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experimental observations elucidate the relevant and com-
peting role of elasticity and shear thinning, with obvious 
implications in designing microfluidic devices for particle 
manipulation. Finally, our results highlight the weak effect 
of inertia on particle migration as compared to viscoelastic 
effects, even for low elastic suspending liquids.
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1  Introduction

In recent years, suspensions of particles flowing in micro-
fluidic channels have received great interest. Indeed, the 
possibility of manipulating the particle trajectories in 
microchannels opens up the way to several microfluidic 
operations useful in biology and chemistry, e.g., cytom-
etry, separation, detection and analysis (Whitesides 2006; 
Pamme 2007; Bhagat et  al. 2010; Nam et  al. 2012; Yang 
et al. 2012).

It is well known that particles suspended in Newtonian 
fluids flowing in a channel at low Reynolds numbers pas-
sively follow the flow field streamlines (Ho and Leal 1974). 
On the other hand, a force transversal to the flow direction 
is required in order to drive particles toward specific channel 
regions. Along with external forces generated, for instance, 
by electric (Xuan et al. 2010; Liang et al. 2010; Zande et al. 
1999; Cavallaro et al. 2011), magnetic (Gijs 2004; Pamme 
2006; Yamaguchi et al. 1990; Zeng et al. 2013) or acoustic 
fields (Yeo and Friend 2014; Shields et al. 2014; Skowronek 
et  al. 2013), a cross-streamline particle migration can also 
be promoted by ‘inner’ forces, i.e., forces that are directly 
generated by the flow of the suspending fluid (Leshansky 
et al. 2007; Di Carlo 2009; Lee et al. 2013).

Abstract  The effect of fluid rheology on particle migra-
tion induced by fluid viscoelasticity in a square-shaped 
microchannel is reported. Three water polymer solutions 
of PolyEthylene Oxyde at different concentrations, cor-
responding to different elasticity and degree of shear thin-
ning, are prepared and rheologically characterized. Experi-
ments are carried out for a wide range of flow rates, and 
the particle distributions over the channel cross section are 
reconstructed by combining particle tracking measurements 
and numerical simulations of the fluid velocity profile. 
The particle distributions show that the migration direc-
tion strongly depends on the fluid rheology. Specifically, 
when particles explore the constant viscosity region of the 
suspending liquids, they are focused around the channel 
centerline. Such an effect is more and more pronounced 
as the flow rate increases. On the other hand, for particles 
suspended in a shear-thinning fluid, a different scenario 
appears: At low flow rates, i.e., in the constant viscosity 
region, particles still migrate toward the channel centerline, 
while at high flow rates, i.e., in the shear  thinning region, 
the migration reverts direction and the particles are driven 
toward the corners of the channel cross section. Those 
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For Newtonian liquids at high flow rate, the Reynolds 
number may become relevant even in microfluidic devices, 
and inertia starts to play a role. In those conditions, iner-
tial forces arise, pushing the suspended particles toward 
specific equilibrium positions within the channel cross 
section, depending on channel geometry (Di  Carlo 2009; 
Choi et  al. 2011; Zhou and Papautsky 2013). In cylindri-
cal channels, the particles are driven toward an equilib-
rium radial position between the channel centerline and 
the wall, a spectacular manifestation of the inertia effects 
known as the Segré-Silderberg effect (Segré and Silberberg 
1961). In channels with a square-shaped cross section, the 
particles migrate toward four equilibrium positions located 
near the center of the channel side (Di  Carlo 2009; Choi 
et al. 2011). It is clear that particle alignment, i.e., migra-
tion of particles along a unique streamline, is not possible 
by exploiting inertial effects in straight channels. Indeed, 
more complex channel designs have been proposed in the 
last decades allowing to use inertial forces to drive all of 
microparticles to a streamline (Zhou and Papautsky 2013; 
Martel and Toner 2013).

