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Abstract
Particles suspended in diluted viscoelastic fluids migrate in the transverse direction of the fluid flow towards equilibrium 
locations determined by spatial normal stress distributions across the cross-section of microfluidic channels. Polymer solu-
tions with a negative first normal stress difference exhibit unexpected fluid behaviors such as material contraction after die 
extrusion and filament compression of semiflexible biopolymer gels in abrupt shear flow. The lateral particle migration was 
investigated in a hydroxypropyl cellulose (HPC) viscoelastic fluid with a negative first normal-stress difference. Unlike com-
mon viscoelastic fluids with positive normal stress differences, double-line particle focusing was identified in a microfluidic 
channel, which was caused by the negative first normal stress difference. More importantly, unique particle migration with 
different-sized particles in a microchannel was observed in which bigger particles were double-line focused along the chan-
nel walls while smaller particles were single-line focused at the center. A new particle focusing mechanism was suggested 
to demonstrate this unique double line focusing behavior of particles in the viscoelastic fluids.

Keywords  Negative first normal-stress difference · Viscoelastic particle focusing · Normal stress component · 
Hydroxypropyl cellulose

1  Introduction

Particle handling based on the viscoelastic fluid is an emerg-
ing technique that has been developed over the past 10 years 
owing to its simplicity and high-quality focusing in a wide 
range of flow rates (Yang et al. 2011, 2017; D’Avino et al. 
2012; Romeo et al. 2013; Del Giudice et al. 2013, 2015a; 
Kang et al. 2013; Lee et al. 2013; Lim et al. 2014a, b; Ahn 
et al. 2015; Yuan et al. 2015; Howard et al. 2015; Kim and 
Kim 2016). Since an early experimental work by Leshansky 
et al. (2007) introduced the particle focusing in a slit chan-
nel that is due to an imbalance among the normal stresses 
imposed onto particles, the particle-focusing behavior in vis-
coelastic fluids has received substantial interest and widely 
been studied (Huang et al. 1997; Leshansky et al. 2007; 
Yang et al. 2011; Kang et al. 2011; D’Avino et al. 2012; 
Young Kim et al. 2012; Del Giudice et al. 2013, 2015a; 
Lee et al. 2013; Lim et al. 2014a, b; Yuan et al. 2015; Kim 
and Kim 2016). Later, Yang et al. (2011) demonstrated the 
particle focusing in viscoelastic fluids at the centerline of a 
square channel and four corners depending on the combina-
tion of the fluid elasticity and inertia. The viscoelasticity-
induced particle migration can be realized even when the 
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Reynolds number (Re) approaches zero due to the presence 
of elastic stresses.

The viscoelasticity-induced particle-focusing technique is 
beneficial in a variety of analytical and processing applica-
tions such as sorting of particles (Yang et al. 2011; Young 
Kim et al. 2012; Cartas-Ayala et al. 2013; Guan et al. 2013; 
Kang et al. 2013; Liu et al. 2015; Lu and Xuan 2015; Lu 
et al. 2015; Nam et al. 2015), fluid transportation around 
particles (Li et al. 2015), measurement of the relaxation 
times of viscoelastic fluids (Del Giudice et al. 2015b), and 
efficient trapping and stretching of particles at a stagnation 
point (Cha et al. 2012; Kim et al. 2017). In more detail, an 
enhanced flow-asymmetry fluid transport around particles 
was demonstrated using the Giesekus fluids (Li et al. 2015). 
A chip-based rheometry was also developed by harnessing 
the focusing behavior of particles to estimate the relaxa-
tion time of viscoelastic fluids (Del Giudice et al. 2015b). 
The chip-based rheometry enabled the measurement of 
relaxation time at the millisecond level without requiring 
a calibration curve employed in conventional tests. Also, 
cell stretching in the microfluidic device was analyzed with 
use of the viscoelasticity-induced cell focusing and trapping 
at the stagnation point of the cross-slot channel (Cha et al. 
2012; Kim et al. 2017). In contrast to the inertial particle-
focusing method, the particle-focusing method using vis-
coelasticity can prevent a random lateral cell distribution 
and then guarantee rotation-free cell stretching along the 
channel centerline.

