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เงินทุนสนับสนุนการวิจัยนี้ และขอขอบคุณอาจารยที่ปรึกษา รศ.ดร.ปณต ถาวรังกูร ที่ใหการสนับสนุนตลอด

ระยะเวลาทําโครงการ 

บทคัดยอภาษาไทยและภาษาอังกฤษ 

Separation of microparticles is involved in numerous industrial and research 

applications especially in the field of biology, environment and medicine. This work shows 

the fabrication of spiral microfluidic channels integrated with neodymium magnet for real 

time separation of the synthetic microparticles with and without magnetic properties. 

Involving the forces inside the spiral microchannel, suspended non-magnetic particles (6 

m) can be focused near the inner wall of the channel. While the magnetic particle (1 m) 

induced with magnetic field can be at the area near the outer wall of the channel. The 

result shows a very high separation efficiency of 77% and 80% for 6 m and 1 m sizes of 

microparticles, respectively. The merit of the design deals with a simple, cheap and 

sufficient microparticle separation device. It can be used in diverse applications for fast and 

low-cost real biological sample (e.g. blood or cells) analysis. 

การคดัแยกอนุภาคขนาดเล็กระดับไมโครเมตรมีความสําคัญในทางอุตสาหกรรมและทางดานการวิจัย

โดยเฉพาะทางชีววิทยา สิ่งแวดลอมและทางการแพทย งานวิจัยนี้แสดงใหเห็นถึงการสรางทอการไหลของของ



ไหลที่มีรูปรางเปนกนหอยรวมกับแมเหล็กนีโอดีเม่ียมสําหรับการคดัแยกอนุภาคสังเคราะหท่ีมีและไมมี

คุณสมบัติทางแมเหล็กออกจากกันแบบเรยีลทาม โดยใชหลักการของแรงท่ีเกิดภายในทอการไหลที่โคงงอ 

อนุภาคที่ไมมีคุณสมบัติแมเหล็ก (ขนาด 6 ไมโครเมตร) สามารถถูกโฟกัสไปอยูบริเวณผนังดานในของทอ 

ในขณะท่ีอนุภาคท่ีมีสมบัติแมเหล็ก (ขนาด 1 ไมโครเมตร) จะถูกเหน่ียวนําโดยแมเหล็กนีโอดีเมียมไปยังบริเวณ

ผนังดานนอกของทอ ผลการศึกษาแสดงใหเห็นถึงประสิทธิภาพในการแยกที่ดีมาก ใหประสิทธิภาพ 77% 

สําหรับอนุภาคขนาด 6 ไมโครเมตร และ 80% สําหรับอนุภาคขนาด 1 ไมโครเมตร ขอดีของโครงสรางที่ได

ศึกษาคือ เปนโครงสรางที่งาย ไมซับซอน ราคาถูก และมีประสิทธิภาพดีมากสําหรับการแยกอนุภาคที่มีขนาด

ตางกัน อุปกรณนี้สามารถนําไปประยุกตใชไดหลากหลายทั้งทางการแพทยและการวิจัย เขนการวิเคราะห

ตัวอยางจริงทางชีววิทยาเชน เลือด หรือ เซลลสิ่งมีชีวิต 

Introduction 

Separation of microparticles (e.g. cells or synthetic particles) by size is an important step 

in many applications such as medical assays, environmental and biochemical studies [1-3] . 

Particle separation using microfluidic system has currently received a lot of attention since it 

can be an alternative to bulky and expensive conventional techniques [4]. The conventional 

techniques are, for example, membrane-based filtering system and flow cytometry.  The 

filtering technique, however, is limited by the membrane pore size which can only separate 

a limited range of particle sizes. Membrane clogging and high costs are the other drawback 

of this technique.  Another conventional technique, the flow cytometry, is considered a 

powerful cell analysis technique which is able to count, sort and analyze biological particles. 

Although it can separate and isolate particles according to their sizes, the commercial 

systems available today are expensive, bulky, require high maintenance and highly trained 

operators [5].  

 Besides particle separation has gained a high level of interest over the past decade 

since it is used in various areas such as medicine, chemistry and microbiology in order to 

purity and determine the suspended particles or cells in solution [6] . Commercial particle 

separation methods use bulky, complex, and expensive instruments and require a large 

amount of samples [7].  



 In the last few decades, the use of microfluidic devices (sometimes called “Lab-on-a-

chip”  or “ Micro Total Analysis Systems (TAS)” ) to manipulate particles/bioparticles has 

been on the increase due to their advantages such as speed of analyses, the resolution of 

separations, small sample and reagent required, and many other advantages [ 3, 8-12] . 