Recently, an alternative way to induce a transversal 
force on particles in a microchannel, based on viscoelas-
ticity of the flowing suspending fluid, has been demon-
strated both theoretically and experimentally (Leshan-
sky et  al. 2007; Yang et  al. 2011; D’Avino et  al. 2012; 
Del  Giudice et  al. 2013). Indeed, the elastic nature of 
the suspending liquid gives rise to an imbalance of nor-
mal stresses around the particle surface, producing a 
net migration force transversally to the flow direction 
(Leshansky et al. 2007; Romeo et al. 2013). The migra-
tion direction has been found to depend on the shape of 
the channel cross section (Leshansky et  al. 2007; Yang 
et  al. 2011; D’Avino et  al. 2012; Del  Giudice et  al. 
2013), the particle-to-channel size ratio (D’Avino et  al. 
2012; Lim and Nam 2014) and the fluid rheology (Vil-
lone et al. 2013; Lim and Nam 2014; Kang et al. 2013). 
Experiments in cylindrical (D’Avino et al. 2012; Romeo 
et  al. 2013) or wide-slit (Leshansky et  al. 2007) micro-
channels evidenced that an elastic constant viscosity 
fluid (aqueous solution of polyvinylpyrrolidone, PVP) 
promotes migration toward the centerline or centerplane, 
respectively. Shear thinning seems to invert the migra-
tion direction for those particles traveling near the walls 
(D’Avino et  al. 2012), although only a single observa-
tion of such phenomenology is reported. A reduction of 
the focusing mechanism in shear-thinning fluids has also 
been very recently shown (Seo et al. 2014). More intrigu-
ing is the behavior in square-shaped microchannels. For 
the same PVP fluid, the particles are observed to move 
both toward the centerline and the corners (Yang et  al. 
2011). A similar scenario is found for a low concentrated 

PolyEthylene Oxyde (PEO) solution at low flow rates 
(Yang et al. 2011). Increasing the flow rate, but below a 
critical value, all the flowing particles are focused on the 
centerline. This behavior has been attributed to the com-
petition between inertial and viscoelastic effects (Yang 
et  al. 2011). More recently, very same experiments in 
PVP report the focusing on the centerline at any flow rate 
investigated, in sharp contrast with previous observations 
(Yang et  al. 2011). Finally, in microchannels with non-
circular cross sections, recent works have been focused 
on the competition between migration and secondary 
flows (Villone et al. 2013; Lim and Nam 2014). Lim et al. 
(2014) showed experimentally that secondary flows, gen-
erated from the second normal stress difference, affect 
the focusing mechanism because a new equilibrium posi-
tion appears, confirming numerical simulations (Villone 
et al. 2013). Villone et al. (2013) also reported that a par-
ticle suspended in a shear-thinning fluid migrates toward 
different equilibrium positions depending on the fluid 
elasticity and the degree of shear thinning.

It so appears that the available literature shows a num-
ber of different behaviors as the suspending fluid is var-
ied, sometimes with conflicting results (Yang et  al. 2011; 
Del Giudice et al. 2013), so that the link between rheology 
and migration is not clear yet. Needless to say, understand-
ing the role of the fluid rheology helps to optimize existing 
devices and to possibly design novel microfluidic processes 
for particle manipulation.

In this work, we attempt to elucidate the influence of 
the suspending fluid rheological properties (elasticity and 
shear thinning) on the migration phenomenon. To this aim, 
three viscoelastic liquids, characterized by different elastic-
ity and severity of viscous dissipation and shear thinning, 
have been prepared and rheologically characterized. Migra-
tion experiments in a square-shaped microchannel at differ-
ent imposed flow rates have been performed. The particle 
positions in the channel cross section are reconstructed by 
combining particle tracking measurements and numeri-
cal simulations of the velocity profile of the unloaded flu-
ids in the same geometrical and flow conditions [such a 
procedure for obtaining the particle positions within the 
cross section of the channel has been described in detail 
elsewhere (Del Giudice et al. 2013)]. The particle distribu-
tions through the channel section, directly obtained from 
the particle positions, are thus related to the fluid rheology, 
clarifying its role on the migration mechanism. Some fur-
ther results on the competition between viscoelastic and 
inertial effects are also reported, discussing the relevance of 
the Elasticity number, extensively used in previous works 
(Yang et al. 2011; Nam et al. 2012; Del Giudice et al. 2013; 
Romeo et  al. 2013; Lim and Nam 2014), to quantify the 
competition between inertia and viscoelasticity.
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2 � Dimensionless parameters

