-a-chip devices. We presented the

numerical work for a magnetic micromixer consisted of a

microchannel and a pair of electromagnets.

The effects of various design parameters such as applied

magnetic actuation forces and operating frequency have

been studied. For micromixer utilizing magnetic particle

agitation, the critical (optimum) switching frequency de-

pends on the channel’s lateral dimension and the applied

magnetic force. For a large magnetic actuation force, the

micromixer needs to be operated with a higher operating

frequency to obtain the maximum mixing efficiency. For

wider microchannels, the maximum efficiency is obtained

at a relatively low actuation frequency. If the magnetic

particles are actuated with a much lower frequency, parti-

cles move to one direction and stay on the wall until the

magnetic forces are reversed; as a result, they tend to add

limited agitation to the fluid flow. While at much higher

operating frequency, the magnetic particles only oscillate

in a narrow range and do not enhance the micromixing

significantly. The optimum switching frequency obtained

from the present numerical prediction is in good agreement

with the theoretical analysis.

Numerical results also illustrate that such a simple mi-

cromixer configuration is sufficient for a complete micro-

mixing within a short distance and time, with no need to

fabricate complex serpentine channels. At the optimal

switching frequency range, a high mixing efficiency

(97.7%) can be achieved within 1.1 s at x = 500 lm for a

particle ratio of 0.057% and the 100 lm wide channel,

while the applied current to the electromagnet is 50 mA.
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