Therefore, a microfluidic device is a promising candidate for the separation of different sizes 

of microparticles. The research works published in recent years involve complicated systems 

such as multiple channels used to focus the particles [13] and sorting by optical switching 

technique [14] .  This work proposes to develop a simple and efficient microfluidic system 

cooperating with neodymium magnet for focusing and separating two sizes of microparticles. 

By using a spiral channel; only single inlet reservoir is needed. The particles with proper size 

will be focused to a certain area in the channel using the forces inside the spiral channels 

and separated into one outlet. For the particle size that cannot be focus inside the spiral 

channel, the magnetic force was used to pull them to another outlet.  

 The result from this work can be an ideal prototype for the later development of a 

cheap, real-time, high-throughput, small sample, and portable system for point-of-care or in-

the-field real biological sample (e.g. blood) separation and counting. 

Objectives  

The purpose of this work was to develop a spiral microfluidic device for continuous 

separation 2 different-size microparticles.  One of the particle size was influenced by the 

forces happened inside the microchannel, and was focused to the same stream line. The 

other particle was induced by the magnetic according to its magnetic property and can be 

moved to the different position from the other size. 

Literature Review 

 Microfluidics is miniaturized systems involving a multidisciplinary field such as 

physics, chemistry, biology, engineering and biotechnology. It uses the advantage of the fluid 

(liquids and gases) behavior on the microscale for the development. Microfluidics employs 



the small size of microchannels and fluid behavior, and thus offers new capabilities in the 

control and manipulation of small samples in real time.  Microfluidics has shown the 

following significant advantages compared to conventional large-scale systems: 

- cost savings owing to low reagent and sample consumptions [14]; 

- low-cost disposable devices [15]; 

- high sensitivity [16]; 

- highly sequential or parallel experimentation leading to the rapid detection 

performance [14, 17]; 

- better representative of the natural tissue environment and precise experimental 

control of the cellular microenvironment [18].  

 The ability to perform assays with the above advantages has transformed many areas 

of the applied sciences, such as medicine, pharmaceutical research, and analytical chemistry 

[19-22].  

Separation and counting of microparticles or biological cells based on size are two 

most important applications of microfluidic systems. Several microscale techniques have 

been studied and developed in the past two decades for these applications due to the fact 

that the separation and counting are the essential preparatory and analytical steps in many 

biological and biomedical assays [15]. Moreover, the steps are also crucial for several 

environmental and clinical applications ranging from removal of colloidal and supracolloidal 

residues from wastewater effluents to detection of biologically harmful agents, such as 

bacteria and protozoa in drinking water to cell separations in cancer therapy [3, 23].  

The traditional separation methods of suspended cells/particles in the liquids are 

membrane-base filtration systems. Drawbacks of the method are clogging of the membrane, 

high cost, and limit range of membrane pore size. In recent years, there are several studies 

on the membrane-less separation techniques including the use of electrophoresis [24], 

dielectrophoresis [25], magnetic field [26]/magnetic particles[27] , optical force [28], acoustic 

wave [29], Pillar and weir structures [30], pinched flow fractionation (PFF) [31], hydrodynamic 



filtration [32], hydrodynamic chromatography (HDC) [33, 34], centrifugation[35], and inertial 

focusing [36-38]. Some of these techniques have been developed to microscale according to 

their capability of separating micro and nano particles ranging from larger than 100 m cells 

to less than 10 nm proteins [2].  

Particle separation in microfluidics can be classified as active and passive techniques 

[39, 40]. The active technique needs the external force field for the separation, while the 

passive technique only relies on the channel geometry and inherent hydrodynamic forces. 

Pamme [2] mentioned that most lab-on-a-chip applications require continuous on-chip 

separation of particles for faster analysis and detection. Most of the membrane-less 

separation active techniques in recent years work in batch system considered not an 

attractive choice for filtering and separating particles in large sample volumes (mL) due to 

long analysis times, and requiring precise injection of small sample volumes in the 

separation section of the microfluidic network. The external force field required in active 

technique can potentially damage biological macromolecules and cells, and the active 

sources needed to produce these fields for particle manipulation often make the device 

fabrication complex and difficult to integrate with conventional LOC components. Finally, 

type of particles can be limited by the particle charge and mobility. 

