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Abstract Focusing particles (both biological and syn-

thetic) into a tight stream is usually a necessary step prior

to counting, detecting, and sorting them. The various par-

ticle focusing approaches in microfluidic devices may be

conveniently classified as sheath flow focusing and

sheathless focusing. Sheath flow focusers use one or more

sheath fluids to pinch the particle suspension and thus focus

the suspended particles. Sheathless focusers typically rely

on a force to manipulate particles laterally to their equi-

librium positions. This force can be either externally

applied or internally induced by channel topology. There-

fore, the sheathless particle focusing methods may be

further classified as active or passive by the nature of the

forces involved. The aim of this article is to introduce and

discuss the recent developments in both sheath flow and

sheathless particle focusing approaches in microfluidic

devices.
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1 Introduction

Microfluidic devices have been increasingly used over the

past decade to manipulate particles (both biological and

synthetic) due to the reduced sample and reagent use,

enhanced efficiency, shorter processing times, and various

other advantages (Toner and Irimia 2005; Yi et al. 2006;

Sims and Allbritton 2007; Tanaka et al. 2007). In many of

these devices, such as microflow cytometers (Huh et al.

2005; Chung and Kim 2007; Ateya et al. 2008; Godin et al.

2008) and continuous-flow sorters (Pamme 2007; Kers-

audy-Kerhoas et al. 2008; Kulrattanarak et al. 2008;

Tsutsui and Ho 2009), focusing particles into a tight stream

is usually a necessary step prior to counting, detecting, and

sorting them. Focusing particles to the center of a channel

also prevents them from being adsorbed to channel walls.

As traditionally defined, particles can be focused in

either two-dimensional (2D) or three-dimensional (3D). A

2D focusing normally indicates the horizontal focusing of

particles to the center plane of a microchannel, where

particles still scatter over the channel depth. This focusing

is usually sufficient for continuous-flow particle sorters

even though the adsorption of particles to the top and

bottom channel walls may sometimes become an issue

(Pamme 2007; Kersaudy-Kerhoas et al. 2008; Kulrattana-

rak et al. 2008; Tsutsui and Ho 2009). For the application

to flow cytometers, however, 2D focusing frequently suf-

fers from some problems such as the probability of coin-

cident events due to the translocation of two or more

particles past the detection region at the same time, and the

variance of the detected signals from particles passing

through the sensor at different heights, etc. (Huh et al.

2005; Chung and Kim 2007; Ateya et al. 2008; Godin et al.

2008). These problems are not encountered in 3D focusing,

where particles are focused in both the horizontal and the

vertical directions.

The simplest approach to particle focusing is driving the

particle solution through a converging microchannel whose

small passage ensures particles to travel in a single file

(Chau et al. 1999; Fu et al. 1999; Lee et al. 2003). This

method is, however, only applicable to dilute particle

solutions, and so the particle throughput is very limited.

Various other particle focusing methods have been
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developed in microfluidic devices, which may be conve-

niently classified as sheath flow focusing and sheathless

focusing. Sheath flow focusers use one or more sheath

fluids to pinch the particle suspension flow and thus focuses

the suspended particles. Sheathless focusers achieve par-

ticle focusing in a pressure-driven or electrokinetic sus-

pension flow by the use of either an externally applied or an

internally induced force field (Huh et al. 2005; Chung and

Kim 2007; Ateya et al. 2008; Godin et al. 2008).

This article is aimed to review and discuss the recent

developments in both sheath flow and sheathless particle

focusing approaches in microfluidic devices. Wherever

applicable, the applications of the introduced particle

focusing method to, for example, particle detection in

microflow cytometers and particle separation in continu-

ous-flow sorters, will also be included. In addition, readers

are suggested to read the recent review papers from Huh

et al. (2005), Chung and Kim (2007), Ateya et al. (2008),

Godin et al. (2008), and Mao and Huang (2008).

2 Sheath flow focusing of particles

Among the diverse particle focusing methods, sheath flow

focusing may be the most common one that has been

adopted in microfluidic devices. This type of focusing has

been realized by using either pressure-driven (Lee et al.

2006; Chang et al. 2007; Rodriguez-Trujillo et al. 2007;

Tsai et al. 2008; Kummrow et al. 2009) or electric field-

driven (Fu et al. 2004; Yang et al. 2005; Xuan and Li 2005;

Kohlheyer et al. 2008) particle-free sheath flows to pinch

the particle suspension flow and thus focus particles into a

single file. In general, one or more sheath fluids should be

used in order to obtain a 2D or 3D particle focusing. The

various designs of microfluidic sheath flow focusing of

particles that were reported before 2008 have been

reviewed recently by several research groups (Huh et al.

2005; Chung and Kim 2007; Ateya et al. 2008; Godin et al.

2008). Therefore, our attention on this category of particle

focusing is primarily paid to the designs that have been

presented since 2008 with emphasis on those incorporating

novel focusing principles and/or novel configurations.

2.1 Sheath flow focusing using grooved microchannels

Typical designs capable of 3D hydrodynamic focusing

require multiple sheath inputs and several alignment steps,

which complicates the device fabrication and operation.

Recently, Howell et al. (2008) proposed a 3D sheath flow

focusing method by the use of grooved microchannels.

They reported a stripe-based design and a chevron-based

design. In the latter (see Fig. 1a for a schematic), the two

equal sheath flows first place the sample stream in the

center of the channel, leading to a typical 2D sheath flow

focusing. Then, pairs of chevrons cut into the top and

bottom walls of the channel direct sheath fluid from the

sides to the middle over and under the sample stream. This

isolates the sample stream from the top and bottom walls of

the channel, creating a vertical focusing. The height and

width of thus focused sample stream can be controlled by

the number of chevron pairs and the sheath-to-sample flow-

rate ratio, respectively. Figure 1b shows the numerically

predicted size and shape of the sample stream at different

flow-rate ratios for a design with four chevron pairs, which

agree closely with the experimental observations in

Fig. 1c.

