
Continuous sheath-free separation of particles by shape in viscoelastic fluids
Xinyu Lu, Lin Zhu, Ri-mao Hua, and Xiangchun Xuan 
 
Citation: Applied Physics Letters 107, 264102 (2015); doi: 10.1063/1.4939267 
View online: http://dx.doi.org/10.1063/1.4939267 
View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/107/26?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Plate-like iron particles based bidisperse magnetorheological fluid 
J. Appl. Phys. 114, 213904 (2013); 10.1063/1.4837660 
 
Continuous sheath-free magnetic separation of particles in a U-shaped microchannel 
Biomicrofluidics 6, 044106 (2012); 10.1063/1.4765335 
 
Alignment of particles in sheared viscoelastic fluids 
J. Chem. Phys. 135, 104902 (2011); 10.1063/1.3633701 
 
Fall of Spherical Particles in Viscoelastic Fluids 
AIP Conf. Proc. 1152, 57 (2009); 10.1063/1.3203286 
 
A thermodynamic basis for charged particles transport in viscoelastic fluids 
J. Chem. Phys. 107, 9542 (1997); 10.1063/1.475251 
 
 

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  130.127.199.108 On: Thu, 31 Mar

2016 14:23:46

http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/2051104815/x01/AIP-PT/APL_ArticleDL_032316/AIP-APL_Photonics_Launch_1640x440_general_PDF_ad.jpg/434f71374e315a556e61414141774c75?x
http://scitation.aip.org/search?value1=Xinyu+Lu&option1=author
http://scitation.aip.org/search?value1=Lin+Zhu&option1=author
http://scitation.aip.org/search?value1=Ri-mao+Hua&option1=author
http://scitation.aip.org/search?value1=Xiangchun+Xuan&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.4939267
http://scitation.aip.org/content/aip/journal/apl/107/26?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/114/21/10.1063/1.4837660?ver=pdfcov
http://scitation.aip.org/content/aip/journal/bmf/6/4/10.1063/1.4765335?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/135/10/10.1063/1.3633701?ver=pdfcov
http://scitation.aip.org/content/aip/proceeding/aipcp/10.1063/1.3203286?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/107/22/10.1063/1.475251?ver=pdfcov


Continuous sheath-free separation of particles by shape in viscoelastic
fluids

Xinyu Lu,1 Lin Zhu,2 Ri-mao Hua,3 and Xiangchun Xuan1,a)

1Department of Mechanical Engineering, Clemson University, Clemson, South Carolina 29634-0921, USA
2School of Engineering, Anhui Agricultural University, Hefei, Anhui 230036, China
3School of Resource and Environment, Anhui Agricultural University, Hefei, Anhui 230036, China

(Received 17 November 2015; accepted 15 December 2015; published online 29 December 2015)

Shape is an important indicator of cell type, cycle, and state, etc., and can thus serve as a specific

marker for label-free bioparticle separation. We demonstrate in this work a shape-based separation

of equal-volumed spherical and peanut particles in viscoelastic fluids through straight rectangular

microchannels. This continuous sheath-free separation arises from the shape-dependent equilibrium

particle position(s) as a result of the flow-induced elasto-inertial lift and shear thinning effects. A

continuous transition from single to dual and to triple equilibrium positions is observed for both

types of particles with the increase in flow rate. However, the flow rate at which the transition takes

place differs with the particle shape. This phenomenon occurs only in microchannels with a large

aspect ratio (width/height) and has not been reported before. It is speculated to correlate with the

dissimilar dependences of elastic and inertial lift forces on particle size and flow rate as well as the

rotational effects of non-spherical particles. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4939267]