Passive microfluidic devices have potential to overcome these limitations [41]. One 

example is the separation using weir structures and microarrays based on size-dependent 

lateral displacement of particles [42, 43]. The weir structures were demonstrated to isolate 

leukocytes from blood [44]. Although it is sufficient for carrying out further downstream 

assays, there is limited efficiency in the target cell isolation. For the microarray technique 

(Figure 1), it makes use of the asymmetric bifurcation of laminar flow around micrometer-

scale obstacles. Although it can efficiently separate microspheres of 0.8, 0.9 and 1.0 

micrometers, the device is easily clogged due to the processing of large sample volumes.  



 

Figure 1. Illustration a separation process using microarrays based on size-dependent 

lateral displacement of particles.  1(A) Geometric parameters defining the obstacle matrix. 

A fluid flow is applied in the vertical direction (thick arrow). (B) Three fluid streams (red 

(left), yellow (middle), and blue (right)) in a gap do not mix as they flow through the matrix. 

Lane 1 at the first obstacle row becomes lane 3 at the second row, lane 3 becomes lane 2 

at the third row, and so on. Small particles following streamlines will thus stay in the same 

lane. (C) A particle with a radius that is larger than lane 1 follows a streamline passing 

through the particle's center (black dot), moving toward lane 1. The particle is physically 

displaced as it enters the next gap. Black dotted lines mark the lanes. (Reprinted from 

reference [43]) 

Pinched flow fractionation (PFF) is one of the passive separation micro device 

technique based on particle size (Figure 2). In two separate inlets, the dilute sample is 

flowed along with sheath buffer in one of the inlets, and is aligned against a sidewall in the 

pinched segment. The particles are then separated according their sizes when they flow into 

the broadened segment because of the expansion of the laminar flow sheet [45]. The 

advantage of this technique is that it is only based on the laminar flow profile in the 

segments; however, not only high flow rates (>4,000 particles/min) are limited because 

inertial forces tend to affect particle motion, affecting separation efficiency [15]; but also the 

solution flow rate in both inlets must be well controlled. 



 

Figure 2 Principle of pinched flow fractionation.  In the pinched segment, particles are 

aligned to one sidewall regardless of their sizes by controlling the flow rates from two 

inlets.[45] 

Another technique for passive separation of microparticles is hydrodynamic filtration 

(Figure 3) . The technique is based on channel design and flow control. The solution with 

suspended particles is pumped to an inlet to the main channel, and the particles will be 

separated by their sizes to several branches of small outlets located at the side wall along 

the way of the main channel. As the smaller particles can occupy the stream closer to the 

main channel wall than the bigger particles, they will enter the earlier located side channels 

while the bigger ones will enter channels located quite a distance away [32, 46].  

  



 

Figure 3 Schematic diagram showing particle concentration and classification in a 

microchannel having multiple branch points and side channels. [32] 

Inertial lift forces have also been applied as one of the passive technique to 

manipulate and separate the microparticles in microfluidics. Forces acting on the particles in 

the flow stream precisely manipulate the particle position inside the flow.  With the 

additional curved designed microchannels ( as shown in Figure 4, for example) , the 

separation is achieved from these forces equilibrating the particles at different positions 

within the microchannel cross-section based on their size relative to the microchannel 

dimensions [35, 38, 41]. Centrifugal-based particle separation applies the inertial lift forces by 

using spiral designed microchannels. This technique has been getting attention since it has 

several advantages which are [4]:  

 membrane-less; 

 capable of analyzing large sample volume in continuous flow mode; 

 no external force field required; 

 easily-fabricated; 

 applied to wide range of particle types ranging from biological samples to 

micron-sized microparticles. 



 

Figure 4 Example of a particle separation device design using inertial lift force. A top down 

drawing of the separation system is shown to scale (scale bar is 1 cm). The device consists 

of inlets, a coarse filter ( 50-m cutoff) , 62 asymmetric separation turns, and 5 outlets to 

collect the filtrate. A closeup of the separation turns shows the detailed geometric values 

used for successful separation. The small and large turns have widths of 350 and 650 m, 

respectively. For the large turn, the center of the two curves defining the channel is offset 

by 430 m, creating a widening arc. (Reprinted from reference [38]) 

The technique has been used in many applications, for example, separating cells and 

particles by deformability [47], and continuous blood separation [48].  

 To focus the particles into a single stream, the symmetry of rectangular channels has 

to be introduced with repetitive curvatures.  The addition of curvature introduces a 

secondary cross sectional flow field perpendicular to the flow direction (called Dean flow). 