The chevron-based 3D sheath flow focusing has been

demonstrated to focus 5.6-lm-diameter polystyrene beads

at a flow rate of 10 ll/min (Golden et al. 2009). This 3D

particle focuser has also been integrated into a microflow

cytometer for multiplexed detection of bacteria and toxins

coated onto the bead surfaces (Kim et al. 2009; Golden

et al. 2009). In another design of sheath flow focusing for

microfluidic flow cytometers, a micro-weir structure is

positioned right beneath optical detection system (Fu et al.

2008). This structure was demonstrated to result in the

separation of 5-lm- and 10-lm-diameter polystyrene beads

in the vertical direction, which ensures a sequential flow of

both sizes of particles through the interrogation region for a

reliable detection (Tsai et al. 2008; Hou et al. 2009). The

reported flow rate of their aqueous sample is approximately

14 ll/min (Hou et al. 2009).

2.2 Dean flow-assisted sheath flow focusing

Dean flow is a secondary transverse flow (characterized by

two counter-rotating vortices, i.e., so-called Dean vortices)

induced by centrifugal effects in a curved channel (Berger

et al. 1983). Mao et al. (2007) first exploited this flow to

implement a 3D hydrodynamic focusing in a single-layer

planar microfluidic device. In their device, the sample flow

was first vertically focused by the Dean vortices formed in

a co-infused sheath flow through a 90� curve, and then

horizontally focused to the center of a straight channel by

two horizontal sheath flows. The vertical focusing of the

sample flow was verified through a side-view imaging.

This 3D hydrodynamic particle focuser has been recently

integrated by the same group with a laser-induced fluo-

rescence detection system. The system was demonstrated

to provide effective high-through flow cytometry mea-

surements of 7.32-lm- and 8.32-lm-diameter polystyrene

beads at a rate of greater than 1,700 particles/s (Mao et al.

2009).

More recently, Lee et al. (2009) reported a 3D hydro-

dynamic focusing in a single-layer microfluidic device with

only one sheath fluid. This Dean flow-assisted sheath flow
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focusing took place in a microchannel comprised of an

array of contraction and expansion regions. As shown

schematically in Fig. 2a, the sample and sheath fluids co-

flowing in the expansion region are influenced by the Dean

vortices formed at the contraction region. As a conse-

quence, the sheath fluid vertically wraps the sample fluid

from both the top and bottom directions. Meanwhile, the

vertically focused sample fluid drifts toward the outer

corner of contraction region due to the Dean flow, resulting

in a horizontal focusing. This simple device was demon-

strated to implement a 3D focusing of human red blood

cells in phosphate buffered saline at a flow rate of 0.1 ml/h;

see Fig. 2b. The position of the focused cell stream can be

easily controlled by modulating the flow rate or the number

of the contraction regions.

2.3 Sheath flow focusing with vertical confinement

With sheath flow focusing, particles are typically focused

to a stream traveling along the center plane (2D focusing)

or centerline (3D focusing) of a microchannel for the best

optical interrogation. In some applications, however, par-

ticles may be desired to flow in close proximity to, for

example, the sensing electrodes deposited on the channel

floor for increased signal-to-noise ratio. Such vertical

confinement can be achieved using a 2D horizontal sheath

flow focusing with a stepped outlet channel (Scott et al.

2008). Another means is to use a third sheath to vertically

squeeze the particle stream. As shown schematically in

Fig. 3, the 2D sheaths force particles in the sample stream

to move in a single file manner, and the 3D sheath ensures

the particles to translocate close to the sensing electrodes

(Watkins et al. 2009). This device has been demonstrated

to count T lymphocytes at a flow rate of 4 ll/min (with up

to 8,000 cells/min) and to differentiate between live and

dead/dying lymphocyte populations. In addition, a 3D

hydrodynamic focusing device sharing a similar principle

to Watkins et al. (2009)’s has been developed and

Fig. 1 a Isometric schematic of

the chevron-based sheath flow

design; b numerically predicted

size and shape of the sample

cross-section at different sheath-

to-sample flow-rate ratios for a

design of four pair of chevrons;

c experimentally observed

sample cross-sections.

Reprinted from Howell et al.

(2008) with permission from

Royal Society of Chemistry

Fig. 2 a Schematic of the contraction–expansion array microchannel

for 3D hydrodynamic focusing; b image of red blood cells focused by

a phosphate buffered saline flow in the xy plane. Reprinted from Lee

et al. (2009) with permission from Royal Society of Chemistry
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researched by Hairer and collaborators (Hairer et al. 2008;

Hairer and Vellekoop 2009).

2.4 Summary of sheath flow focusing

Compared to other force-based sheathless focusing

approaches whose focusing capability normally varies with

the particle size, sheath flow focusing is mostly determined

by the flow-rate ratio between the sheath fluid and the

particle suspension and thus potentially able to focus very

small particles and even molecules. Moreover, both the

location and the dimension of the focused particle stream

are readily tunable, which can be achieved by adjusting the

flow rate of each of the sheath fluids such as the devices

developed by Howell et al. (2008) and Lee et al. (2009).

Accordingly, however, the requirement of sheath flow(s)

complicates the device control, increases the device oper-

ation cost (due to, for example, the consumption of sheath

fluids), and dilutes the particle concentration as well.

3 Sheathless focusing of particles

Sheathless particle focusers typically rely on a force to

manipulate the suspended particles laterally to their equi-

librium positions. This force can be either externally

applied such as acoustic (Mao and Huang 2008), dielec-

trophoretic (Gascoyne and Vykoukal 2002), magnetic (Liu

et al. 2009), and optical (Zhao et al. 2007) forces, or

internally induced by channel topology including

hydrophoretic (Choi et al. 2008), inertial (Di Carlo 2009),

and dielectrophoretic (Zhu and Xuan 2009a) forces, etc.