Ho and Leal (1976) initiated a theoretical work to under-
stand the lateral-migration mechanism of particles in viscoe-
lastic fluids, in which the migration of particles in a second-
order fluid was caused by the spatial gradient of the first 
normal stress difference, defined as N1 = �xx − �yy . Here, �xx 
and the �yy are the normal-stress components in the flow- 
and velocity-gradient directions, respectively. The particle 
migration in the pressure-driven flow of viscoelastic fluids 
has been simulated considering a wide range of factors such 
as the effect of inertia and elasticity, the shear-thinning vis-
cosity, the secondary flow, and the blockage ratio (D’Avino 
et al. 2012; Villone et al. 2013; Li et al. 2015). For most 
viscoelastic polymer solutions, the magnitude of the sec-
ond normal-stress difference N2 = �yy − �zz , which produces 
a secondary flow over the channel cross-section, is much 
smaller than that of N1 , where the �zz is the normal-stress 
component in the rotational direction (Barnes 1989).

The viscoelasticity-induced focusing of particles in 
slit flow and square-channel flow was modeled by means 
of three-dimensional (3D) finite-element simulation (Vil-
lone et al. 2011, 2013). The simulation results showed that 
the particles migrated toward the channel centerline or the 
closest corners depending on the initial particle positions. 
A single dimensionless number that can help explain the 
migration dynamics of a particle in viscoelastic fluids at the 

low Deborah number was proposed to offer a guideline for 
the particle focusing (Del Giudice et al. 2013; Romeo et al. 
2013). In addition, a potential energy concept was recently 
introduced by considering the integration of a net-lift force 
composed of elastic and inertial forces acting on the par-
ticles (Tian et al. 2017). Typically, it is assumed that �xx is 
much larger than �yy in most complex fluids, resulting in 
a positive N1 . Interestingly, some complex fluids such as 
liquid-crystal polymer solutions (Kiss and Porter 1980) and 
nanotube suspensions (Lin-Gibson et al. 2004) exhibit a 
negative N1 . For example, carbon nanotube-filled polymer 
shows unusual contraction properties after die extrusion due 
to the negative N1 (Kharchenko et al. 2004; Pasquali 2004). 
The networks of semiflexible biopolymer gels constituting 
the cytoskeleton of cells and extracellular matrix also induce 
the compression of filament in an orthogonal direction to 
the shear direction (Janmey et al. 2007). This study aims 
at investigating the particle migration in viscoelastic fluids 
with the negative N1 . Based on our experimental results, we 
confirm that the particles in the viscoelastic fluid with the 
negative N1 migrates in the opposite direction to the case 
with the positive N1 . Furthermore, the particles suspended 
in the viscoelastic solution with the negative N1 show an 
opposite focusing behavior compared with those in the solu-
tion with the positive N1 . We propose a possible migration 
mechanism to explain the movement of particles in a micro-
fluidic channel.

2 � Materials and methods

The microchannels employed in this study were replicated 
using a standard soft-lithography method. Straight micro-
fluidic channels with a channel aspect ratio (AR = W:H) of 
2 were fabricated. A poly(dimethylsiloxane) (PDMS) was 
mixed with a curing agent and poured onto an SU-8 mas-
ter mold. After the prepolymer was degassed in a vacuum 
chamber for 1 h, it was cured at 70 °C for 4 h. The PDMS 
channel was peeled off and punched with a 1.5-mm-diameter 
puncher (Harris Uni-Core, Sigma-Aldrich, USA), enabling 
the connection of the tubes to reservoirs. The channel was 
bonded onto a slide glass using a plasma-treatment device 
(BD-10A, Electro-Technic Products Inc., USA), and then 
heated at 120 °C for 1 h to enhance the bonding strength.