For a low-aspect-ratio ( width >> height)  rectangular geometry, the lift force along the 

dimension defined by the channel height is dominant and it is expected that particles will 

tend to focus into two laterally broad focusing positions (top and bottom of the rectangular 



channel)  ( Figure 5A)  [ 49, 50] .  In the curved channel, a secondary rotational flow-field 

perpendicular to the flow direction, located above and below the plane of symmetry of the 

channel [ 37, 51]  (Figure 5B) .  The transverse Dean flow introduces a drag force ( FD)  that 

moves particles at the top and bottom laterally toward the inner wall; however, if they are 

closer to the mid-plane in the z-direction, the particles are pushed toward the outer wall 

and recirculated following the top or bottom stream lines allowing them to quickly find their 

lateral equilibrium positions.  

 

Figure 5 Schematic illusion of particle focusing points along the height of the channel for 

straight rectangular ( A)  and curved ( B)  channels.  Neutrally buoyant particles flowing in 

curved channels experience a combination of inertial lift (FL) and Dean drag (FD) forces. 

 

The work from Carlo et al. [37] demonstrated that particle with ap/Dh > 0.07 in an 

asymmetric curvilinear channel ( where ap is the particle diameter and Dh is the 

microchannel hydraulic diameter defined as Dh = 2wh/(w+h) where w and h are the width 

and height of the channel; for typically channel Dh= 4A/ P for a microchannel with cross-

sectional area A and perimeter P)  tend to occupy a single equilibrium position. With this 



ratio, they were able to separate 10-m particles from the mixture with 2-m particles as 

the 10 microns formed an ordered stream and were collected separately. Bhagat et al. [41] 

achieved a complete separation between two particles using Dean drag to transpose the 

smaller particles and inertial lift forces coupled with Dean drag to equilibrate the larger 

particles. By combining these forces, the formation of distinct particle streams based on their 

size can be achieved and collected at the outlets using the advantage of laminar flow. 

Figure 6 demonstrates how the particles arrange in the inlet and outlet before and after 

passing through the spiral microchannel. 

 

 

Figure 6 Microchannel cross-sections illustrating the particle position:  particles are 

randomly dispersed before effected by the forces inside the spiral channel (left) , particles 

are aligned in a single stream at the mid of the inner wall of the channel after passing 

through the spiral channel. 

 Due to the curvilinear channel geometry, the centrifugal acceleration directed 

radially outward leads to the formation of two counter-rotating vortices known as Dean 

vortices in the top and bottom halves of the channel [52] (Figure 5B). The value of these 

flows is quantified by a dimensionless Dean number (De) given by: 
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                                     (1) 

Where  is the density of fluid medium (kg m-3), Uf is the average fluid velocity (m s-1),  is 

the fluid viscosity (kg m-1 s-1), R is the radius of curvature (m) of the path of the channel, and 



Re [= UmDh/  where Um is the maximum channel velocity] is the flow Reynolds number. 

[41] 

The average Dean velocity for a given De is given by  

63.14108.1 DeU Dean
                                          (2) 

and the Dean drag force (FD) exerted on particles can then be obtained using Stokes’ Law 

ppDeanD aDeaUF 63.14104.53                                (3) 

where ap is particle diameter. 

In a straight microchannel there is no Dean flows; therefore De = 0. In curved channels, De 

increases with higher curvature (smaller R) , larger channel size (larger Dh) , and faster flows 

( higher Re) .  With increasing De, Dean flow increases in magnitude.  Particles flowing in a 

curvilinear channel experience a drag force due to the transverse Dean flows.  

The low-aspect-ratio microfluidic spiral device had been demonstrated by Russom et al. [4] 

how the two dominant forces, FD and FL (illustrated in Figure 5), interplay to trap particles 

flowing through a curved channel at an equilibrium position. The relative magnitude of the 

FD and FL acting on the particle can cause particle focusing ( dominant lift)  or mixing 

(dominant Dean flow). 

The net lift force (FL) acting on a particle is given by 
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                                                 (4) 

where Uf is the average flow velocity and LC is the characteristic length. Therefore, the lift 

force is a function of microchannel cross-section, flow velocity, and particle size. 

Particles dispersed in a spiral microchannel flew along one of the two Dean vortices 

are forced to follow fluid movement (Figure 5B) . The Dean drag force and the inertial lift 



forces tend to dominate the migration of neutrally buoyant particles flowing in 

microchannels at Re 1. Chun et al. [53] showed that preferential focusing of a particle is 

dominant for particles with ap/ Dh ratio 0. 1.  Bhagat et al. [ 41]  reported the spiral 

microchannels which can separate 7.32-m particles ( ap/ Dh 0.1)  and 1.9-m particles 

(ap/Dh 0.03). The bigger particles formed a single stream after passing through the channel 

while the smaller ones experienced higher viscous drag due to the Dean flows still 

continued to re-circulate along the Dean vortices and were transposed to the outer half of 

the microchannel.  

