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Abstract The ability to trap, manipulate, and separate

magnetic beads has become one of the key requirements in

realizing an integrated magnetic lab-on-chip biosensing

system. In this article, we present the design and fabrica-

tion of an integrated magneto-fluidic device for sorting

magnetic particles with a sorting efficiency of up to 95%.

The actuation and manipulation of magnetic beads are

realized using microfabricated square meandering current-

carrying micro striplines. The current is alternated between

two neighboring micro striplines to switch the magnetic

beads to either one of the two outlets. We performed a

series of parametric study to investigate the effect of

applied current, flow rate, and switching frequency on the

sorting efficiency. Experimental results reveal that the

sorting efficiency is proportional to the square of current

applied to the stripline, and decreases with increasing

buffer flow rate and switching frequency. Such phenomena

agree well with our theoretical analysis and simulation

result. The fastest switching rate, which is limited by the

microchannel geometry and bead velocity, is 2 Hz.

Keywords Magnetofluidic � Magnetic bead � Sorting �
Switching � Micro stripline

1 Introduction

In recent years, the development of microfluidic technol-

ogy aims at application in lab-on-a-chip (LOC) or micro

total analysis systems (lTAS). The novel introduction of

magnetism in microfluidic has enabled a myriad of new

opportunities in terms of technological innovation in LOC

(Pamme 2005), especially in biological micro-electro-

mechanical systems (BioMEMS) (Bashir 2004). The key

advantage of using magnetism in biosensors is the non-

contact nature of the magnetic forces with biological

samples (Pamme 2005). Magnetic particles (such as

superparamagnetic beads) and ferrofluids (Nguyen et al.

2006) can be manipulated remotely with magnetic forces

induced either by a permanent magnet or an electromagnet

placed in close proximity. However, one of the most

challenging tasks for magnetic actuation in microfluidic

systems is to obtain well-defined magnetic forces on

magnetic particles (Ramadan et al. 2006).

Thus far, many biological related applications for an

integrated magnetic LOC system have been reported.

These applications includes: targeted cancer-cell destruc-

tion (Kim et al. 2010), virus detection (Lee et al. 2008),

biochemical detection for protein analysis (Choi et al.

2002), immuoassays (Bange et al. 2005; Lim and Zhang

2007), cell seperation (Inglis et al. 2004), magnetic labels,

and deoxyribonucleic acid (DNA) purification (Gijs 2004).

Magnetic beads have become one of the indispensible

components in these integrated magnetic devices. The

beads are commercially available and can be functionalized

by tagging with desired bio-molecules such as DNA,

T. F. Kong � H. S. E � H. S. Sugiarto � H. F. Liew �
X. Wang � W. S. Lew (&)

School of Physical and Mathematical Sciences,

Nanyang Technological University, 21 Nanyang Link,

Singapore 637371, Singapore

e-mail: wensiang@ntu.edu.sg

N.-T. Nguyen

School of Mechanical and Aerospace Engineering,

Nanyang Technological University, 50 Nanyang Avenue,

Singapore 639798,

Singapore

Y. Chen

Ecole Normale Supérieure, CNRS-ENS-UPMC UMR 8640,

24 rue Lhomond, 75005 Paris, France

123

Microfluid Nanofluid (2011) 10:1069–1078

DOI 10.1007/s10404-010-0735-8



antibody, and protein (Pamme 2005; Gijs et al. 2010).

Recently, extensive works have been carried out in

understanding the trapping (Lee et al. 2001, 2004; Liu

et al. 2007b), transport (Rida et al. 2003; Speetjens and de

Boeck 2004), manipulation (Smistrup et al. 2006; Shikida

et al. 2009; Wang et al. 2006), and separation (Choi et al.

2001; Deng et al. 2002) behaviors of magnetic beads.