Shape is an important indicator of cell type,1 cycle,2 and

state,3 etc. It provides useful information in, for example,

bioparticle identification,4 cell synchronization,5 and disease

diagnostics,6 etc. Therefore, shape can be a specific marker

for label-free bioparticle separation. It may also serve as a

new intrinsic marker for the fractionation of synthetic micro/

nanoparticles with immense potential applications in both

academics and industry. However, most of current microflui-

dic techniques have been developed to separate particles by

size.7–10 Only recently the shape-based particle separation

has been investigated in a few studies. It can be implemented

through hydrodynamic filtration11 in a complex network of

microchannels12 or through deterministic lateral displace-

ment in high-resolution arrays of posts.13,14 It has also been

demonstrated by the use of dielectrophoresis that can be either

electrode-5 or insulator-based.15,16 The throughput of this

electrical method is, however, very low with the Reynolds

number (Re ¼ qVDh=g, where q is the fluid density, V is the

average fluid velocity, Dh is the hydraulic diameter, and g is

the fluid viscosity) smaller than 0.1. In contrast, differential in-

ertial focusing17 can separate particles by shape at a high

throughput where the Reynolds number must be over 10.18

Very recently, our group has demonstrated a continuous

separation of equal-volumed spherical and peanut-shaped par-

ticles19 via a method called as elasto-inertial pinched flow frac-

tionation (eiPFF).20 This method exploits the shape-dependent

elasto-inertial lift force in viscoelastic fluids to increase the par-

ticle displacement for a high-purity separation at the Reynolds

number of order 1. However, a sheath fluid is required to pre-

focus the particle mixture which complicates the flow control

and dilutes the separated particles. We demonstrate in this

work that the flow-induced elasto-inertial lift21 can direct

particles towards shape-dependent equilibrium positions in

straight rectangular microchannels for a continuous sheath-free

separation at the Reynolds number of order 1. Such a cross-

stream particle migration in viscoelastic fluids22–26 has been

recently demonstrated to focus,27–38 filtrate,39,40 and separate

(by size41–45 and deformability46) particles in microchannels.

We used 4.18 lm-diameter spherical (green fluorescent,

Bangs Laboratories, Inc.) and 3.5 lm-diameter/6 lm-length

peanut-shaped (plain, Magsphere, Inc.) polystyrene particles

to demonstrate the shape-based separation. The peanuts par-

ticles have a calculated total volume of 39.84 lm3, which

corresponds to an equivalent spherical diameter of 4.23 lm.

The original aqueous suspensions of spherical (1% solid)

and peanut-shaped (10% solid) particles were first mixed at a

10:1 ratio and then re-suspended in a polyethylene oxide

(PEO) solution to a final concentration of 106 particles/ml.

Three concentrations of PEO solutions, 500 ppm, 1000 ppm,

and 2000 ppm, were prepared by dissolving PEO powder

(Sigma-Aldrich, USA; molecular weight of 2� 106 Da) in

water. The particle mixture was also re-suspended in water

for a control experiment. A small amount of Tween 20

(0.5% v/v, Fisher Scientific) was added to each prepared par-

ticle suspension for the purpose of reducing particle aggrega-

tions and adhesions (to channel walls). The rheological

properties of the PEO solutions are summarized in Table I.

The process for determining their relaxation times are pro-

vided in the supplementary material.47

Four depths of 2 cm long and 50 lm wide straight rec-

tangular microchannels are used in our experiments, which

are 15, 25, 40, and 100 lm, respectively. They were fabri-

cated with polydimethylsiloxane (PDMS) by the standard

soft lithography method.20,48 At the end of each channel, a

2 mm long and 900 lm wide expansion was designed to

enhance the particle separation and to facilitate the visual-

ization. The particle suspension was driven through the
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microchannel by an infusion syringe pump (KDS-100, KD

Scientific). Particle motion was recorded through an inverted

microscope (Nikon Eclipse TE2000U, Nikon Instruments)

with a CCD camera (Nikon DS-Qi1Mc) at a rate of 15

frames/s. Fluorescent and bright-field lights were used simul-

taneously to identify fluorescent spherical (appear bright)

and plain peanut (appear dark) particles. Images were post-

processed in Nikon Imaging Software (NIS-Elements AR

3.22). Superimposed images of fluorescent and plain par-

ticles were obtained by stacking a sequence of snapshot

images (around 800) with the maximum and minimum inten-

sity projections, respectively. The function of particle analy-

sis in ImageJ software package (National Institute of Health)

was used to measure the transverse particle positions at the

channel outlet (i.e., the channel expansion), which were then

used to calculate the probability distribution function (PDF)

for each type of particles.

Fig. 1 shows the shape-based separation of plain peanut

and fluorescent spherical particles in 1000 ppm PEO solution

through a 25 lm deep microchannel at a flow rate of 150 ll/h.