Methodology 

a. Design and experimental setup 

The optimal dimensions and fabrication of spiral microfluidics (Figure 1) was studied. 

The optimal parameters will be considered by calculation and from the literature review. 

These involve hydraulic diameter (Dh), radius of curvature (R), Dean number (De), number of 

spiral loops of the microchannel etc. To achieve these parameters, several minor 

parameters will also be considered, for example, height (h) and width (w) of channel, 

particle size (ap), density of buffer medium (), fluid velocity, and fluid viscosity (). The 

ratio of ap and Dh should fall in the range of 0.07 to 0.1 to get the focused particle stream in 

the microchannel. The successful fabricated chips were show in figure 7(a). 



 

Figure 7. A proposed design of the spiral microfluidics for particle separation and 

counting (a) a successfully fabricated chip. 

 

A master mold of the spiral microchannel was fabricated by collaborating with a 

research team at the TMEC (Thai Microelectronics Center), Bangkok, Thailand, using standard 

soft lithography methods. The 100-m thick SU-8 photoresist was patterned with the 

reversed design on the silicon wafer using conventional UV lithography techniques. To 

fabricate the microfluidic chip, a mixture of PDMS pre polymer and its curing agent (10:1 

ratio) (Sylgard 184; Dow Corning, MI) was poured on the master mold and cured for 4 hrs in 

a conventional oven at 60 oC. A pre-cleaned PDMS replica was then bonded on a cleaned 

glass slide by treating their surfaces with an oxygen plasma (PDC-32G, Harrick plasma, USA) at 

200 mTorr, 200W. The schematic diagram of the chip fabrication is shown in Figure 8. 



 

Figure 8. A schematic diagram of the spiral microchannel fabrication 

 

b.  Data Analysis 

A behavior of the flow was monitored at the straight part of the channel near the outlet 

in order to ensure that all the particles have already reached their equilibrium positions. The 

position of each particle was analyzed using a program named Tracker Video Analysis and 

Modeling Tool. 

c.  Materials and methods 

Polystyrene ( 6 µm)  and SiMAG-Silanol microsphere ( 1 µm)  were employed as the 

analyzed samples because not only it is convenient to control their size, but there are also 

a wide range of sizes available in the market making them the best candidate for the cell 

representative. The stock of 6-µm sphere solution were prepared by dispersing 1 drop of 

microparticle standard ( size 6 µm standard based on Polystyrene monodisperse)  ( Fluka 

Analytical, Switzerland) in 2 mL DI water. The 6-µm size sample was prepared by mixing 400 



µL of stock with 1500 µL of DI water and 50 µL of 1%  of TWEEN20 to prevent particles to 

stick together and to the channel wall.  

The stock of 1-µm magnetic sphere solution were prepared by dispersing 20 µL of 

SiMAG-Silanol size 1 µm (Chemicell, Berlin, Germany)  in 1 mL of DI water.  The 1-µm size 

sample was prepared by mixing 40 µL of stock with 1000 µL of DI water and 50 µL of 1% of 

TWEEN20. 

The mixed particle size sample was prepare by mixing 20 20 µL of 1-µm magnetic 

sphere stock solution, 1 drop of 6-µm sphere, 150 µL of 1% of TWEEN20, and 1500 µL of 1% 

of DI water.  

 

d.  Experimental Setup 

The system consisted of an inverted microscope (IX70-S8F2, Olympus Optical 

Co,Ltd.,Japan), a CCD camera (8050/4070/340 Series Scientific-Grade Digital Camera, USA) , a 

computer, a microsyringe pump (781101,KD Scientific Inc.,USA) and a syringe kit.  

The flow rates of the particle suspended solution were optimized.  The results were 

analyzed using video recorded files of flowing particles from a CCD camera which is 

connected to an inverted optical microscope. Non-modified (without fluorescence or 

modified surface) two-size microspheres; 1 and 6 m) were studied; 1-m particles have 

magnetic property. The aim is to focus the 6-m particles to the inner wall of the spiral 

channel and separated into the inner outlet while the 1-m particles were induced by 

external magnetic field (figure 9) and come out at the outer outlet.  



 

Figure 9 The spiral microfluidic chip incorporated with neodymium magnet for particle 

separation (a) The flowing particles are monitored under an inverted microscope (b) The 

position of neodymium magnet 

Result and Discussion 

a. Flow rate optimization for polystyrere microsphere 

 The flow behavior of 6-m polystyrere microsphere were study inside the designed 

spiral microchannel using the flow rate between 1.5-2.3 L/min. The particles flow at 

random position with the flow rate lower than 1.5 and more than 2.3 L/min. The result 

shows in Figure 10. The flow rate of 1.9 L/min gave the highest separation efficiency which 

can separate 77  1% of the particles into the inner wall of the channel. 