The magnetic force acting on a magnetic bead is pro-

portional to the bead volume and the magnetic field gra-

dient (Pamme 2005; Gijs 2004). Pamme and Wilhelm

(2006) has demonstrated an on-chip free-flow magnetic

beads separation based on magnetophoresis sorting. Mag-

netic beads of various sizes experience different strengths

of magnetic forces due to its bead diameter and magnetic

susceptibility. Thus, the magnetic beads are deflected and

separated into different outlets. As the diameter of a

magnetic bead ranges from several hundreds of nanometer

to several micrometers, the magnetic field generated by

electromagnet is generally weak (0–10 mT) (Shevkoplyas

et al. 2007). The magnetic force exerted on a magnetic

bead is in the order of 10-12 N (Pamme 2005; Lee et al.

2007; Kose et al. 2009; Liu et al. 2007a). Ramadan et al.

(2006) optimized the magnetic forces by enhancing the

magnetic field gradient with the introduction of magnetic

cores. Although the inclusion of the ferromagnetic cores

would increase the force exerted onto the magnetic beads,

the ferromagnetic layer has remanence once it is magne-

tized. The remanence effect is not desirable since beads

will be trapped at these locations even when no current is

applied to the striplines. Rong et al. (2006) reported an on-

chip magnetic bead separator by incorporating pointed

magnetic tips in the microsystem. Jiang et al. (2006) also

worked on manipulating magnetic beads using current

carrying micro striplines. Song et al. (2009) developed a

microfluidic cell sorting system that incorporate joule

heating and active cooling to maintain the microchannel at

biocompatible temperature of 37�C.

In this study, we focused on developing an integrated

magnetic bead switching device to switch the magnetic

beads between two outlets. Such switching device is

essential for separating two different bio-molecules tagged

with superparamagnetic beads of different sizes or mag-

netic properties. By means of a giant magnetoresistance

(GMR) sensor for detection, the magnetically labeled

molecules could be distinguished and sorted to the desired

outlets. Here, we present the design and fabrication of a

bead separator that is relatively easy to fabricate, and, at

the same time, achieve higher sorting efficiency. Our

device is able to switch magnetic beads to the desired

outlet solely by the magnetic forces generated by the on-

chip micro stripline, without any magnetic core enhance-

ment. The quantitative measurement of the effect of

applied current, beads flow rate, and switching frequency

has enabled us to understand the underlying physical

mechanism of magnetic particle separation.

2 Materials and methods

2.1 Microchannel and magnetic stripline design

Current-carrying striplines have been used extensively for

generating micromagnetic forces to actuate and manipulate

magnetic particles. In this study, we demonstrate magnetic

bead switching by using microfabricated square meander-

ing micro stripline. Magnetic beads are switched either to

the left or right by alternating the current supply to two

neighbouring square meandering striplines in a microflu-

idic sorting chamber. The integrated magnetic bead sepa-

ration device consists of two components: micro stripline

electromagnet and polydimethylsiloxane (PDMS) micro-

channel. Figure 1a shows the overview of the microfluidic

channel design, while Fig. 1b shows an optical microscope

image of the microfluidic sorting chamber with square

meandering micro stripline aligned and bonded beneath.

Fig. 1 a Microfluidic channel design. The magnetic beads are

hydrodynamically focused in core stream, sandwiched by two buffer

side streams. Without the presence of magnetic fields, the magnetic

beads split and exit equally to the left and right outlets. The sorting

chamber has a length, L of 3,500 lm and a width, W of 1,000 lm.

b Optical micrograph of the sorting chamber with micro striplines

aligned and bonded beneath. Magnetic forces are generated when the

current IL and IR are applied to the left and right micro stripline,

respectively. The y-component magnetic bead force plays an impor-

tant role in determining the success rate of sorting the beads. The

beads are forced to gradually change its flow path and choose a

streamline closer to the field generating stripline
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The widths of the striplines are 50 lm and have a height–

width ratio of 3. There are in total 35 turns for the left and

right striplines, respectively. The main sorting chamber

measures 3,500 lm 9 1,000 lm while the height of the

microchannel is approximately 25 lm.