Therefore, the sheathless particle focusing approaches may

be further classified as active or passive by the nature of the

forces involved. These two sub-categories of microfluidic

sheathless particle focusers are reviewed separately in the

following sections.

3.1 Active sheathless focusing

3.1.1 Acoustic focusing

Acoustic focusing arises from the lateral action of acoustic

wave-induced radiation pressure on particles, which forces

particles toward either the pressure nodes or antinodes

depending on the density and compressibility of the parti-

cle and the medium. Petersson et al. (2005) utilized the

lateral acoustophoretic motion to focus both 5-lm-diame-

ter polyamide spheres and red blood cells in a pressure-

driven laminar flow. The reported flow rate of the particle

suspension is 100 ll/min. The standing acoustic wave was

generated by a piezoceramic plate integrated into a silicon

chip. This focusing was utilized to demonstrate both a

medium exchange (Petersson et al. 2005) and a continuous

separation (Petersson et al. 2007) of polystyrene beads and

blood cells by size and density. Goddard et al. (2006, 2007)

used the ultrasonic acoustic energy to focus particles to the

center of a flow stream for analysis by flow cytometry. The

ultrasonic field was generated by a piezoceramic crystal

attached to the external surface of a glass capillary tube.

Both 7.8 lm fluorescent microspheres and Chinese hamster

cells were tested in this system at a throughput between

100 and 200 particles/s.

Recently, Shi et al. (2008) proposed a novel on-chip

particle focusing technique using standing surface acoustic

waves (SSAW). They deposited a pair of interdigital

transducers (IDTs) onto a piezoelectric substrate, between

which a polydimethylsiloxane (PDMS)-based microfluidic

channel was bonded to the substrate (Fig. 4, left plot). This

is different from the previous acoustic focusing designs

that used a substrate-bonded bulk transducer within the

microchannel to form a resonance cavity. In Shi et al.’s

(2008) experiment, 1.9-lm-diameter polystyrene beads

were observed to focus into a narrow stream in the center

of a 50 9 50 lm channel within 4.5 ms; see Fig. 4 (right

plot) for the recorded particle streak images at different

sites of the channel. The reported fluid flow velocity is

6.7 cm/s, yielding a flow rate of around 10 ll/min in the

microchannel. This SSAW-based focusing method was

recently demonstrated by the same group to implement

both a diverse patterning (Shi et al. 2009a) and a contin-

uous separation (Shi et al. 2009b) of polymer beads and

cells.

While they are simple and efficient, acoustic particle

focusers typically require the transducer be in close prox-

imity to the microchannel. This complicates the device

fabrication and as well affects its integration with other

functional components into lab-on-a-chip devices.

Fig. 3 (Top) Chip-level view of the 3D sheath flow focusing and

electrical sensing region (not drawn to scale); (bottom) schematic of

the 3D sheath flow focusing of particles with vertical confinement.

Reprinted from Watkins et al. (2009) with permission from Royal

Society of Chemistry
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Moreover, the acoustic focusing approach is not very

suitable for disposable microfluidic devices due to its rel-

atively high cost.

3.1.2 Axisymmetric flow focusing

Axisymmetric flow focusing of particles was first demon-

strated by Kim and Yoo (2009a) in a 7-cm long circular

microcapillary of 85-lm diameter, see Fig. 5 for a sche-

matic. It is based on previous observations that particles

lagging behind the Poiseuille flow [e.g., more dense par-

ticles in an upflow] migrate toward the tube axis due to an

induced ‘‘lift’’ force as illustrated in Fig. 5a (Repetti and

Leonard 1964; Jeffrey and Pearson 1965). In Kim and

Yoo’s experiment, the relative motion between 5-lm-

diameter polystyrene beads and the suspending fluid

(a solution of water–glycerol mixture with the same density

as the particle) was cleverly realized by imposing an

electric field in the same direction as the pressure-gradient

(Fig. 5b). As negatively charged particles moved electro-

phoretically against the combined pressure- and electric

field-driven fluid flow, they were observed to be focused to

the capillary axis at a flow Reynolds number as small as

0.05. Such axisymmetric flow focusing approach was later

applied by the same authors (Kim and Yoo 2009b) to focus

red blood cells at similar conditions to the focusing of

polymer beads; see the two inset images for the unfocused

and focused cells. In both experiments, the reported fluid

velocity along the capillary centerline (i.e., the maximum

flow velocity) is 1.77 mm/s, and the electrophoretic parti-

cle velocity is on the order 200 lm/s at a 100 V/cm electric

field.

Axisymmetric flow focusing of particles is simple in

both principle and control, which, however, requires a

relatively long capillary and is thus not suitable for appli-

cations based on lab-on-a-chip devices. More importantly,

it still needs demonstrations in microfluidic chips fabri-

cated via the standard planar lithography process.

3.1.3 Electrode-based AC dielectrophoretic focusing

Dielectrophoresis (DEP) is the translational motion of

particles due to either the induced (e.g., in polymer beads,

cells, viruses, etc.) or native (e.g., in proteins) electrical

dipoles in an electric field gradient (Pohl 1978; Morgan and

Fig. 4 (Left) Photograph of the

bonded SSAW focusing device

consisting of a LiNbO3 substrate

with two parallel IDTs and a

PDMS channel; (right) recorded

fluorescent images of 1.9 lm

polystyrene beads at sites (I–IV)

of the microchannel. Reprinted

from Shi et al. (2008) with

permission from Royal Society

of Chemistry

Fig. 5 Schematic of the axisymmetric focusing of particles in a

single circular microcapillary. a Principle of radially inward migra-

tion of non-neutrally buoyant particles; b an analogous fluidic

situation to a where the lagging of particles behind fluid flow is

realized by imposing a negative electrophoretic particle motion;

c schematic of the fluid feeding parts. The two insets at the bottom

show the images of unfocused and focused red blood cells. Reprinted

from Kim and Yoo (2009a, b) with permissions from Royal Society of

Chemistry and Elsevier
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Green 2002). Therefore, if there exist electric field non-

uniformities normal to streamlines, particles can be

deflected across the streamlines by DEP and focused to

tight stream(s) in the region(s) of balanced forces (Hughes

2002; Gascoyne and Vykoukal 2004).