Two kinds of polymers were dissolved into 22 wt% aqueous 
glycerol solution to prepare dilute polymer solutions for exper-
iments. Polyethylene oxide (PEO) solutions with the molecular 
weight of 2,000,000 and hydroxypropyl cellulose (HPC) solu-
tion with the molecular weight of 1,000,000 were purchased 
from Sigma-Aldrich (USA), which have a positive N1 and a 
negative N1 due to the unique liquid-crystal structures, respec-
tively (Fried et al. 1994; Martins et al. 2001; Hoekstra et al. 
2002; Kulichikhin et al. 2011). Both diluted PEO and HPC 
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solutions were prepared with various polymer concentrations 
in the range of 100–4000 ppm to investigate the lateral parti-
cle migration in the microchannel. Polystyrene (PS) particles 
(Polysciences, USA) with diameters of 5, 10, and 15 µm and 
fluorescent PS particles (Polysciences, U.S.A.) with a 6.42 µm 
diameter were suspended in the viscoelastic mediums. A small 
amount of the surfactant, P1379-25ML TWEEN 20 (Sigma-
Aldrich, USA), was used to prevent the particle aggregation. 
The diluted polymer solutions were injected into the micro-
channel using a syringe pump (KDS 200, KD Scientific, USA) 
with flow rates ranging from 0.1 to 2.5 ml/h. An inverted opti-
cal microscope (IX 53, Olympus America Inc., USA) and a 
vision-hi charge-coupled device (CCD) camera (AcquCAM 
23G, JNOpTIC Co. Ltd., South Korea) were used to observe 
the particle migration in the viscoelastic fluids. The particle-
focusing behaviors were analyzed using the Image-Pro Plus 
(Media Cybernetics, Inc., USA) and ImageJ (National Insti-
tutes of Health, USA) image-processing software packages.

2.1 � Rheological properties of the viscoelastic 
solutions

The rheological properties of the diluted PEO and HPC solu-
tions were measured using a standard rotational rheometer 
(MCR 302, Anton Paar, Germany). The steady-shear viscosi-
ties were determined using a double-gap geometry (Fig. 5b). 
The rheological characteristics of the diluted PEO and HPC 
solutions are different due to the different molecular structures 
and responses to the applied flow. In particular, the HPC mol-
ecules in the solution tend to align along the flow direction 
similar to liquid crystals (Hongladarom et al. 1994; Phillies 
et al. 2003; Kulichikhin et al. 2011). As a result, the HPC mol-
ecules can generate a negative N1 . The origin of the negative 
N1 is unclear, although it has been linked with a flow induced 
molecular orientation and a phase separation in the direction 
perpendicular to the flow (Pasquali 2004). The N1 of the vis-
coelastic solution was generally measured using a cone and 
plate geometry with 50 mm diameter. The normal force FN 
acting on the upper cone was measured as follows.

In addition, the difference between the first and second nor-
mal stress differences was obtained by measuring the normal 
force with a parallel plate geometry.

where N2 is the second normal-stress difference, R is the 
radius of the parallel plate, and Ω is the angular velocity 
(Morrison 2001; Shaw and MacKnight 2005) and �yy is the 
normal stress in the transverse direction to the shear-flow 

(1)FN =
�R2

2

[
�xx − �yy

]
=

�R2

2
N1

(2)

ΔN = N1 − N2 = �xx − 2�yy + �zz =
2F

�R2

[
1 +

d lnF

2d lnΩ

]
,

direction, i.e., the velocity-gradient direction (Miller and 
Christiansen 1972; Morrison 2001; Shaw and MacKnight 
2005).

According to Zimm’s theory for polymer solutions, the 
relaxation time of polymers is dependent on the structural 
characteristics. It is expressed as �zimm ≈