By means of hydrodynamic focusing, the magnetic

beads are focused in core stream, and splits equally to the

two outlets. When there are no magnetic forces acting on

the beads, the beads flow with constant velocity and move

according to the buffer’s flow streamlines. With the pres-

ence of magnetic forces, the magnetic beads change their

flow path and switch to another streamline closer to the

field generating micro stripline. Thus, by gradually

changing the flow path of the beads, we are able to direct

the beads to a certain outlet. The success of switching the

beads is determined by the strength of the magnetic force in

the y-direction.

2.2 Device fabrication

The magnetic micro striplines were fabricated using stan-

dard photolithography process. First, a layer of approxi-

mately 20 lm thick AZ9260 (AZ Electronics, Japan)

positive photoresist was patterned onto a silicon substrate

with 300 nm thick silicon dioxide (SiO2) layer. The pho-

toresist was spun at 2,100 rpm with 80 s softbake at 110�C

followed by a second spin of 1,600 rpm with 160 s soft-

bake at the same baking temperature. The resist was then

exposed with UV light (MJB4, SUSS MicroTec, Germany)

at 600 mJ cm-2 and developed in AZ400K 1:3 for 6 min.

Thin copper electrical conduction layer would results in

high electrical resistance and would generate significant

amount of heat through Joule heating. In order to minimize

Joule heating, we increased the thickness of the copper

conduction layer to 1 lm. The substrate patterned with the

stripline design was thermally evaporated (Auto 306,

Edwards, UK) with 20 nm chromium as the seeding layer

and 1 lm copper layer as the electrical conduction layer.

Subsequently, lift-off process was performed on the evap-

orated substrate by washing the substrate in an acetone bath

with ultrasonic agitation. During the lift-off process, the

photoresist and excess copper layer was removed, leaving

only the desired copper stripline on the substrate. The

resistance of a square, RS of 1 lm thick copper stripline is

16.8 9 10-3 ohm/sq. The resultant overall stripline resis-

tance was about 3 ohm. Finally, silicon dioxide of 200 nm

thick was grown using the Auto 306 e-beam evaporator.

The contact pad is covered with glass slide during the

evaporation to avoid silicone dioxide (SiO2) from depos-

iting onto the contact pads. The SiO2 layer serves two

purposes: (a) to insulate the current from short circuting

when liquid is flowed into the microchannel; and (b) to

facilitate bonding with PDMS microfluidic channel as

PDMS generally does not adhere well directly onto copper

surface.

The PDMS microchannel was fabricated using soft

lithography technique. 25 lm thick SU8-3035 (Micro-

Chem, USA) photoresist was spun at 2,500 rpm followed

by softbake at 65�C for 2 min and 95�C for 7 min. The

substrate was exposed at 180 mJ cm-2 and post exposure

baked (PEB) at 65�C for 2 min and 95�C for 5 min. Sub-

sequently, PDMS (Sylgard 184 10:1, Dow Corning, USA)

was casted on the SU8 master and cured at 80�C for 6 h.

The fabrication processes for the microchannel and micro

stripline are summarized in Fig. 2. The overall dimension

of the device is 35 mm 9 35 mm. Finally, the micro-

channel is bonded onto the stripline with oxygen plasma

treatment. We use SUSS MicroTec MJB4 mask aligner to

(i) UV Exposure (ii) Develop (iv) PDMS(iii) Casting

(a) UV Exposure (b) Develop (d) Lift-off and e-beamEvaporation(c)

Microchannel

Microstripline

Wafer S 8u PDMS SiO2 A 9260z Cr/Cu

Fig. 2 a Overview of the device’s fabrication process. Standard

photolitography techniques are used to fabricate the microchannel and

micro stripline. PDMS is casted on the SU8 master and heat cured at

80�C for 6 h. The square-meandering micro stripline of width 50 lm

and aspect ratio of 3 is first patterned with AZ9260, followed by

evaporation of Cr/Cu conduction layer and lift-off process.