Traditional dielectrophoretic particle focusing methods

are based on the non-uniform AC electric field between

pairs of patterned microelectrodes inside microchannels

(Lin et al. 2004; Yu et al. 2005; Holmes et al. 2006; Cheng

et al. 2007; Lapizco-Encinas and Rito-Palmomares 2007;

Demierre et al. 2008; Braschler et al. 2008; Wang et al.

2009). The particle suspension is pumped by a pressure-

driven flow. The AC electric voltages must be externally

applied to the microelectrodes and must be in the high

frequency range in order to reduce the electrode fouling

due to electrochemical reactions (Voldman 2006). Such

electrode-based AC dielectrophoretic focusing approaches

are thus classified into the sub-category of active sheathless

particle focusing. In addition, in-channel micro-insulators

(e.g., hurdles, posts, ridges, corners, and turns) have also

been demonstrated to implement a dielectrophoretic

focusing of particle (Chou and Zenhausern 2003; Cum-

mings and Singh 2003; Ozuna-Chacon et al. 2008). In this

focusing, the dielectrophoretic force is internally induced

around the micro-insulators when a DC field is applied

across the entire channel length to transport the particle

suspension by electrokinetic flow. Therefore, this insulator-

based dielectrophoretic focusing approach is classified into

the sub-category of passive sheathless particle focusing and

will be presented in Sect. 3.2.4.

To date the majority of the electrode-based dielec-

trophoretic focusing approaches have used negative DEP

(Ateya et al. 2008; Godin et al. 2008). As the largest

electric field occurs at the surface of the electrode, particles

are pushed away from the electrode. In a recent work, Chu

et al. (2009) reported a 3D particle focusing microchannel

using positive DEP. As shown schematically in Fig. 6a, a

dielectric structure placed between two symmetric planar

electrodes induces the maximum electric field at its top

edges. Consequently, particles experiencing positive DEP

(through tuning the AC voltage frequency) are first forced

to travel along the top edges of the dielectric structure, and

then focused to the centerline of the microchannel in the

pressure-driven laminar wake of the structure. Figure 6b

illustrates the images of 2-lm-diameter polystyrene beads

near the end of the dielectric structure when the AC voltage

(thus positive DEP) is off and on, respectively. The

focusing of 4.5 lm polystyrene beads and yeast cells was

also tested in this device at a flow rate of 0.01 ll/min,

which both showed a weaker focusing efficiency than the

2 lm beads. The geometry of the dielectric structure was

later optimized through numerical modeling by Choi et al.

(2009a).

For electrode-based AC dielectrophoretic particle

focusing, patterning of microelectrodes onto glass or

polymeric substrates through metal evaporation or depo-

sition still remains to be challenging and makes the whole

device prone to fouling. Moreover, particles must be re-

suspended in buffer solutions with a very low ionic con-

centration in order to suppress Joule heating effects and

electrochemical reactions (e.g., generating bubbles and

other deleterious chemicals), which may cause adverse

effects to bioparticles especially severe to mammalian cells

(Voldman 2006). In addition, the focusing efficiency is

very sensitive to the particle location as the dielectropho-

retic force decays rapidly away from the electrode surfaces

(Hughes 2002; Gascoyne and Vykoukal 2004).

3.2 Passive sheathless focusing

3.2.1 Hydrodynamic filtration-based focusing

The concept of ‘‘hydrodynamic filtration’’ was first pro-

posed by Yamada and Seki (2005, 2006) for separating

particles by size (Yamada et al. 2007). It is because at a

microchannel bifurcation, particles larger than a specific

size are excluded from the flow lane near the main channel

wall while those smaller than the size are able to follow the

Fig. 6 a Schematic view of the

3D particle focusing channel

using positive DEP guided by a

dielectric structure between two

planar electrodes; b images of

2 lm polystyrene beads near the

end of the focusing channel

when the AC voltage is off (top)

and one (middle for top view,

bottom for the side view).

Reprinted from Chu et al.

(2009) with permission from

Royal Society of Chemistry
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flow lane entering into the side channel. This size threshold

is determined by the relative flow rate in the main and side

channels, which is dependent on the flow resistance and

may also be adjusted by tuning the pressure drop in each

channel. Hydrodynamic filtration has also been applied to

the chemical treatment of cells via a two-step rapid carrier-

medium exchange (Yamada et al. 2008).

Recently, Aoki et al. (2009) applied the principle of

hydrodynamic filtration to focus particles into a stream

along the centerline of a main microchannel. In one of their

two designs, as shown in Fig. 7a, multiple loop channels

were arranged on both sides of the main channel. These

side channels first split the fluid flows from the main

channel while leaving particles still in the main stream.

Then, these split flows were re-injected into the main

stream from both sides simultaneously, serving as sheath

flows to focus particles to the center of the main channel

instead of its sidewalls. Figure 7b shows an image of 5 lm

fluorescent beads flowing near the outlet of the main

channel at a flow rate of 2 ll/min.

The positioning and focusing of particles to the channel

center were found to be insensitive to the flow speed in

Aoki et al.’s experiment (2009). This indicates a potentially

high speed operation of the hydrodynamic filtration-based

particle focusing device. However, as multiple side chan-

nels are necessary for such focusing to work effectively,

the device is not appropriate for miniaturization and inte-

gration with other components in microfluidic devices.