The two types of particles are uniformly dispersed at the chan-

nel inlet in Fig. 1(a1) (Multimedia view) but split to dissimilar

streams at the outlet in Fig. 1(a2) (Multimedia view). As

viewed from the two superimposed images in Figs. 1(b1) and

1(b2), spherical particles are focused to a single band along

the channel centerline, while peanut particles migrate to two

equilibrium positions that are each one quarter of the channel

width away from the centerline. Such a continuous shape-

based separation can be evaluated by the plot of particle PDF

in Fig. 1(c), where over 1500 particles are counted for each

type. The separation efficiency (defined as the particle per-

centage at a preferred outlet) is 95.2% and 95.1% for spherical

and peanut particles inside and outside the region with an off-

center distance of 130 lm in the expansion, respectively. The

corresponding separation purity (defined as the ratio of the tar-

geted to the total collected particles at an outlet) is also greater

than 95% for each type of particles.

We have also done a control experiment of the same pea-

nut and spherical particles in water under identical conditions

(see Fig. S1 in the supplementary material47). Neither type of

particles experiences a significant inertial focusing because

of the small Reynolds number (Re ¼ 2qQ=gðwþ hÞ ¼ 1:11,

where Q is the flow rate and w and h are the channel width

and height),49–51 and hence no inertial separation is observed.

The Reynolds number is even smaller in the PEO solution

[Re ¼ 0:48 as labeled in Fig. 1(a1)] due to the increased vis-

cosity. Therefore, our recently demonstrated shape-

dependence of the elastic lift,19 FeL, is the primary reason for

the observed particle separation in Fig. 1. As seen from

the schematic in Fig. 1(d), FeL directs particles towards the

low-shear-rate regions, i.e., the centerline and four corners of

a rectangular channel,21,29,52 and is characterized by the

Weissenberg number (Wi ¼ ke _c ¼ 2keQ=w2h ¼ 9:1, where

ke is the effective relaxation time in Table I and _c is the fluid

shear rate). This force competes with the shear gradient-

induced inertial lift, FiLs
, and the wall-induced inertial lift,

FiLw
, which direct a particle to the chanter wall and center,

respectively, as illustrated in Fig. 1(d). The elastic and inertial

lift forces are each a positive function of flow rate21,27,42,53,54

and expressed as follows for particles of (equivalent) spherical

diameter a (see the supplementary material47 for derivations)

FeL � keða=wÞ3Q3; (1)

FiL ¼ FiL s þ FiL w � qða=wÞ4Q2: (2)

Fig. 2 shows the flow rate effect on the shape-based particle

separation in 1000 ppm PEO solution through a 25lm deep

microchannel. As the flow rate increases, Re and Wi both

increase (see the labeled values on the images) while their ratio,

i.e., the elasticity number (El ¼ Wi=Re ¼ kegðwþ hÞ=qw2h),

is independent of flow kinematics and remains at 18.8. At

20 ll/h, peanut and spherical particles are both focused to a

stream near the channel centerline except that a small percent-

age of spherical particles travel near the corner (highlighted by

the dashed-line arrows in Fig. 2). Consistent with our earlier

studies,19,20 this secondary equilibrium position disappears at

TABLE I. Rheological properties of the prepared PEO solutions.

Properties (at 20 �C)

PEO solution (c, ppm)

500 1000 2000

Zero-shear viscosity g (mPa�s) 1.8 2.3 4.1

Overlap concentration c* (ppm) 858 858 858

Concentration ratio c/c* 0.58 1.17 2.33

Zimm relaxation time, kZimm (ms) 0.34 0.34 0.34

Effective relaxation time, ke (ms) 4.3 6.8 10.6

FIG. 1. Demonstration of shape-based separation of plain peanut (dark) and

fluorescent spherical (bright) particles in 1000 ppm PEO solution through a

50 lm wide and 25 lm deep straight rectangular microchannel at a flow rate

of 150 ll/h: (a1) and (a2) snapshot images at the channel inlet and outlet,

respectively, where the broken-line ellipses highlight the separated spherical

and peanut particles; (b1) and (b2) superimposed images of peanut and

spherical particles at the channel outlet, where the two dashed boxes high-

light the regions to be used as cropped images in Figs. 2–4; (c) the plot of

particle PDF at the channel outlet; (d) force analysis of elastic lift, FeL, wall-

induced inertial lift, FiLw
, and shear gradient-induced inertial lift, FiLs

, on a

particle in a viscoelastic fluid flow through a rectangular microchannel,

where the background color shows the contour of fluid shear rate (the darker

the larger). The flow direction is from left to right in (a1), (a2), (b1),

and (b2). (Multimedia view) [URL: http://dx.doi.org/10.1063/1.4939267.1]