Subsequently, SiO2 of 200 nm was grown onto the stripline for

electrical insulation and to facilitate bonding with PDMS microchan-

nel. b After exposing the chip and PDMS layer with oxygen plasma

for surface activation, the microchannel was aligned and bonded to

the chip with the help of four alignment marks. The dimension of the

integrated chip is 35 mm� 35 mm
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obtain a precise alignment between the microchannel and

the stripline. The PDMS microchannel was placed onto a

5 9 5 inch2 polymethyl methacrylate (PMMA) sheet and

mounted on the MJB4 mask holder. The micro stripline is

aligned to the microchannel by manually adjusting the

x-, y-, and z-axis on the mask aligner. Once the alignment is

done, the wafer is moved upward in the z-direction to bond

with the PDMS. The bonded device is then left in oven for

4 h at 80�C to improve the adhesion between the wafer and

PDMS.

2.3 Experimental setup

Current is supplied to the micro striplines via four probing

pins (Coda Systems, UK). Once the probing pins are

aligned to the device contact pads, the height of the

adjustable post holder (07PCH514, CVI Melles Griot, US)

is reduced such that the four pins are in firm contact with

the contact pads. We fabricated an aluminium cooling pad

with channels drilled within the cooling pad, allowing ice

water (3–4�C) to flow in and out of the pad to remove the

heat generated by the striplines.

Throughout all experiments, fluorescence magnetic

microspheres COMPELTM UMC4F/8741 COOH modified

(Bangs Laboratories, USA) of 8.18 lm diameter are used.

The excitation and emission wavelengths of the fluores-

cence beads are 480 and 520 nm, respectively. The mag-

netic beads are mixed with a buffer solution of 1:1

glycerol-DI water (density, q ¼ 1; 126 kg m�3 and viscos-

ity, g = 9.01 9 10-3 Pa s at 10�C), and are pumped into

the microchannel with a syringe pump (LSP02-1B, China).

The beads density is 1.554 9 106 beads/ml. The flow of

magnetic particles in the sorting chamber is observed under

SZX-16 (Olympus, Japan) stereomicroscope with KL2500

(Schott, Germany) fluorescence capable light source. The

videos are captured with HDR-XR500E (Sony, Japan) with

C-mount adaptor DCR TRV 950 (LM Scope, Austria).

In order to precisely control the switching frequency of

the current supplied to the micro striplines, we built an

electronic control box with a miniature electromagnetic

relay (Fujitsu, Takamisawa RY-5WFZ-K). The maximum

current rating for the relay is 2 A. Figure 3 shows the

circuit diagram for the relay control. The relay is triggered

on and off by using a TIP122 NPN transistor and a function

generator (Agilent 33220A, USA). The left and right micro

stripline are connected in normally closed and normally

open configuration, respectively (i.e., current is always

supplied to the left stripline and no current is supplied to

right stripline when the relay is off). When the triggering

signal from the signal generator is at on state, the transistor

would be turned on, allowing the 5 V to be supplied to the

relay. Once the relay is turned on, the current supply to the

left stripline will be cut off while the right stripline circuit

is connected and vice versa. Hence, we can switch the

current supply to each stripline in turns (mutual exclusive

configuration, [0–1, 1–0]) with accurate switching

frequency.

A Matlab (MathWorks, USA) program is written to

quantify the sorting efficiency. The flow of fluorescence

magnetic beads video is captured at 25 frames per second

(fps) in high-definition (HD 1920 9 1080 MPEG4-AVC/

H.264 format). The program first imports the frames of the

video and converts the images into gray scale. The images

are then further converted into binary images, Im, with the

white pixels representing the magnetic beads. We remove

the background noise by subtracting Im from the back-

ground image with no beads, ImBG. The image is split into

top and bottom half and we quantify the normalized left-

right sorting ratio (L/R ratio), a as follows:

Left, Lt ¼
XM=2

i¼1

XS

j¼1

ðImij � ImBGijÞ; ð1Þ

Right, Rt ¼
XM

i¼M=2þ1

XS

j¼1

ðImij � ImBGijÞ; ð2Þ

L/R Ratio; at ¼
Lt

Lt þ Rt
; ð3Þ

where Imij [ [0,1], ImBGij [ [0,1], M ¼ height of image;

and S ¼ width of image in pixel. Imij and ImBGij represent

the pixel value at row i and column j for the captured

image and background image, respectively. In order to

systematically compare the sorting efficiency at different

flow conditions, we compute the root mean square value

(RMS) of the normalized sorting signal as follows:

Fig. 3 Circuit diagram for controlling the current supplied to the left

and right micro stripline. The relay is triggered on and off by an

external function generator. The on-off state of the left and right

stripline is mutually exclusive. If the left stripline is turned on, the

right stripline would be turned off and vice versa
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Sorting Efficiency RMS, � ¼ aavg þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
t¼1ðat � aavgÞ2

N

s

;

ð4Þ

where aavg ¼ 1
N

PN
t¼1 at and N is the total number of

frames.