 



 

Figure 10 The separation efficiency of 6-m polystyrere microsphere at different flow rates 

in the spiral microchannels.  

b.  Magnetic force optimization for magnetic microsphere separation 

 According to the design of the spiral microchannel which cannot use to focus a very 

small particle size (less than 2 micrometers). The 1-m magnetic microspheres were 

separated by the utilization of the magnetic force from the neodymium magnet. The 

position of placing the magnet was studied at 6, 8, 10 and 12 mm from the outlet channel 

using the optimized flow rate of 6-m polystyrere microspheres, 1.9 L/min. The result was 

found that 8-mm distance gave the highest separation efficiency; 80  0 % of all the flowing 

particles were pulled to the outer wall of the channel and come out from the outer outlet. 

 The interference of the magnetic field on the 6-m polystyrere microspheres were 

also study. By placing the neodymium magnet at 8 mm from the channel, the flow behavior 

at the optimized flow rate was monitor. The result (Fig. 11) shows that there is no 

interference on the flow of 6-m spheres.   
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Figure 11 Effect of the magnetic force on the non-magnetic particles in the suspended 

mixed-size particles solution flowing in the spiral microchannel. 

c.  Mixed particle separation 

 The mixture of 1-m magnetic microspheres and 6-m polystyrere microspheres 

were introduced to the spiratl channel using the optimized parameters, 1.9-L/min flow 

rate and 8-mm magnet position. The result shows in Figure 12.  An 80 ± 0% of the 1-m 

magnetic microspheres were separated to the outer outlet and a 77 ± 1% of the 6-m 

polystyrere microspheres were separated to the inner outlet. The designed microfluidics can 

give a high separation efficiency for both sizes of particles, and this can be a prototype of 

several separation applications in field of biological science and medicine. 

0

10

20

30

40

50

60

70

80

90

Chip 1 Chip 2 Chip 3 No magnet

Se
pa

ra
ti

on
 E

ff
ic

en
cy

 
(p

er
ce

n
t)

Outer Wall Inner Wall



 

Figure 12 The numbers of 1-m and 6-m particles at different positions inside the spiral 

microchannel with the magnetic force induction monitored at the straight part near the 

outlets of the channel. 

Conclusion 

Our spiral microfluidics was successfully separate non-magnetic 6-m particles from 

magnetic 1-m particles with very high separation rate.  The optimum flow rate giving 

highest separation efficiency was 1.9 L/min which 77 ± 1% of 6-m particles were focused 

and separated to the inner outlet. The 1-m particles were manipulated by the magnetic 

field from hemisphere neodymium magnet placed at 8.00 mm from the channel, and 80± 

0% of the particles were separated to the outer outlet. This cheap, easy to fabricate, small 

amount of sample needed, and small spiral microchannel with cooperated with neodymium 

magnet can be used to separate real samples with different sizes and magnetic properties 

such as mixed synthetic particles or biological cells.  

 

0
20
40
60
80

100
120
140
160
180
200

2 6 10 14 18 22 26 30 34 38 42 46 50

N
um

be
rs

 o
f 

p
ar

ti
cl

e 
fo

u
nd

Position in the microchannel (µm) 

1 µm magnetic microsphere
6 µm polystyrene sphere



 

References 

1. Mao, W.B. and A. Alexeev, Hydrodynamic sorting of microparticles by size in ridged 

microchannels. Physics of Fluids, 2011. 23(5): p. 4. 

2. Pamme, N., Continuous flow separations in microfluidic devices. Lab on a Chip, 2007. 

7(12): p. 1644-1659. 

3. Toner, M. and D. Irimia, BLOOD-ON-A-CHIP. Annual Review of Biomedical Engineering, 

2005. 7(1): p. 77-103. 

4. Aman, R. and et al., Differential inertial focusing of particles in curved low-aspect-

ratio microchannels. New Journal of Physics, 2009. 11(7): p. 075025. 

5. Bhagat, A., et al., Inertial microfluidics for sheath-less high-throughput flow 

cytometry. Biomedical Microdevices, 2010. 12(2): p. 187-195. 

6. Song, Y., et al., Counting bacteria on a microfluidic chip. Analytica Chimica Acta. 

681(1-2): p. 82-86. 