It is useful to define some dimensionless parameters to be 
used in the following sections. The entity of fluid viscoelas-
ticity can be quantified by the Deborah number defined, for 
a square-shaped channel, as:

where � is the fluid relaxation time, Q is the volumetric 
flow rate, and H is the side of the channel cross section. 
The Deborah number is the ratio between the fluid relaxa-
tion time � and the flow characteristic time tf = H3/Q.  
When De  =  0, the fluid is Newtonian (because � = 0), 
whereas increasing De corresponds to more pronounced 
viscoelastic effects.

Another important parameter for the system under inves-
tigation is the Reynolds number:

with ρ and η the suspending fluid density and viscosity, 
respectively; the Reynolds number represents the ratio 
between inertial and viscous forces.

The ratio between the Deborah and Reynolds numbers 
defines the Elasticity number:

Viscoelastic or inertial forces are dominant when El ≫ 1 or 
El ≪ 1, respectively, whereas, for El ∼ 1, the viscoelastic 
forces are comparable with the inertial ones. It is worth-
while to notice that the Elasticity number only depends on 
the fluid properties and the characteristic channel dimen-
sion. For a given fluid and channel geometry, the value of 
the Elasticity number is then independent of the applied 
flow rate Q.

In the present work, the Deborah number ranges from 
very low values up to De =  9.2, where strong nonlinear 
effects are present. Therefore, we expect a Newtonian-like 
behavior for the lowest flow rates, and strong changes in 
the particle distributions at higher flow rates due to viscoe-
lasticity-induced migration.

3 � Materials and methods

3.1 � Suspending fluids and particles

PolyEthylene Oxyde (PEO) with average molecular weigh 
Mw = 4000  kDa (Sigma-Aldrich) and at three mass con-
centrations of 0.1, 0.8, 1.6 wt% in water were used. Glyc-
erol (25 wt%) was added to the solutions in order to prevent 

(1)De =
�

tf
=

�Q

H3

(2)Re =
ρQ

ηH

(3)El =
De

Re
=

�η

ρH2

particle sedimentation (Yang et al. 2011). The viscosity of 
the glycerol–water solution is η = 2× 10−3 Pa s.

The fluid rheological properties are measured by a 
stress-controlled rheometer (Anton Paar MCR 302 rheom-
eter), with cone and plate geometry with diameters of 
60 mm and with a solvent trap to avoid fluid evaporation. 
The fluids rheology is reported in Fig.  1.

Figure 1a, b reports the linear viscoelastic response for 
PEO 0.8 and 1.6 wt%, respectively, for an imposed defor-
mation γ = 5 % and over two and three frequency decades, 
respectively. The PEO 0.8 % shows the typical trends of the 
moduli at low frequencies, i.e., G′ ∝ ω2 and G′′ ∝ ω. Then, 
we estimate the fluid relaxation time by the intersection of 
the straight lines at low frequencies giving � ∼ 8× 10−3 s 
(D’Avino et  al. 2012). By following the same procedure, 
we estimate the relaxation time of PEO 1.6 % as � ∼ 0.18 s.

For the PEO at the lowest concentration, the moduli 
cannot be measured by our stress-controlled rheometer 
because of their very low values. Therefore, we decided 
to use the relaxation time predicted from the Zimm theory 
(Rodd et al. 2005, 2007) given by:

where f  is a prefactor dependent on the solvent qual-
ity, [η] is the intrinsic viscosity, Mw is the molecular 
weight, ηs is the solvent viscosity, R is the gas constant, 

(4)�zimm =
f [η]Mwηs

RT

(a)

(c)

(b)