3 Results and discussions

In the presence of magnetic fields, magnetic beads are

forced to change its flow path and choose a streamline

closer to the field generating stripline. Figure 4 shows the

fluorescence image of the magnetic beads flow at different

conditions: (a) splitting (no current), (b) left sorting with a

current of 2 A, and (c) right sorting with a current of 2 A at

a total flow rate of 200 ll h-1. In Fig. 4b, c, we observed

that the magnetic beads velocity is significantly reduced

when the stripline current is turned on. The beads are

attracted and pulled towards the stripline surface by the

magnetic forces generated. The additional frictional force

between the stripline surface and the bead causes the bead

to slow down to a velocity of approximately 0:511 mm s�1:

Once the bead escapes the sorting chamber, the bead

velocity increases to approximately 2:78 mm s�1: The

velocity of the bead was estimated by dividing the length of

the bead’s streak line with the reciprocal of the number of

frame per second image capturing speed.

The sorting efficiency of our system is as high as 95%

for a sorting period of more than or equal to 2 s. Figure 5

shows the L/R ratio variation for sorting periods of 0.5, 1,

2, 5, and 10 s at a total flow rate of 2,000 ll h-1 and a

stripline current of 2 A. At a switching frequency of 2 Hz,

the L/R ratio variation is sinusoidal rather than a square

wave. This suggests that the switching frequency has

approached the system response (or delay) time. As the

switching period increases, we observe better defined

square wave form for the L/R ratio. The rise time is

approximately 0.25 s, corresponding to the fastest switch-

ing period of 0.5 s.

There are two important factors in determining the

success rate of the bead sorting: (a) applied current and (b)

flow rate. These two factors are affecting the sorting effi-

ciency in a contrasting manner. From Biot–Savart law, we

know that the magnetic flux density, B at distance R from

the stripline is given by (Ramadan et al. 2004):

B ¼ l0I

4p

Z
dl� r̂

jrj2
; ð5Þ

which suggests that the magnetic flux density, B is

proportional to the applied current, I (Eq. 5). The magnetic

energy component can be expressed as:

Emagnetic ¼
B2

2l
ð/ I2

*B / IÞ; ð6Þ

where l is the magnetic permeability of the magnetic bead.

Since the bead switches its outlet when there exist a

magnetic force component in the y-axis, we can infer the

sorting efficiency from the beads’ magnetic energy:

� / Emagnetic / I2: ð7Þ

Fig. 4 Fluorescent image of the magnetic beads flow at different

conditions Qtotal = 200 ll h-1: a splitting (no applied current), b left

sorting (left stripline current = 2 A) and c right sorting (right stripline

current = 2 A). The gray lines are added to represent the outlines of

the channel wall. The magnetic beads are focused in the core stream

by means of hydrodynamic focusing. The beads enter the sorting

chamber at the center and split equally to the two outlets. When

current is applied to one of the striplines, the beads are forced to

change its flow direction and switch to another streamline closer to

the field generating micro stripline. Thus, the magnetic beads can be

manipulated and forced to exit at a desired outlet by gradually

changing the flow path of the beads
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Therefore, the sorting efficiency is proportional to the

square of the current applied to the stripline.