7. Zhang, H.P., et al., Methods for counting particles in microfluidic applications. 

Microfluidics and Nanofluidics, 2009. 7(6): p. 739-749. 

8. Yi, C., et al., Microfluidics technology for manipulation and analysis of biological 

cells. Analytica Chimica Acta, 2006. 560(1-2): p. 1-23. 

9. Tanaka, Y., et al., Biological cells on microchips: New technologies and applications. 

Biosensors and Bioelectronics, 2007. 23(4): p. 449-458. 

10. Reyes, D.R., et al., Micro Total Analysis Systems. 1. Introduction, Theory, and 

Technology. Analytical Chemistry, 2002. 74(12): p. 2623-2636. 

11. Whitesides, G.M., The origins and the future of microfluidics. Nature, 2006. 442(7101): 

p. 368-373. 

12. Auroux, P.-A., et al., Micro Total Analysis Systems. 2. Analytical Standard Operations 

and Applications. Analytical Chemistry, 2002. 74(12): p. 2637-2652. 

13. Kang, Y., et al., On-chip fluorescence-activated particle counting and sorting system. 

Analytica Chimica Acta, 2008. 626(1): p. 97-103. 

14. Lin, C.C., A. Chen, and C.H. Lin, Microfluidic cell counter/sorter utilizing multiple 

particle tracing technique and optically switching approach. Biomedical 

Microdevices, 2008. 10(1): p. 55-63. 



15. Bhagat, A., et al., Microfluidics for cell separation. Medical and Biological Engineering 

and Computing, 2010. 48(10): p. 999-1014. 

16. Daw, R. and J. Finkelstein, Lab on a chip. Nature, 2006. 442(7101): p. 367-367. 

17. Gardeniers, J.G.E. and A. vanย denย Berg, Lab-on-a-chip systems for biomedical and 

environmental monitoring. Analytical and Bioanalytical Chemistry, 2004. 378(7): p. 

1700-1703. 

18. Chin, C.D., V. Linder, and S.K. Sia, Lab-on-a-chip devices for global health: Past 

studies and future opportunities. Lab on a Chip, 2007. 7(1): p. 41-57. 

19. Stone, H.A. and S. Kim, Microfluidics: Basic issues, applications, and challenges. AIChE 

Journal, 2001. 47(6): p. 1250-1254. 

20. Mitchell, P., Microfluidics-downsizing large-scale biology. Nat Biotech, 2001. 19(8): p. 

717-721. 

21. Dittrich, P.S. and A. Manz, Lab-on-a-chip: microfluidics in drug discovery. Nat Rev Drug 

Discov, 2006. 5(3): p. 210-218. 

22. Andersson, H. and A. van den Berg, Microfluidic devices for cellomics: a review. 

Sensors and Actuators B: Chemical, 2003. 92(3): p. 315-325. 

23. Blankenstein, G. and U. Darling Larsen, Modular concept of a laboratory on a chip 

for chemical and biochemical analysis. Biosensors and Bioelectronics, 1998. 13(3-4): 

p. 427-438. 

24. Akagi, T. and T. Ichiki, Cell electrophoresis on a chip: what can we know from the 

changes in electrophoretic mobility? Analytical and Bioanalytical Chemistry, 2008. 

391(7): p. 2433-2441. 

25. Hu, X., et al., Marker-specific sorting of rare cells using dielectrophoresis. Proceedings 

of the National Academy of Sciences of the United States of America, 2005. 102(44): 

p. 15757-15761. 

26. Xia, N., et al., Combined microfluidic-micromagnetic separation of living cells in 

continuous flow. Biomedical Microdevices, 2006. 8(4): p. 299-308. 

27. Afshar, R., et al., Magnetic particle dosing and size separation in a microfluidic 

channel. Sensors and Actuators B-Chemical. 154(1): p. 73-80. 

28. MacDonald, M.P., G.C. Spalding, and K. Dholakia, Microfluidic sorting in an optical 

lattice. Nature, 2003. 426(6965): p. 421-424. 

29. Petersson, F., et al., Free Flow Acoustophoresis: Microfluidic-Based Mode of Particle 

and Cell Separation. Analytical Chemistry, 2007. 79(14): p. 5117-5123. 



30. Davis, J.A., et al., Deterministic hydrodynamics: Taking blood apart. Proceedings of 

the National Academy of Sciences, 2006. 103(40): p. 14779-14784. 

31. Takagi, J., et al., Continuous particle separation in a microchannel having 

asymmetrically arranged multiple branches. Lab on a Chip, 2005. 5(7): p. 778-784. 