3.2.2 Hydrophoretic focusing

Hydrophoresis indicates the movement of suspended par-

ticles in response to a microstructure-induced pressure

field. Park’s group (Choi and Park 2007; Choi et al. 2007)

first harnessed this motion to separate microspheres and

cells in a microchannel with fabricated obstacles. The

separation takes place due to the size-dependent deflection

along the lateral flows induced by the transverse pressure

gradients. Such hydrophoretic separation technique has

also been applied by the same group to separate submicron

beads and DNA molecules by size (Choi et al. 2009b) and

as well separate mammalian cells by phase (Choi et al.

2009c).

Recently, Choi et al. (2008) employed hydrophoresis to

focus polymer beads and red blood cells to the center of a

microchannel. The alternately arranged V-shaped obstacles

on the top and bottom channel walls induced lateral pres-

sure gradients, giving rise to two helical recirculations of

opposite directions as sketched in Fig. 8a. Therefore,

transverse focusing flows were formed as indicated, the

result of which was to shift particles to the channel center.

Figure 8b shows images of the trajectories of 15 lm beads

entering from different cross-sectional positions of the

channel with 19.1 lm high V-shaped obstacle arrays. The

hydrophoretic drifting of all three beads to the channel

center was observed at a flow rate of 0.3 ll/min. A similar

principle was demonstrated by Morton et al. (2008) to

steer, refract, and focus streams of polystyrene micro-

spheres and blood cells in a microchannel with microfab-

ricated post arrays. The reported flow speed in their device

was varied from 50 to 500 lm/s.

More recently, Choi and Park (2008) revised the previous

design by using exponentially increasing obstacle arrays.

The first section of their new channel utilizes slant obstacles

to focus particles to either one sidewall or the channel center

based on the symmetry of these obstacles. In the subsequent

sections with exponentially increasing channel widths, bent

obstacles extended from the slant obstacles maintained the

focusing flows and thus increased the particle focusing

efficiency. This revised device was demonstrated to imple-

ment the hydrophoretic focusing of polystyrene beads of

various sizes (6, 10, and 15 lm in diameter) as well as Jurkat

Fig. 7 a Principle and

microchannel design for

hydrodynamic filtration-based

focusing of particles. b Image of

5 lm fluorescent beads flowing

near the outlet of the main

channel as indicated in a.

Reprinted from Aoki et al.

(2009) with permission from

Springer
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cells at a flow rate of up to 4 ll/min. A similar design was

later employed by Hsu et al. (2008) to focus, guide and sort

beads and cells. In their design five columns of herringbone

grooves were fabricated on the microchannel ceiling to

generate microvortices. Particles were trapped and focused

to the locations where the flows from adjacent counter-

rotating microvortices converge. Moreover, particles hea-

vier or lighter than the suspending fluid were focused to

different locations and thus sorted. This device was dem-

onstrated to focus and separate 10 lm poly(methyl meth-

acrylate) and polystyrene beads as well as H1650 cells at a

flow velocity of around 3 lm/s (yielding a Reynolds number

of *0.01).

Overall, hydrophoretic particle focusing is simple to

control. However, the patterning of micro-obstacles on

channel walls requires a non-trivial fabrication. Moreover,

as the obstacle height needs to be comparable to the par-

ticle size for efficient focusing, particle throughput may be

limited due to the potentially large probability of clogging.

3.2.3 Inertial focusing

Inertial focusing utilizes the cross-stream particle motion to

focus particles into one or multiple streams through a

microchannel (Di Carlo 2009). The first related experiment

was done by Segre and Silberberg (1961), where particles

were observed to migrate toward a narrow annulus in a

centimeter-scale circular pipe. This so-called ‘‘tubular

pinch effect’’ is a result of competition of inertial lift forces

acting on particles (Saffman 1965), of which the two

dominant ones are the wall lift and the shear-gradient-

induced lift (Asmolov 1999; Zeng et al. 2005). Inertial lift

forces dominate the particle behavior only when the par-

ticle Reynolds number, Rep = Recd
2/Dh

2 with Rec being the

traditionally defined channel Reynolds number, d is the

particle diameter, and Dh is the channel hydraulic diameter,

is of order 1 (Leal 1980). This condition is achievable for

particle motion in laminar microfluidic devices. Recently,

inertia-induced particle focusing has been experimentally

reported in both straight and curved microchannels. These

works are reviewed below. More detailed information on

developing prototype inertial microfluidic systems for a

variety of applications is referred to a very recent review

from Di Carlo (2009).

3.2.3.1 Inertial focusing in straight microchannels Di

Carlo et al. (2007) were among the first to investigate the

inertial focusing of particles in a straight microchannel.

They observed that initially uniformly distributed 9-lm-

diameter beads were focused to four single streams in a 50-

lm-wide square channel when the particle Reynolds

number, Rep, increased to 2.9 (corresponding to the chan-

nel Reynolds number, Rec = 90), see Fig. 9b. The four

equilibrium positions were all at the centers of the channel

faces (see Fig. 9e, f), and were found to move closer to the

channel walls as Rep increased. Recently, Bhagat et al.

(2008a) found that the inertial focusing positions of parti-

cles in straight microchannels also depend on the channel

aspect ratio. They observed that at Rep = 0.19 (corre-

sponding to Rec = 20), 1.9-lm-diameter fluorescent beads

were focused to a narrow band along the perimeter, *0.2

Dh away from the walls of a 20 9 20 lm2 square channel,

which agrees with the finding of Kim and Yoo (2008). At

the same Rec, however, the same particles were aligned

along the longer sidewalls of a 20 9 50 lm2 rectangular

channel, consistent with Di Carlo et al.’s (2009) finding.

The latter focusing phenomenon has been recently dem-

onstrated by Bhagat et al. (2009) to continuously filtrate

and extract particles from a solution. It has also been

demonstrated to implement a controlled encapsulation of

single cells into monodisperse drops (Edd et al. 2008) and a

sheathless inertial cell ordering for extreme throughput

flow cytometry (Hur et al. 2009).