Figure 6a shows that the sorting efficiency increases

with the applied current. In order to verify the quadratic

relationship between the sorting efficiency and applied

current experimentally, we numerically determine the

coefficients of the following polynomial equation:

� ¼ kIn þ c; ð8Þ
log ð�� cÞ ¼ log k þ n log I: ð9Þ

The intercept coefficient, c represents the sorting efficiency

RMS when the applied current is zero, and should be

0.5 under ideal condition. However, the coefficient c was

determined to be 0.537 experimentally. The slight devia-

tion is due to the difference in the fluidic resistance

between the left and right outlets, and the random entrance

position of magnetic beads at the inlet of the sorting

chamber. The coefficient n and k were estimated from the

gradient and the interception of the graph log(e - c) vs.

log(I), respectively, and are summarized in Table 1.

The average experimental value for n is 2.09 ± 0.16,

while the square of the correlation coefficient, r2 for the

linear fitting is almost 1. Hence, our hypothesis for the

square relationship between the sorting efficiency and

applied current is verified experimentally. Furthermore, the

experimental results are also consistent with our simulation

results for the variation of the y-component magnetic bead

force, Fy with the applied current (refer to Appendix 1).

The higher the applied current, the stronger will be the

magnetic forces on the magnetic beads.

On the other hand, the sorting efficiency decreases with

increasing buffer flow rate (refer to Fig. 6b). Since the

magnetic beads are hydrodynamically focused in the core

stream while entering the sorting chamber, the beads

spread a width of w (while the sorting chamber has a width

of W). A magnetic bead switches its outlet if tw=2� tL;

where tw/2 represents the time needed for a magnetic bead

to travel vertically (in the y-direction) from core-side

stream interface to the middle axis of the sorting chamber

and tL is the time needed for a bead to travel through the

the sorting chamber of length L. Assuming the average

flow velocity, v is given by the ratio of the buffer flow rate,

Q to the sorting chamber’s cross sectional area, A (v = Q/A),

we arrived at the following phenomenological relationship

for the sorting condition:

tL �
L

v
¼ LA

Q
; ð10Þ

tw=2�
LA

Q
: ð11Þ

Increasing the buffer flow rate, Q would decrease the

fraction LA/Q and tL. For the sorting condition in Eq. 11 to

hold true at higher flow rate, the system has shorter time,

tw/2, to attract the beads towards the desired outlet. Hence,

increasing the buffer flow rate would lower the sorting

efficiency.

0 1 2 3 4 5
0

0.5

1

0 2 4 6 8 10
0

0.5

1

0 3 6 9 12 15
0

0.5

1

0 5 10 15 20 25 30
0

0.5

1

0 10 20 30 40
0

0.5

1

(b) T=1 sec

(a) T=0.5 sec

(c) T=2 sec

(d) T=5 sec

(e) T=10 sec

Time (second)

,oita
R 

R/L
α

Fig. 5 The L/R ratio for sorting periods of a 0.5, b 1, c 2, d 5, and

e 10 s for a total flow rate of 2,000 ll h-1 and stripline current of

2 A. The L/R ratio increases with sorting period. The fastest

achievable switching frequency is 2 Hz (or 0.5 s periods). The

sorting efficiency is as high as 95% (L/R ratio of 0.9) for sorting

period � 2 s

Table 1 Summary of the statistical values for the n, k, r2 coefficients

for the experimental data shown in Fig. 6a

Q (ll h-1) n k (910-2) r2

1,000 1.92 7.92 0.9998

2,000 2.12 6.14 0.9987

3,000 2.23 5.20 1.0000
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In addition, the sorting efficiency is also affected by the

switching frequency. Figure 6c shows that the sorting

efficiency decreases with increasing switching frequency

for flow at 1,000 ll h-1. As the switching period approa-

ches the time required to alter the flow path of the beads,

the sorting efficiency would decrease. The force balance

equation for the magnetic bead in the y-direction is m€yþ
b _y ¼ Fmagnetic; where m is the mass of the bead,

b = 3pgDp, g is the medium viscosity, and Dp is the bead’s

diameter. In analogy to a low pass RC filter circuit, the cut

off frequency fc ¼ 1

2pRC

� �
for our system is:

fc ¼
b

2pm
¼ 3pgD

2pm
� 360 kHz; ð12Þ

where m ¼ 3:07� 10�13 kg; g ¼ 9:01� 10�3 Pa s; and

D = 8.18 lm. The cut off frequency is significantly higher

than the achievable sorting frequency of 2 Hz. In other

words, the inertia effect is negligible.