�sR
3
g

kBT
 , where �s is 

the solution viscosity, kB is the Boltzmann’s constant, T is 
the absolute temperature, and Rg is the radius of the gyra-
tion of an entangled polymer chain. In this study, the Rg of 
HPC (Mw = 1,000,000) in the solution was approximately 
124 ± 24 nm, which is much larger than that of the PEO 
(Mw = 2,000,000), i.e., Rg ∼ 65 nm (Acad 1984; Korneeva 
et al. 1990; Procedures 1990; Phillies et al. 2003; Kang 
et al. 2013; Eom et al. 2016). Since the relaxation time of 
the diluted HPC solution is very small, it is difficult to 
measure it with a conventional capillary breakup exten-
sional rheometer. Therefore, Zimm’s theory for the estima-
tion of the relaxation time was employed and the relaxa-
tion time was compared with that of the Carreau–Yasuda 
model (see Table 1). In the case of the diluted PEO solu-
tion, however, the relaxation time can be measured using 
a capillary breakup extensional rheometry. For the meas-
urement, the HAKKE CaBER-1 device (Thermo Fisher 
Scientific Inc., USA) was used. The relaxation time of the 
diluted PEO solutions is listed in our previous study (Yang 
et al. 2017). The relaxation times of both the diluted HPC 
and PEO solutions were used to calculate the elasticity 
number El. In viscoelastic fluids, the El is defined as 
El = Wi/Re, which is the ratio of the Weissenberg number 
( Wi = N1∕𝜏xy = 2𝜇𝜆𝛾̇2∕𝜇𝛾̇ = 2𝜆Q∕HW2 ) to the Reynolds 
number ( Re = �UDh∕� ). In this study, to compare the Wi 
numbers of the diluted HPC solutions with those of the 
diluted PEO solutions, the Wi is simply assumed to be 
Wi = ||N1

||∕�xy in this study. Here, Dh = 2WH∕(W + H) is 
the hydraulic diameter of the rectangular channel, � is the 
solution viscosity, � is the solution relaxation time, and Q 
is the flow rate.

Table 1   Power law indices and relaxation times of HPC solutions fit-
ted with the Carreau–Yasuda model and Zimm’s theory

Polymer concentra-
tion [ppm]

Carreau–Yasuda model Zimm’s theory

n λmean (s) λmean (s)

100 0.9864 0.00535 0.00879
250 0.9435 0.00857 0.01015
500 0.9232 0.00919 0.01386
750 0.9087 0.01218 0.02248
1000 0.8933 0.01754 0.02565
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3 � Results and discussion

The particles in the viscoelastic fluid under the confined 
Poiseuille flow were placed at the center and the four cor-
ners of the cross-section of the microchannel as a result 
of the balance between the elastic and inertial forces. In 
many cases, diluted PEO and poly(vinyl-pyrrolidone) 
(PVP) solutions with the positive N1 are used for viscoe-
lasticity-induced particle focusing. The N1 is considered 
as a main factor for the particle migration induced by the 
elastic force FE ∼ a3∇N1 (Leshansky et al. 2007; Yang 
et al. 2011). It is usually assumed that the N1 is positive 
since �xx is much larger than �yy for common polymer solu-
tions. Thus far, viscoelasticity induced particle focusing 
in a microfluidic device has been explained using the N1, 
but the underlying physics has yet to be understood. For 
instance, while each normal stress component in the vis-
coelastic flow plays a key role in determining the particle 
movement in the channel, the effect of the normal stress 
component has not been addressed. In this sense, this study 
investigates how each normal stress component affects the 
particle focusing based on a force balance principle. It 
is surprising that polymer solutions with the negative N1 
show unexpected behaviors such as material contraction 
upon the confinement release (Kharchenko et al. 2004; 
Pasquali 2004; Janmey et al. 2007). Some polymer melt 
solutions have negative first normal stress difference such 
as molten liquid crystalline polymers (LCPs) and carbon 
nanotube-filled molten nanocomposites. The observation 
of negative first normal stress difference is a remarkable 
phenomenon. The origin of the negative first normal stress 
difference in LCPs and molten carbon nanotube-filled 

nanocomposites is different and remains unresolved. One 
of the possible idea for the negative first normal stress 
difference of LCP is a competition between flow-induced 
orientation and ordering into a thermodynamically driven 
nematic state (Larson 1990). In this study, we used water-
soluble liquid crystalline polymer, Hydroxypropyl cellu-
lose (HPC), to investigate a particle migration behavior 
in a viscoelastic solution with negative first normal stress 
difference and this study is the first exploration dealing 
with a particle migration in a viscoelastic fluid with nega-
tive first normal stress difference. Interestingly, unusual 
particle-focusing behaviors were observed in the diluted 
HPC solutions as shown in Fig. 1.