Fig. 1   a Measured elastic modulus G′ (black circles) and loss modu-
lus G′′ (white triangles) for the aqueous PEO 0.8 wt%. b Measured 
elastic modulus G′ (black circles) and loss modulus G′′ (white trian-
gles) for the aqueous PEO 1.6 wt%. In both panels a and b, the slopes 
of the straight lines are 2 and 1 for G′ and G′′, respectively, and indi-
cate the expected frequency dependence in the ‘terminal region’ of a 
viscoelastic fluid. c Measured steady relative shear viscosity ηr for 
the aqueous PEO solutions at different concentration as a function of 
the Deborah number De. The relative viscosity ηr is calculated with 
respect to the viscosity of the solvent (a glycerol–water mixture with 
η = 2× 10

−3 Pa s)
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and T is the absolute temperature. For the fluid consid-
ered here, it is f = 0.463 [for a good solvent (Rodd et al. 
2005; Tirtaatmadja et al. 2006)] and ηs = 2× 10−3 Pa s, 
T =  295 K. A measurement of the intrinsic viscosity of 
PEO 4 MDa in 25 wt% glycerol–water solution, available 
in the literature (Del Giudice et al. 2015), gives [η] = 0.8  
m3/kg. The resulting relaxation time from Eq.  (4) is 
� ∼ 1.25× 10−3 s.

Notice that, strictly speaking, the Zimm prediction is 
valid in the dilute regime, i.e., when the concentration is 
lower than the so-called overlapping concentration c∗. 
An estimate of the latter through the intrinsic viscosity 
[η] can be obtained from the Flory theory (Tirtaatmadja 
et  al. 2006) or from the Graesley expression (Graess-
ley 1982). By using the above indicated value [η] = 0.8 
m3/kg, we obtain c∗ = 1/[η] = 0.12  g/dl (Flory) and 
c∗ = 0.77/[η] = 0.096  g/dl (Graesley). Both such esti-
mates are close to the concentration c = 0.1 g/dl under dis-
cussion here. Therefore, the use of the Zimm prediction for 
the relaxation time is deemed acceptable.

In addition, such estimate is in rather good agreement 
with a recently obtained measurement of the relaxation 
time of the PEO 0.1 % through a novel proposed method 
based on particle migration in a microfluidic channel 
(Del Giudice et al. 2015). The value of the relaxation time 
obtained by using this novel method is � = 1.74× 10−3 s. 
In what follows, the value estimated from the Zimm pre-
diction is used in the Deborah number definition. We 
emphasize, however, that using one or the other estimate 
for the relaxation time in the definition of the Debo-
rah number does not alter any of the qualitative features 
emerging from our experiments, except for (slight) quan-
titative differences.

Figure 1c reports the relative shear viscosity (with 
respect to the glycerol–water mixture) of the different PEO 
aqueous solutions as a function of the Deborah number De. 
The PEO solution at low concentration (black symbols) 
shows a constant viscosity behavior in the whole range 
of Deborah numbers investigated. As the concentration is 
increased to 0.8 wt% (red symbols), a weak shear thinning 
appears for De ∼ 0.3. Finally, for the most concentrated 
PEO solution (gray symbols), a remarkable viscosity-thin-
ning is observed beyond De ∼ 0.1 with the viscosity reduc-
ing by one order of magnitude over two decades of Debo-
rah numbers.

Polystyrene (PS) particles (Polysciences) with diameter 
Dp = 10 µm and density ρp = 1.05 g/ml are used. A dilute 
suspension with a volume fraction φ = 0.01% is prepared. 
Particles are added to the matrix that is put first in a mixer 
(Vortex, Falc Instruments) to guarantee a good disper-
sion and then in an ultrasonic bath (Falc Instruments) to 
remove air bubbles. This procedure is repeated before each 
experiment.

3.2 � Microfluidic device

Experiments are carried out in a square-shaped cross sec-
tion channel made of polymethylmethacrylate (PMMA, 
substrate thickness 1  mm, Goodfellow). The channel 
is milled on the PMMA substrate using a micromill-
ing machine (Minitech CNC Mini-Mill). A 2-mm tip is 
first used to mill the whole substrate of 150 µm to guar-
antee level uniformity. A tip with the same dimension of 
the channel side is, then, inserted in the machine to mill 
the channel. Finally, two holes are made in the substrate to 
prepare the access to the inlet and the outlet of the channel 
(see below). An analysis with a profilometer (Veeco Dek-
tak 150) has been performed to check that the accuracy of 
the channel depth is within 10  %. Finally, the channel is 
bonded on another PMMA substrate by immersing the two 
pieces in absolute ethanol (from Sigma-Aldrich) for about 
20 min, clamping them together, and putting the device in 
the oven at 40 °C for about 2 h.