In fact, there exists a physical limitation to the sorting

frequency that could be achieved by the device. From

Eq. 11, we could deduce that the cut off frequency is

greater or equal to the reciprocal of the particle travel time,

tL. Assuming that the total flow rate, Q is 1,000 ll h-1 and

the cross sectional area of the channel, A is 25 lm 9

1,000 lm the time, tL required for a bead to travel through

the sorting chamber of length 3,500 lm is approximately

0.315 s (or 3.17 Hz). Hence, the limiting switching fre-

quency is in the order of several hertz. This agrees well the

fastest achievable experimental switching speed of 2 Hz. In

order to achieve a faster switching response, we need to

increase the buffer flow rate and magnitude of the magnetic

forces on the magnetic beads, and also reduce the delay

caused by the electronics switching box.

4 Conclusion

In conclusion, we have successfully designed, fabricated

and implemented an integrated on-chip microfluidic device

to demonstrate magnetic particle separation. Our device

can effectively switch magnetic particles to the desired

outlet with efficiency of up to 95% and achieved a fastest

sorting frequency of 2 Hz. The limiting switching (or cut-

off) frequency is found to be dependent on beads velocity,

and the length and cross sectional area of the sorting

chamber. We have investigated the effect of applied cur-

rent, flow rate, and switching frequency on the sorting
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S
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Q
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0.75

0.8
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f
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S
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M
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,
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1.0 A

1.5 A

2.0 A

I

(c)

Fig. 6 Experimental results: the effect of a applied current, b buffer

flow rate, and c switching frequency on the sorting efficiency (RMS).

The switching frequency is fixed at 0.05 Hz for experiments (a) and

(b), while the total flow rate is fixed at 1,000 ll h-1 for experiment

(c). The sorting efficiency is proportional to the square of current

applied to the stripline. The stronger magnetic forces generated at

higher applied current results in higher success rate of sorting the

beads to the desired outlet. On the other hand, at the same applied

current, the sorting efficiency decreases with increasing buffer flow

rate. The system behaves like a low pass RC circuit where the sorting

efficiency decreases with switching frequency

b
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efficiency. From the experimental results and theoretical

analysis, we can conclude the following: (a) the sorting

efficiency is proportional to the square of current applied to

the stripline; (b) the sorting efficiency decreases with

increasing buffer flow rate; and (c) the sorting efficiency

decreases with higher switching frequency. With the ability

to cleanly switch magnetic beads to the desired outlets, our

system has huge potential to be integrated as part of a

biomedical lab-on-chip device.

Acknowledgments This study was supported by the Singapore’s

Agency for Science, Technology and Research (A*STAR SERC

grant: 082 101 0015) and the Singapore-French MERLION pro-

grammes. The authors would also like to acknowledge Mr. Chun Fan

Goh for the helpful discussion on image processing and electronic

circuit.

Appendix 1: Magnetic forces generated by square

meandering micro stripline

In order to have a better understanding of the magnetic

field strength and the magnetic forces acting on magnetic

beads, we utilized the 3-D magnetostatics toolbox in

COMSOL multiphysics (COMSOL Inc, USA) to simulate

the magnetic field distribution of the micro stripline.

Figure 7 shows the COMSOL multiphysics simulation

results for the magnetic flux density (a) Bx, (b) By, and (c)

Bz with an applied current of 2 A and at a height of 10 lm

from the copper stripline surface. The stripline has a width

of 50 lm and the height-width ratio is 3. The current is set

to flow in the left to right configuration. The highest

magnetic flux density for the x-, y-, and z-component is

approximately 18 mT. In the simulation, we made the

following assumptions: the magnetic field is only generated

by the current applied to the stripline, the magnetic field is

measured in free-space, the current flow is steady, and the

magnetic field is not permeating the air box surface. The

boundary conditions of the encapsulating box were set to

magnetic insulation and electric insulation while the

boundary condition of the stripline was set to continuity.