In the experiment, the particles suspended in the New-
tonian fluid, the diluted PEO solution, and the diluted HPC 
solution were supplied randomly into the microfluidic inlet 
channel. Upon the occurrence of the flow with large inertia 
(Re ~ 18.506), the particles in the Newtonian fluid were ran-
domly distributed throughout the channel. The particles in 
the 2000 ppm PEO solution showed the center-line particle 
focusing in the channel, which has been reported in the lit-
erature (Yang et al. 2011; D’Avino et al. 2012; Del Giudice 
et al. 2013, 2015a; Villone et al. 2013). For the 100 ppm 
HPC solution, the particles were focused at the double-equi-
librium positions close to the channel walls. This result is a 
very unexpected and unique phenomenon which is caused 
by viscoelasticity rather than channel geometry. The diluted 
HPC and PEO solutions with various concentrations were 
prepared, and the N1 and the first normal stress coefficient 
Ψ1 = (𝜏xx − 𝜏yy)∕𝛾̇

2 were measured to explore the effect of 
the fluid elasticity on the particle-migration mechanism as 
shown in Fig. 2a and b. The diluted PEO and HPC solu-
tions showed the positive and negative Ψ1 , respectively. The 

Fig. 1   Particle focusing behavior of solutions. Particle focusing 
behavior in the straight channel. The particles are double-line focused 
in the HPC solution with a negative N1 , whereas typical single-line 

focusing is observed in the PEO solution with a positive N1 . The par-
ticles in the Newtonian fluid are randomly distributed
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magnitude of the negative N1 value for the HPC solution was 
increased with an increase in the polymer concentrations. 
Indeed, this finding enabled us to look into the mechanism 
of particle migration from a different perspective.

The viscoelasticity-induced particle focusing was ana-
lyzed using particles with different diameters of 5, 10, and 
15 µm in the diluted HPC solutions and 2000 ppm PEO 
solution (Fig. 3). The channel-blockage ratio (� = a∕H) 
is a critical factor for the particle-focusing behavior in 

viscoelastic fluids. The critical value of � was 0.2 according 
to the literature. The particles with � ≥ 0.2 in the diluted 
PEO solutions were focused at the center, whereas the par-
ticles with 𝛽 < 0.2 moved downstream randomly (Lim et al. 
2014b). This technique was used to achieve size-selective 
particle separations (Kang et al. 2013; Lim et al. 2014b; Lu 
et al. 2015; Li et al. 2016). In the diluted HPC solutions, 
the particle motion was different from that in the diluted 
PEO solutions as shown in Fig. 3. In the figure, one hundred 

Fig. 2   Rheological properties of PEO and HPC solutions. a Measured 
first normal stress difference ( N1 ) and b first normal stress difference 
coefficient of HPC and PEO solutions using a bulk rheometer with 

cone and plate accessary (d = 50 mm). HPC solutions have a negative 
sign of N1 and PEO solutions have a positive sign of N1.

Fig. 3   Particle focusing behavior in HPC solutions with a nega-
tive N1 . Microscopic images of the particle focusing in the channel. 
a Typical focusing behavior in PEO solution. b–d The reverse parti-
cle focusing phenomenon is observed. At the relatively low polymer 
concentration, all the particles are double-line focused close to the 

channel walls. However, as the polymer concentration is increased, 
the large particles are double-line focused, but the small particles are 
focused at the center. Hundreds of images are superimposed for an 
enhanced observation of the particle migration
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images were superimposed for better observation of the lat-
eral migration of the particles in the 100, 500, and 1000 ppm 
HPC solutions. The 5, 10, and 15 µm particles in the diluted 
100 ppm HPC solutions showed the double-line particle 
focusing even at low El values (Fig. 3b–d). It turned out that 
the double-line particle-focusing behavior in the HPC solu-
tions strongly depended on the polymer concentration. When 
the concentration of the HPC solutions was 100 ppm, the 
double-line particle focusing was clearly observed for all the 

particles. In this case, it was found that the shear-thinning 
effect was negligible (please see Fig. 5b and Table 1). For 
the 5 µm particles, the distance between the two focusing 
lines was relatively short, and the particles tended to move 
toward the channel center as the concentration of the HPC 
solution was increased from 100 to 1000 ppm (Fig. 4a). For 
the particles of 10 and 15 µm diameters, the double-line 
focusing was generated close to the side walls of the chan-
nel regardless of the HPC concentration. That is, the small 