[URL: http://dx.doi.org/10.1063/1.4939267.2]
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higher flow rates and occurs due to the corner-directed elastic

lift21,29,52 under a negligible influence of inertial lift. As the

flow rate is increased to 100ll/h, spherical particles get better

focused towards the channel center, while peanut particles

instead migrate towards the walls and become split into two

streams. This differential elasto-inertial focusing yields the

shape-based particle separation, which still holds effective at

150 and 200 ll/h. However, two peaks start occurring for spher-

ical particles in the PDF plot. They grow and move away from

the channel center when the flow rate is further increased to

300 ll/h. Meanwhile, however, the two streams of peanut par-

ticles shift back towards the channel center, leading to a

reduced particle separation. Interestingly, at the flow rate of

300 ll/h (and higher) where Re is about 1, an additional equilib-

rium position appears for each type of particles which eventu-

ally breaks down this shape-based separation.

A similar trend can be identified from Fig. 2 for the

elasto-inertial focusing between peanut and spherical par-

ticles. With the increase in flow rate (or Re), each type of

particles experiences first a transition from single equilib-

rium position at the channel centerline to dual equilibrium

positions on the two sides of the centerline and then to triple

equilibrium positions at both the centerline and its two sides.

However, the two transitions for peanut particles both take

place at smaller flow rates than for spherical particles, which

yields the shape-based separation demonstrated in Figs. 1

and 2. The exact mechanism behind this phenomenon is cur-

rently unclear, which is speculated to correlate with the rota-

tional effects of peanut particles. As demonstrated in our

earlier study,19 the preferentially parallel orientation of pea-

nut particles to the flow direction renders the elastic and iner-

tial lift forces more dependent on their shorter dimension

(i.e., 3.5 lm) smaller than the diameter of spherical particles

(i.e., 4.18 lm). Hence, the dissimilar dependences of FeL in

Eq. (1) and FiL in Eq. (2) on particle size and flow rate may

lead to the observed phenomenon in Fig. 2.

Fig. 3 shows the PEO concentration effect (in terms of

the elasticity number, El) on the shape-based particle separa-

tion in a 25 lm deep microchannel under a fixed flow rate of

150 ll/h. Due to the increased viscosity, Re decreases (from

0.62 to 0.48 and 0.27 for 500, 1000, and 2000 ppm) at higher

PEO concentrations indicating a weakened inertial lift. In

contrast, Wi increases due to the extended relaxation time at

higher PEO concentrations. The separation is barely visible

in 500 ppm PEO because both peanut and spherical particles

are still at the state of single equilibrium position along the

FIG. 2. Flow rate effect (in terms of the Reynolds number, Re, and Weissenberg number, Wi) on shape-based separation of plain peanut (dark) and fluorescent

spherical (bright) particles in 1000 ppm PEO solution through a 50 lm wide and 25 lm deep straight rectangular microchannel: (top row) cropped superim-

posed particle images at the channel outlet [highlighted by the dashed-line boxes in Figs. 1(b1) and 1(b2)]); (bottom row) plots of particle PDF at the channel

outlet. The dashed-line arrows highlight a secondary equilibrium position for spherical particles near the channel corner at a flow rate of 20 ll/h.

FIG. 3. PEO concentration effect (in terms of the elasticity number, El) on

shape-based separation of plain peanut (dark) and fluorescent spherical

(bright) particles in a 50 lm wide and 25 lm deep straight rectangular micro-

channels under a flow rate of 150 ll/h. The left and right halves of each

panel show the cropped superimposed particle images and the corresponding

PDF plots at the channel outlet, respectively.
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channel centerline. It is significantly improved in 1000 ppm

PEO due to the enhanced elasto-inertial particle focusing, a

consequence of the increased elastic lift and the decreased

inertial lift. In 2000 ppm PEO, spherical particles experience

an improved focusing towards the single equilibrium posi-

tion along the channel centerline. However, since the two

equilibrium positions of peanut particles both shift towards

the centerline, the separation gets diminished in 2000 ppm

PEO.