A schematic picture of the channel geometry is reported 
in Fig. 2. The entrance (triangular shape from the top view, 
left side of Fig.  2) is designed in such a way to assure a 
smooth velocity field from the inlet to the main channel 
(Del Giudice et  al. 2013). The relevant dimensions of the 
device are shown in Fig. 2. The dimension of the cross-sec-
tional side is H = 100 µm. Hence, the confinement ratio is 
β = Dp/H = 0.1.

The flow rate is controlled by a syringe pump (Nemesys) 
using glass syringes. This machine is able to discrimi-
nate different flow rates with a precision of 1 nl/min. The 
applied flow rates vary in the range 0.1 μl/min <  Q  < 3  
µl/min. The achievement of steady-state conditions and the 
absence of possible leaking are verified through the invari-
ance of the particle velocities.

3.3 � Particle distributions

Particles flowing in the channel are observed using a 
straight microscope (Olympus BX-73) with a 4x objective 
to reach the best field of depth without losing information 

Fig. 2   Schematic representation of the channel used in the experi-
ments. A smooth entrance at the channel ends is fabricated in order 
to guarantee an uniform particle distributions. In the figure, the rel-
evant dimensions are reported. The dimensions along Y and Z are not 
in scale
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on particle motion. Image sequences are collected with a 
fast camera (IGV-B0620M, Imperx) at a frame rate variable 
between 30 and 400  fps depending on the flow rate. The 
observations are all made at a fixed distance of L = 8 cm 
from channel inlet. The total length of the channel is 
Ltot = 9  cm. All the experiments are performed at room 
temperature.

The velocity distributions are measured by particle 
tracking. To quantify the particle focusing, we evaluate the 
fraction of particles passing in a certain zone of the square 
cross section by considering concentric bands, as reported 
in our previous study (Del Giudice et al. 2013). We com-
pute the fraction of particles fk in the band k as (D’Avino 
et al. 2012; Del Giudice et al. 2013):

where nk is the number of particles flowing in the band k 
(at L = 8  cm from the inlet), Ak and vk are the cross-sec-
tional area and average velocity of the band k, respectively. 
The normalization of each nk in Eq.  (5) through the prod-
uct Akvk in Eq.  (5) is made to properly take into account 
that different bands have different areas and velocities. To 
obtain a good statistical sample, at each flow rate, we collect 
a number of frames to get, in total, at least 100 particles.

The procedure adopted to compute the fraction of 
particles in each band fk has been described elsewhere 
(Del Giudice et al. 2013) and is only briefly reviewed here. 
The idea is to combine particle tracking visualization and 
numerical simulations of the fluid velocity profile to locate 
a particle in a specific position of the channel cross section. 
Denoting with z the direction of the flow and with x and y 
the directions parallel to the sides of the cross section, the 
visualization from the top of the device allows to measure 
the particle velocity Vp,z as well as the coordinate of the 
particle center xp.

By simulating the velocity profile Vsim,z(xp, yp) of the 
unloaded fluid (see next section), the following equation 
can be solved:

and the value yp is thus computed.

3.4 � Numerical simulations of the unloaded fluid velocity 
profile

Numerical simulations of the velocity profile of the fluid 
without particles in the square-shaped microchannel are 
performed, to be later used, together with particle tracking 
experiments, to reconstruct the particle positions. The fol-
lowing governing equations are solved by the finite element 
method:

(5)fk =
nk

Akvk
∑

k
nk

Akvk

(6)Vsim,z(xp, yp) = Vp,z

where v is the fluid velocity, p the pressure, η(IID) the local 
shear rate dependent viscosity and D = (∇v+∇v

T )/2 
the rate of deformation tensor. Indeed, the viscosity is a 
function of the second invariant of the rate of deformation 
tensor IID ≡

√
2D : D which, in simple shear, becomes 

IID = γ̇ (Bird et  al. 1987). For the constitutive equation 
η(γ̇ ), we selected the Bird-Carreau model (Bird and Car-
reau 1968):

with parameters obtained by fitting the viscosity trends of 
the experimental fluids reported in Fig. 1c. The curves are 
superimposed to experimental data. The simulations are 
performed in a square-shaped microchannel of a 100 µm 
side, with periodic boundary conditions between inflow 
and outflow, no slip at the walls and by imposing the exper-
imental flow rates at the inlet section.