Magnetic beads are attracted to the magnetic field gen-

erated by the current-carrying micro stripline. The mag-

netic force acting on a magnetic bead is governed by

(Pamme 2005; Shevkoplyas et al. 2007; Beyzavi and

Nguyen 2008):

F ¼ VDv
l0

ðB � rÞB ¼ Fxiþ Fyjþ Fzk; ð13Þ

where

Fx ¼
VDv
l0

Bx
oBx

ox
þ By

oBx

oy
þ Bz

oBx

oz

� �
; ð14Þ

Fy ¼
VDv
l0

Bx
oBy

ox
þ By

oBy

oy
þ Bz

oBy

oz

� �
; ð15Þ

Fz ¼
VDv
l0

Bx
oBz

ox
þ By

oBz

oy
þ Bz

oBz

oz

� �
; ð16Þ

V is the volume of the magnetic bead, Dv is the difference

in magnetic susceptibilities between the magnetic particle

and its surrounding buffer, B is the magnetic flux density,

Fig. 7 Contour plot of the a x-, b y-, and c z-component magnetic

flux density at an applied current of 2 A and at a vertical distance of

10 lm from the stripline. The width of the square meandering micro

stripline is 50 lm and its height–width ratio is 3. The maximum

magnetic flux density generated with 2 A current is approximately

18 mT
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and l0 is the magnetic constant 4p� 10�7 T mA�1: After

obtaining the magnetic flux density from COMSOL, we

can compute the force acting on a magnetic bead using

Eq. 14–16. The partial derivative of Bx, By, and Bz in the x-,

y- and z-direction can be computed using the matrix

operation as follows:

oA

ox
¼ MAT ;

oA

oy
¼ MA;

oA

oz
¼ Akþ1 � Ak; ð17Þ

where A represents Bx, By, and Bz, k is the index

representing the kth simulation plane in the z-axis and

M ¼

�1 1

�1 1

. .
. . .

.

�1 1:

0

BB@

1

CCA ð18Þ

Figure 8 shows the simulation results for the variation

of the maximum y-component of ðB � rÞB; which is

proportional to the magnetic bead force in the y-direction,

Fy, with the applied current at a vertical distance of 5, 10,

and 15 lm from the stripline surface. From the figure, we

can deduce that the maximum y-component magnetic

force is proportional to the square of the applied stripline

current. The magnetic bead forces decreases with height

from the stripline surface. The simulation results for the

maximum magnetic forces of x- and z-components also

show similar variation trend with the applied current (not

shown).

Appendix 2: Gravitational settling and wall effect

The magnetic beads tend to sink to the bottom of the

channel surface due to the density difference and gravity

effect (Li and Daghighi 2010). The sediment velocity of a

particle is given by (Huh et al. 2007):

Used ¼
2r2gDq

9l
; ð19Þ

where r is the radius of particles, g is gravitational accel-

eration, Dq is the density difference between particle and

carrier liquid, and l is the viscosity of buffer. With the

diameter of 8 lm and density of the magnetic beads is

1:07 g cm�3; and carrier liquid density of 1:126 g cm�3 and

viscosity of 9.01 9 10-3 Pa s, the sedimentation velocity

is 2:17� 10�7ms�1: Without the presence of the magnetic

force, the time taken for a bead to sink to the bottom

surface for a 25 lm high channel is about 115 s. Since the

lowest flow rate used in the experiment is 200 ll h-1, the

slowest average time taken for a particle to travel past the

sorting chamber of length 3,500 lm approximately 1.6 s.

Hence, the gravitational settling effect is negligible.

In addition, due to the low channel height to bead

diameter ratio, there bound to be increased hydrodynamic

drag force caused by the wall effect in the vertical direc-

tion. However, the wall effect is insignificant in the lateral

direction (x - y plane) since the width and length of the

sorting chamber are 1,000 and 3,500 lm, respectively,

while the bead diameter is only 8 lm. The success rate of

sorting the beads to the desired outlet depends on the

ability of the device to attract the beads in the y-direction.

Therefore, the wall effect on the hydrodynamic force is not

considered in this study.
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