In another study, Park et al. (2009) investigated the

inertial focusing of particles in a straight microchannel

with 80 alternating narrow (contracting) and wide

Fig. 8 a Schematic diagrams of

the microchannel with V-shaped

obstacle arrays for

hydrophoretic focusing of

particles. Shaded and lined
areas denote the lower and

upper obstacles, respectively.

b Images (captured in the first

five obstacles) of 15-lm-

diameter beads entering from

near the left sidewall (top),

midplane (middle), and right

sidewall (bottom) of the

microchannel. Reprinted from

Choi et al. (2008) with

permission from Wiley
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(expanding) sections in series. The occurrence of vortex

flows at the corners of the wide sections modulates the

particle focusing positions. Park et al. (2009) observed that

7-lm-diameter polymer microspheres were focused to two

lateral positions, *0.2 Dh away from the channel sidewalls

of the last expansion section, as Rep varied from 0.8 to 2.3

(corresponding to 33 \ Rec \ 93, see Fig. 10b–f). When

3.0 \ Rep \ 3.5, however, particles were focused to a

single stream along the channel centerline, as demonstrated

in Fig. 10h, i. Similar focusing has been employed by

Faivre et al. (2006) to separate blood plasma from blood

cells in a straight microchannel with a single geometric

constriction.

3.2.3.2 Inertial focusing in curved microchannels Parti-

cle inertial focusing in curved microchannels was first

studied by Di Carlo et al. (2007), see Fig. 9. When

channels are not straight and Reynolds number is not small,

a secondary transverse flow or Dean vortex is formed as

mentioned earlier (Berger et al. 1983). This double recir-

culation, as measured by the Dean number, exerts a posi-

tion-dependent Dean drag force on particles, which biases

the particle equilibrium positions. By engineering the mi-

crochannel symmetry, Di Carlo et al. (2007) observed that

the focusing of 9-lm-diameter beads were reduced from

four points in a straight square channel (see Fig. 9b), to two

points in a symmetric sinusoidal channel (see Fig. 9c), and

then to a single point in an asymmetric sinusoidal channel

(see Fig. 9d, g). In the last circumstance, particles were not

only focused laterally but also ordered longitudinally in a

chain along the flow direction regardless of particle den-

sity. Moreover, a fourth dimension of rotational alignment

was observed for discoidal red blood cells. These focusing

phenomena are, however, all very sensitive to the particle

Reynolds number. The reported particle Reynolds number

for a single-stream focusing in the asymmetric sinusoidal

microchannel was Rep * 0.2, yielding a flow rate of

*20 ll/min. This inertial focusing has been recently

demonstrated by Di Carlo et al. (2008) to separate rigid

Fig. 9 a Schematic drawing of the continuous inertial focusing of

particle in a curved microchannel. b Top-down views of fluorescent

streak images of flowing 9 lm polystyrene beads in a straight square

channel. Focusing of particles into four single streamlines is observed.

c For a symmetric curving channel the symmetry of the system

reduces focusing to two streams. d For an asymmetric curving system,

focusing down to a single stream is favored. e A confocal cross-

section of the rectangular channel shown in b shows focusing of

particles to the four channel faces (scale bar, 10 lm). f Schematic

diagram showing the force balance between the shear-gradient and

wall-induced lift for particles in three positions. g Confocal cross-

section for an asymmetric channel. h Starting at the inlet on the left, a

random inlet distribution of fluorescent microparticles is focused to a

tight streamline on the right after a short distance (scale bar, 160 lm).

Reprinted from Di Carlo et al. (2007) with permission from PNAS,

National Academy of Sciences

Fig. 10 Inertial focusing of 7 lm polymer beads in a straight multi-

orifice microchannel at different particle Reynolds numbers, Rep.

Reprinted from Park et al. (2009) with permission from Royal Society

of Chemistry
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particles, deformable emulsions, and platelets from whole

blood.

Seo et al. (2007a) studied the inertial focusing of

10.5 lm polystyrene beads in a double-spiral microchannel

at the flow velocity varied from 23 to 92 mm/s. The beads

were observed to flow in a focused stream nearer to the

inner sidewall due to the combined effects of the wall- and

shear-gradient-induced lift forces and the curvature-

induced centrifugal force and Dean vortices. Both the

equilibrium position and the width of the focused particle

stream are once again sensitive to the particle Reynolds

number. This focusing was later demonstrated by Seo et al.

(2007b) to implement a membrane-free separation of par-

ticles by size. It has also been used in a sheathless high-

throughput flow cytometer (Bhagat et al. 2010). In addi-

tion, using the same focusing principle, Bhagat et al.

(2008b), Kuntaegowdanahalli et al. (2009), and Russom

et al. (2009) have each demonstrated a continuous inertial

separation of particles and cells by size in a multi-loop

single-spiral microchannel.

Inertia-based particle focusing method is simple and

able to offer a very high particle throughput, which, on one

hand, makes this method suitable for high-speed applica-

tions such as flow cytometry, while on the other hand,

poses difficulty on the treatment of rare or precious parti-

cles as the particle suspension must flow very fast to induce

a decent inertial motion in microchannels. Moreover, as

both the number and the equilibrium positions of the

focused particle stream(s) are sensitive to the particle

Reynolds number, the operation of such inertial particle

focusers becomes difficult and complicated. Readers are

referred to Gossett and Di Carlo (2009) for a detailed study

of the particle focusing mechanism in curving confined

microflows.