Fig. 4   Particle separation in a straight channel. a In 1000 ppm, focus-
ing locations of each particle (5, 10, 15 µm) are analyzed by Image-
Pro software. Larger particles are aligned near the channel wall 
that is closer than the small particles. b Particle separation resolu-

tion ( Rij ) of various concentrations is calculated with the relation, 
Rij = Δxij∕

(
si + sj

)
 , where Δxij is the distance between i and j parti-

cle, and si is the standard deviation of i particle location

Fig. 5   Viscosities of HPC solution and comparison of HPC and PEO 
solution regarding normal stress component. a N1 − N2 of each solu-
tion is measured using a bulk rheometer with parallel plates acces-
sory (d = 50 mm). b Viscosities of diluted HPC solutions with differ-

ent concentrations ranging from 100 to 1000 ppm. The 100 ppm HPC 
solution possesses a negligible shear thinning effect and the shear 
thinning effect becomes obvious with increasing the HPC concentra-
tions
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particles were focused at the center, while the large parti-
cles were double-line focused close to the walls, which is 
completely different from the literature previously reported.

To demonstrate the particle-sorting efficiency, the parti-
cle-separation resolution Rij = Δxij∕

(
si + sj

)
 was calculated 

with respect to the particle size and the elasticity number, 
where Δxij is the distance between the i-th and j-th particles, 
and si is the standard deviation of the i-th particle’s loca-
tion (Kang et al. 2013). The particle-separation resolution 
showed the highest values at the 1000 ppm HPC solution 
using the 5 and 10 µm particles and at the 2000 ppm HPC 
solution using the 10 and 15 µm particles as displayed in 
Fig. 4b. These unusual particle-focusing behaviors can be 
used to develop an efficient particle sorter without employ-
ing any complex geometry.

From these experimental results, it was found that the 
large particles were more primarily affected by the sign of N1 
than the small particles, resulting in the close-wall double-
line particle focusing. On the other hand, the small particles 
were focused at the center. The experimental observation can 
be explained with the help of the following assumption: the 
particle focusing is determined by the normal stress com-
ponents themselves but not their differences. That is, when 
N1 < 0 at high El values, the larger particles are focused 
along double lines close to the side wall than the smaller 
particles. For the viscoelastic fluids with N1 > 0 , all the par-
ticles, however, are focused at the center (see Fig. 3a).

The difference between the first and the second normal-
stress differences ( ΔN = N1 − N2 ) was measured using a 
rheometer with 50-mm-diameter parallel plates to figure 
out how the particle focusing is affected by �yy , as shown 
in Fig. 5a. Since the HPC and PEO solutions are non-linear 
viscoelastic solutions, the exact values of the normal stress 
components (e.g., �xx , �yy and �zz ) cannot be obtained by 
mathematical calculation or measurement. Based on the N1 
and ΔN results, we hypothesize that the �yy acting on the par-
ticles in the HPC solutions has higher values than those of 
PEO solutions. We first confirmed the rheological properties 
of diluted HPC solutions in which the viscosities are very 
low and shear thinning behaviors are minor in comparison 
with those of diluted PEO solutions. For example, the viscos-
ity and power law index of 100 ppm HPC solution is around 
1.9 mPa·s and 0.9864, respectively (Fig. 5b and Table 1). 
Upon the flow conditions conducted in our experiment 
in Fig. 3b, the 100 ppm HPC solution has El = 0.189 and 
Re = 0.412, representing that the solution is in the regime of 
very weakly elastic with negligible shear thinning and iner-
tia-free. In such a condition, particles in PEO solutions with 
positive normal stress difference tend to be randomly distrib-
uted, which is totally different from our results. In previous 
report, Liu et al. showed the double-line particle focusing 
of large particles and the center-focusing of small particles 
using dilute PEO solutions. However, the flow conditions 

in their work are highly elastic (El = 8.8–140.7) and inertial 
forces are not negligible (Re = 1.39–5.56) in which shear 
rate dependency, inertia, and elasticity become important. 
In our experiment, we revealed that particles under very 
low El = 0.189 and Re = 0.412 in the 100 ppm HPC solution 
migrate towards the channel side walls not by the shear rate 
dependency nor the inertia, but by the normal stress differ-
ence that is divided into two normal stress components, �xx 
and �yy . Between them, �yy is mainly related with the lateral 
particle migration. We may conclude by observing them that 
the stress component �yy is a crucial factor for a particle 
lateral migration in the first normal stress difference N1. In 
line with this viewpoint, the �yy increases as increasing the 
concentrations of the HPC solutions. We argue that the par-
ticle focusing behavior can be explained by the normal stress 
components �xx and �yy by which the particles can migrate 
along the lateral direction to the flow.