We have also studied the flow rate effect on the shape-

based particle separation in 500 ppm and 2000 ppm PEO sol-

utions (see Fig. S2 in the supplementary material47). Similar

to that in Fig. 2, a continuous transition from single to dual

and to triple equilibrium positions is found in both PEO con-

centrations for peanut and spherical particles. Moreover, the

two transitions for peanut particles still happen ahead of

spherical ones with the increase in low rate. However, the

flow rates at which the transitions take place depend on the

PEO concentration due to its effect on FeL in Eq. (1) via the

relaxation time, ke. This phenomenon is also believed to be

related to the enhanced shear thinning effects at higher PEO

concentrations, which has been demonstrated in the earlier

works25,26,33,44 to direct particles away from the channel cen-

terline. The best separation in 500 ppm and 2000 ppm PEO

(see Fig. S2 in the supplementary material47) takes place at

200–300 ll/h and 100–150 ll/h, respectively, which seem

consistent with the flow rate of 150–200 ll/h in 1000 ppm

PEO (see Fig. 2). Among these three PEO concentrations,

1000 ppm is found to offer the best separation performance

in terms of particle PDF.

Fig. 4 shows the effect of channel aspect ratio, AR ¼ w=h,

on the shape-based particle separation in 1000 ppm PEO solu-

tion through microchannels of 40 lm (AR¼ 1.25), 25 lm

(AR¼ 2.0), and 15 lm (AR¼ 3.3) deep, respectively. Under a

constant flow rate of 150 ll/h, a larger AR corresponds to an

increased Re and Wi. In the nearly square microchannel with

AR¼ 1.25 (left panel in Fig. 4), peanut and spherical par-

ticles are each focused towards the channel centerline. This

single equilibrium particle position remains unvaried with

the increase in flow rate (up to 1 ml/h), which seems to be

consistent with the previous studies in square microchannels

(AR ¼ 1.0).34,39,42,44 Since no transition to dual equilibrium

positions is observed (see Fig. S3 in the supplementary

material47), shape-based particle separation is unavailable in

a nearly square microchannel. This is also true in a 100 lm

deep channel with a low AR (¼0.5, data not shown). In the

15 lm deep microchannel with a high AR (¼3.3, see the right

panel in Fig. 4), peanut particles are focused to three equilib-

rium positions under a flow rate of 150 ll/h, while spherical

particles have only two equilibrium positions. In this high AR
microchannel, a transition from single to dual and to triple

equilibrium positions still exists for both types of particles

(see Fig. S4 in the supplementary material47). Moreover, as

the transition for peanut particles also happens at a smaller

flow rate than for spherical particles, the best separation hap-

pens at a flow rate of 50–100 ll/h, which is only one half of

that in the 25 lm deep microchannel with AR¼ 2.0.

In summary, we have demonstrated a continuous sheath-

free separation of spherical and peanut-shaped rigid particles

of equal volume via the elasto-inertial focusing effect in

straight rectangular microchannels. This separation exploits

the gap between the flow rates at which the two types of par-

ticles switch from single to dual equilibrium positions,

respectively. It can only take place in large aspect-ratio

microchannels, which is AR� 2 in our tests, because both

types of particles migrate towards the single equilibrium

position at the centerline of microchannels with an interme-

diate or low AR. The separation is also found to be strongly

dependent on PEO concentration because of its influence on

the elastic (via the fluid relaxation time) and inertial (via the

fluid viscosity) lifts as well as the shear thinning effects. If

necessary, the PEO polymer can be removed by rinsing the

separated particle suspension with water or other buffer solu-

tions via centrifugation. Future work will be on the theoretical

understanding and numerical prediction of shape-based parti-

cle separation in viscoelastic fluids. Moreover, the effects of

other experimental parameters such as channel length and

polymer type [e.g., polyvinylpyrrolidone (PVP)39,46 and poly-

acrylamide (PAA)27,43] will be investigated. In addition, we

are developing an apparatus to fabricate spheroidal particles

of various aspect ratios using the protocol reported earlier18

for further tests of shape-based particle separation in visco-

elastic fluids.
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