3.2.4 Insulator-based dielectrophoretic focusing

Insulator-based DEP was first demonstrated by Cummings

and Singh (2000) in trapping particles through the use of a

fabricated array of circular posts. As these posts are elec-

trically insulating, electric field gradients are formed

around them, leading to particle DEP (Ai et al. 2009,

2010b). If the induced dielectrophoretic motion can over-

come the electrokinetic and Brownian motions, particles

are stagnated and concentrated between the posts. This

mechanism was later applied to the trapping of biomole-

cules (Chou et al. 2002; Prinz et al. 2002; Ying et al. 2004;

Clarke et al. 2005; Lapizco-Encinas et al. 2008; Gallo-

Villanueva et al. 2009), selective concentration/separation

of microbial cells (Lapizco-Encinas et al. 2004a, b, 2005;

Pysher and Hayes 2007; Cho et al. 2009; Jen and Chen

2008), and continuous separation of polymer beads and

biological cells by size (Kang et al. 2006, 2008, 2009;

Hawkins et al. 2007; Lewpiriyawong et al. 2008). Insula-

tor-based DEP has also been applied to the continuous

focusing of particles (Barrett et al. 2005; Hawkins et al.

2007). Overall two different ‘‘insulators’’ have been dem-

onstrated to generate the required electric field gradients

for dielectrophoretic particle focusing: one is the insulating

obstacles (e.g., hurdles, posts, and ridges) fabricated inside

a microchannel, and the other is the insulating walls of a

curved microchannel. These two methods are reviewed

separately below.

3.2.4.1 Dielectrophoretic focusing in straight microchan-

nels with micro-obstacles Micro-obstacle-induced dielec-

trophoretic focusing was first observed in Cummings and

Singh’s experiment (2003) on streaming DEP of 200-nm latex

nanospheres through a microchannel with an array of insu-

lating posts. As the induced positive DEP could not overcome

electrokinetic flow, these spheres were drawn to the ver-

tices of the diamond-shaped posts, resulting in highly

concentrated particle streams along the columns of the

posts. Similar focusing phenomenon was later observed in

Xuan et al.’s experiment (2006) where 40 lm beads were

focused by negative DEP to the channel centerline after

passing through a short 50-lm-wide constriction. As DC

electric fields were used in both experiments, the electric

field should be large or the particle size should be com-

parable to the constriction in order to draw sufficient

dielectrophoretic motions, where the former condition may

cause adverse effects to bioparticles and the latter can

significantly increase the probability of device fouling due

to particle clogging (Voldman 2006).

Recently, Zhu and Xuan (2009a) demonstrated the use

of DC-biased AC electric fields for dielectrophoretic par-

ticle focusing in a microchannel constriction. The total

field magnitude (i.e., DC plus RMS AC) was maintained at

10 kV/m while the AC to DC electric field ratio was varied

from 0 to 9, i.e., from pure DC to 1DC/9AC as indicated in

Fig. 11. It was found that 10 lm polystyrene beads were

nicely focused to a single line in the channel center at 1DC/

9AC, as compared to the slight focusing at pure DC. The

enhanced dielectrophoretic focusing in the AC/DC cases is

attributed to the increased ratio of the cross-stream particle

dielectrophoretic motion to the streamwise electrokinetic

motion (Hawkins et al. 2007; Lewpiriyawong et al. 2008).

A similar focusing to that at 1DC/9AC was also observed

when a 100 kV/m pure DC field was applied, at which the

particle speed measured as 6 mm/s in the 310-lm-wide

main channel. In addition, oil menisci have been harnessed

to shape the electric field for dielectrophoretic particle

focusing (Thwar et al. 2007). Superior to the above rigid

microstructures, the liquid property of oil provides a flex-

ible and dynamic control of the dimension of the menisci

during the experiment. This oil obstacle-induced DEP has
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also been demonstrated to trap and separate particles

(Barbulovic-Nad et al. 2006; Thwar et al. 2007).

Although using DC-biased AC electric fields reduces the

field magnitude for obstacle-induced dielectrophoretic

particle focusing, the locally amplified electric field around

the micro-obstacles may still generate large trans-mem-

brane voltages and shear stresses on cells. Moreover,

solutions require being diluted to minimize Joule heating

effects. All these conditions may affect the cell viability,

especially mammalian cells (Voldman 2006; Lin et al.

2006). In addition, the probability of device failure due to

particle clogging or adhesion is also high in microchannels

with embedded obstacles.

3.2.4.2 Dielectrophoretic focusing in curved microchan-

nels Xuan’s group recently proposed a novel particle

focusing technique in DC electrokinetic flow through

curved microchannels (Zhu et al. 2009a, b; Church et al.

2009; Zhu and Xuan 2009b). This focusing stems from the

cross-stream dielectrophoretic motion induced within the

channel turns. Inertia-based lift forces and Dean drag force

are both negligible in this dielectrophoretic focusing

because the channel Reynolds number, Rec, is very small

under the experimental conditions. Figure 12a shows the

electric field lines (equivalent to streamlines with short

arrows indicating the directions) and the contour of electric

field intensity (the darker the higher) in a round channel

turn. Due to the variation in path length, electric field

attains the maximum and minimum values near the inner

and outer corners of the turn (Ai et al. 2010a; Davison and

Sharp 2008), respectively. Therefore, particles will expe-

rience a transverse dielectrophoretic motion, UDEP, when

they travel electrokinetically, UEK, through the turn.

Depending on the relative conductivity between the parti-

cle and the suspending fluid, particles may undertake

negative (particles are less conductive) or positive (parti-

cles are more conductive) DEP and thus be directed toward

the outer or inner corner of the turn, as indicated in

Fig. 10a.

Zhu et al. (2009a) studied the negative dielectrophoretic

focusing of 5 lm polystyrene beads in a 50-lm-wide ser-

pentine microchannel, see Fig. 12b. Due to the alternate

switching of inner and outer corners between adjacent

U-turns, particles experience periodically switched UDEP in

a serpentine channel. As UDEP for negative DEP points to

the outer corner in each of the turns, particles tend to drift

toward the channel center. The overall consequence will

thus be a focused particle stream along the channel cen-

terline. This analysis is verified by the observed particle

streak images at the entrance and exit regions of the 1-cm

long serpentine section (see the insets of Fig. 12b). The

average DC electric field across the whole channel was

20 kV/m, which produced an average particle speed of

1.1 mm/s. The larger the electric field, the better focusing

can be achieved. The same channel has been recently

demonstrated by the same group to implement electroki-

netic focusing and filtration of microbial cells (Church

et al. 2009).