32. Yamada, M. and M. Seki, Hydrodynamic filtration for on-chip particle concentration 

and classification utilizing microfluidics. Lab on a Chip, 2005. 5(11): p. 1233-1239. 

33. Chmela, E., et al., A Chip System for Size Separation of Macromolecules and 

Particles by Hydrodynamic Chromatography. Analytical Chemistry, 2002. 74(14): p. 

3470-3475. 

34. Blom, M.T., et al., On-Chip Hydrodynamic Chromatography Separation and Detection 

of Nanoparticles and Biomolecules. Analytical Chemistry, 2003. 75(24): p. 6761-6768. 

35. Seo, J., M.H. Lean, and A. Kole, Membraneless microseparation by asymmetry in 

curvilinear laminar flows. Journal of Chromatography A, 2007. 1162(2): p. 126-131. 

36. Kuntaegowdanahalli, S.S., et al., Inertial microfluidics for continuous particle 

separation in spiral microchannels. Lab on a Chip, 2009. 9(20): p. 2973-2980. 

37. Di Carlo, D., et al., Continuous inertial focusing, ordering, and separation of particles 

in microchannels. Proceedings of the National Academy of Sciences, 2007. 104(48): p. 

18892-18897. 

38. Di Carlo, D., et al., Equilibrium Separation and Filtration of Particles Using Differential 

Inertial Focusing. Analytical Chemistry, 2008. 80(6): p. 2204-2211. 

39. Kersaudy-Kerhoas, M., R. Dhariwal, and M.P.Y. Desmulliez, Recent advances in 

microparticle continuous separation. Nanobiotechnology, IET, 2008. 2(1): p. 1-13. 

40. Kwang, W.O. and H.A. Chong, A review of microvalves. Journal of Micromechanics and 

Microengineering, 2006. 16(5): p. R13. 

41. Bhagat, A.A.S., S.S. Kuntaegowdanahalli, and I. Papautsky, Continuous particle 

separation in spiral microchannels using dean flows and differential migration. Lab 

on a Chip, 2008. 8(11): p. 1906-1914. 

42. Inglis, D.W., et al., Critical particle size for fractionation by deterministic lateral 

displacement. Lab on a Chip, 2006. 6(5): p. 655-658. 

43. Huang, L.R., et al., Continuous Particle Separation Through Deterministic Lateral 

Displacement. Science, 2004. 304(5673): p. 987-990. 

44. Wilding, P., et al., Integrated Cell Isolation and Polymerase Chain Reaction Analysis 

Using Silicon Microfilter Chambers. Analytical Biochemistry, 1998. 257(2): p. 95-100. 



45. Yamada, M., M. Nakashima, and M. Seki, Pinched Flow Fractionation: Continuous Size 

Separation of Particles Utilizing a Laminar Flow Profile in a Pinched Microchannel. 

Analytical Chemistry, 2004. 76(18): p. 5465-5471. 

46. Yamada, M., et al., Microfluidic devices for size-dependent separation of liver cells. 

Biomedical Microdevices, 2007. 9(5): p. 637-645. 

47. Hur, S.C., et al., Deformability-based cell classification and enrichment using inertial 

microfluidics. Lab on a Chip. 11(5): p. 912-920. 

48. Mach, A.J. and D. Di Carlo, Continuous Scalable Blood Filtration Device Using Inertial 

Microfluidics. Biotechnology and Bioengineering. 107(2): p. 302-311. 

49. Edd, J.F., et al., Controlled encapsulation of single-cells into monodisperse picolitre 

drops. Lab on a Chip, 2008. 8(8): p. 1262-1264. 

50. Bhagat, A.A.S., S.S. Kuntaegowdanahalli, and I. Papautsky, Enhanced particle filtration 

in straight microchannels using shear-modulated inertial migration. Vol. 20. 2008: 

AIP. 101702. 

51. Matas, J., J. Morris, and E. Guazzelli, Lateral Forces on a Sphere. Oil & Gas Science 

and Technology - Rev. IFP, 2004. 59(1): p. 59-70. 

52. Ookawara, S., et al., Feasibility study on concentration of slurry and classification of 

contained particles by microchannel. Chemical Engineering Journal, 2004. 101(1-3): 

p. 171-178. 

53. Chun, B. and A.J.C. Ladd, Inertial migration of neutrally buoyant particles in a square 

duct: An investigation of multiple equilibrium positions. Vol. 18. 2006: AIP. 031704. 

 

 

  



Appendix 

  นิพนธตนฉบับที่พรอมสงตีพิมพ (Manuscript) 

 

 