Based on the experimental results, a possible particle 
focusing mechanism in viscoelastic fluids with the positive 
and negative N1 was suggested (Fig. 6). The inertial forces 
including the shear-gradient lift force (FLS) and wall-repul-
sion force (FWS) , and the elastic force (FE) are developed in 
the microfluidic channel. In many cases, the inertial forces 
are negligible due to low Re. In Fig. 6, the elastic forces 
developed by �xx and �yy are expressed as FE, �xx

 and FE, �yy
 , 

respectively. For typical viscoelastic fluids, the shear stress 
( �xy ) and the normal stress ( �xx ), which are functions of the 
shear rate, become stronger at the channel walls than the 
channel center (Fig. 6). The strong formation of the �xx and 
�xy at the channel walls causes the lateral particle migration 
towards the centerline. In many polymer solutions such as 
diluted PEO solutions, the �yy is relatively small (i.e., negli-
gible FE, �yy

 ). Hence, the only driving force for the lateral 
particle migration is the �xx and �xy , which results in the 
particle focusing to the center (Fig. 6a). However, since the 
diluted HPC solution has a remarkably large FE, �yy

 , the par-
ticle movement is affected by not only the �xx and �xy but also 
by the �yy (Fig. 6b). Consequently, the particles are double-
line focused close to the channel walls when FE, �yy

 is larger 
than FE, �xx

+ Fv . Here, Fv is the viscous drag force that 
resists the lateral migration of particles. Previously, Nam et 
al. explored a particle focusing mechanism using the elasto-
inertial focusing principle and categorized the direction of 
forces acting on the particle (Nam et al. 2012) under the 
positive first normal stress difference flow. It was reported 
that the wall-repulsion force pushes the particle against 
counteracting forces, in our case �yy multiplied by a hemi-
sphere surface area of the particle. Overall, the combination 
of the forces acting on the particle allows the particle to be 
focused in between the centerline and channel walls.

These experimental results imply that the suspended par-
ticles in the diluted HPC solution are subject to the larger 
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normal force than the less viscous drag force, thus resulting 
in the peculiar particle migration. On the other hand, the 
effect of particle sizes on the normal force �yy for the lateral 
particle migration is not obvious in the diluted PEO solu-
tions, which leads to the centerline-focusing of particles. 
The large particles in the HPC solution were double-line 
focused in all the cases, while the small particles were either 
focused at the center or close to the wall depending on the 
negative N1 values. When the �xx is dominant, e.g., the PEO 
solution with the positive N1 , the particles can be focused 
at the center. When the contribution of �yy becomes more 
significant than �xx − �yy in such a case of the diluted HPC 
solution, different particle focusing behavior occurs. These 
results indicate that the N1 variation can serve as an effec-
tive indicator to understand the reversed particle-focusing 
phenomenon.

4 � Conclusions

In this study, we investigated the lateral particle migration 
in viscoelastic fluids with the positive or negative N1 . The 
corresponding particle focusing mechanism was analyzed by 
altering polymer concentrations and particle sizes suspended 
in the solutions. We harnessed the normal stress components 
�xx and �yy to explain the possible mechanism of the particle 
migration behaviors in the viscoelastic fluids with positive 
and negative N1 . The viscoelastic solutions with the nega-
tive N1 showed a reversed particle-focusing phenomenon 
compared with those with the positive N1 , which indicated 
that �yy plays a significant role in the particle migration. It 
is anticipated that the reverse particle-focusing based on the 
negative normal stress difference could be applied to a new 

type of flow cytometry which is able to separate and focus 
particles with different sizes in viscoelastic fluids.
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