Zhu et al. (2009b) later examined the dielectrophoretic

focusing of 5 lm polystyrene beads in a single-spiral mi-

crochannel, see Fig. 12c. The channel is 50-lm wide and

Fig. 11 Micro-obstacle-induced dielectrophoretic focusing of 10 lm

polystyrene beads in a 50-lm-wide microchannel constriction at

various AC to DC electric field ratios (e.g., 1DC/9AC indicates the

ratio of RMS AC to DC field is 9). The total magnitude of the AC

(1 kHz frequency) and DC electric fields was maintained at 10 kV/m.

The block arrows indicate the flow directions. Reprinted from Zhu

and Xuan (2009a) with permission from Wiley

Fig. 12 a Illustration of particle electrokinetic and dielectrophoretic

motions in a round microchannel turn. b Dielectrophoretic focusing of

particles in a serpentine microchannel. The two insets show the streak

images of 5 lm beads at the entrance and exit of the serpentine

section, respectively. Reprinted from Zhu et al. (2009a) with

permission from Springer. c Dielectrophoretic focusing of particles

in a single-spiral microchannel. The insets I and II show the streak

image and the snap-shot image of 5 lm beads at the inlet and outlet of

the channel, respectively. Reprinted from Zhu et al. (2009b) with

permission from ASME. The block arrows indicate the flow

directions in both b and c
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overall 10-cm long. Different from a serpentine channel,

particle DEP in a spiral channel is maintained at a constant

angle to the electrokinetic flow as the turn does not change

direction over the entire channel. Therefore, particles will

be pushed toward the outer wall in every loop via negative

DEP, and eventually focused to a stream flowing near the

outer channel wall. This is confirmed by the observations

of the beads at the inlet and outlet of the spiral channel, see

the insets I (superimposed streak images) and II (snap-shot

images) in Fig. 10c. Zhu and Xuan (2009b) also studied the

dielectrophoretic particle focusing in a double-spiral mi-

crochannel. As the induced dielectrophoretic motion

depends on the particle size, the dielectrophoretic focusing

has been recently demonstrated by Zhu et al. (2010) to

implement a continuous separation of particles by size in

an asymmetric double-spiral microchannel.

As the curvature-induced dielectrophoretic focusing

method excludes the use of micro-obstacles inside micro-

channels, the device is less prone to fouling (due to particle

clogging and/or locally amplified electric fields) than the

one based on micro-obstacles. However, both methods still

suffer from the restriction of low particle throughput

because electrokinetic flow is typically limited to just a few

mm/s. Moreover, such insulator-based dielectrophoretic

focusing is sensitive to the contaminations on channel

walls due to, for example, the adhesion of particles. This is

because any surface inhomogeneity can easily cause dis-

turbances to the electroosmotic flow for particle suspension

pumping (Anderson 1989).

4 Conclusions and outlook

Various sheath flow and sheathless approaches to particle

focusing in microfluidic devices have been reviewed in this

article. They are also summarized in Table 1 with details of

the particle and flow information from the selected refer-

ences. Each approach has its own advantages and disad-

vantages, so the comparison of performance is not always

straightforward. The selection of the optimum method will

depend on the needs of the application which may cover

efficiency, reliability, simplicity, throughput and physio-

logical effects, etc. The integration of particle focusing

techniques with pre- and post-focusing processes onto a

Table 1 Listing of microfluidic particle focusing methods with details of the basis of particle focusing, the applicable particles (including type

and size), and the data for flow rates in the selected references

Classification Methods Focusing induced by Particle Flow rate Refs.

Sheath flow

focusing

Using grooved

microchannels

Sheath fluid and lateral

transport

5.6 lm polystyrene beads 10 ll/min Golden et al.

(2009)

Dean flow assisted Sheath fluid and Dean

vortices

Red blood cells 0.1 ml/h Lee et al. (2009)

With vertical

confinement

Horizontal and vertical

sheaths

T lymphocytes 4 ll/min Watkins et al.

(2009)

Sheathless

focusing

Active Acoustic Acoustic force 1.9 lm polystyrene beads 10 ll/min Shi et al. (2008)

Axisymmetric flow Velocity gradient-induced

lift force

5 lm polystyrene beads,

red blood cells

0.5 ll/min Kim and Yoo

(2009a, b)

Electrode-based AC

dielectrophoretic

Externally controlled DEP Polystyrene beads and

yeast cells

0.01 ll/min Chu et al. (2009)

Passive Hydrodynamic filtration Laminar flow 5 lm polystyrene beads 2 ll/min Aoki et al. (2009)

Hydrophoretic Lateral circulations Polystyrene beads and

Jurkat cells

4 ll/min Choi and Park

(2008)

Inertial

Straight microchannels Inertial lift forces 7 lm polystyrene beads 140 ll/min Park et al. (2009)

Curved microchannels Inertial lift and Dean

drag forces

Beads, oil droplets,

and red blood cells

*20 ll/min Di Carlo et al.

(2007)

Insulator-based

dielectrophoretic

Straight microchannels Internally induced DEP

by channel topology

Polystyrene beads 5 ll/min Zhu and Xuan

(2009a)

Curved microchannels Polystyrene beads 0.1 ll/min Zhu and Xuan

(2009b)
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single chip will be the ultimate goal of future research and

development. The resultant lab-on-a-chips or micro-total-

analysis-systems will find applications in many areas such

as agriculture, biomedicine, environment, food technology,

and the pharmaceutical industry.
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