Notice that velocity Vsim,z in Eq. (6) should be the par-
ticle velocity, whereas the velocity v computed from 
Eqs.  (7)–(9) is the fluid velocity, which is obtained in the 
absence of the particle. In confined systems, those two 
velocities are not exactly the same. In particular, in pres-
sure-driven flows, the velocity of the fluid at the same loca-
tion of the particle center is slightly higher than the particle 
velocity (it is conventionally stated that the particle lags the 
fluid). For the investigated confinement ratio, the discrep-
ancies between those two velocities are quite small around 
the channel centerline (Higdon and Muldowney 1995), 
whereas it might become relevant for particles very close 
to the walls, i.e., for those particles belonging to the out-
ermost bands. However, we recall that the aim of the pro-
cedure adopted to reconstruct the particle positions is that 
of assigning each particle to a specific band k. Thus, the 
most critical situation occurs for those particles lying close 
to the boundary between the fifth and sixth band for which 
an overestimation of the velocity will lead to an errone-
ous assignment of particles to the bands. However, those 
events are statistically irrelevant in all the cases considered 
in what follows, and hence, particle distributions are never 
significantly altered.

4 � Results

We firstly present the experimental results for the PEO sus-
pending fluid at intermediate concentration (0.8 wt%). As 
shown in Fig. 1c, the fluid viscosity is essentially constant 

(7)∇ · v = 0

(8)−∇p+ 2∇ · [η(IID)D] = 0

(9)η(γ̇ ) = η∞ + (η0 − η∞)
1

[

1+ (K IID)2
]
1−n
2
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with the Deborah number up to De ∼ 1 (corresponding 
to the maximum flow rate investigated for this fluid), and 
hence in the range of flow rates investigated for this liquid, 
the Elasticity number is constant as well. For this set of 
experiments, we evaluate El ∼ 40, i.e., the fluid elasticity is 
expected to be dominant with respect to inertia.

Figure 3a reports the fraction of particles in the bands for 
three different Deborah numbers, whereas Fig. 3b, c shows 
the reconstruction of the particle positions over the channel 
cross section for the minimum and maximum values of the 
Deborah number. It is readily observed that, at De = 0.033, 
viscoelastic effects are present but weak: The particles tend 
to still migrate toward the channel centerline, but at 8 cm 
from the inlet, they are distributed between the bands k = 1 
and k =  3. By Increasing De, viscoelastic forces become 
stronger and the most of the particles are more focused 
in the innermost band. From this first set of experimental 
results, it clearly appears that particles suspended in a fluid 
with constant viscosity under elasticity-dominant condi-
tions are subjected to a migration force toward the channel 
centerline.

Let us now investigate the co-occurring effect of iner-
tia and elasticity on particle migration by selecting the 
PEO 0.1  wt% as suspending liquid. In this case, indeed, 
we found that the Elasticity number El ∼ 0.4, which would 
mean that inertial and viscoelastic forces are comparable. 
(Notice that, as for the previous case, the fluid viscosity can 
be assumed constant in the range of flow rates investigated). 
From the data shown in Fig.  3d, however, we observe a 

qualitatively similar situation as the PEO 0.8  wt% case: 
At low Deborah numbers, the particles are essentially ran-
domly distributed between the bands k = 1 and k = 5 and 
only the outermost band is empty; as the Deborah num-
ber increases, more and more particles move toward the 
innermost band. For the highest flow rate considered, the 
most of the particles are confined in the inner two bands 
and only few of them still belong to the third one. Notice 
that no particle is anyway found at some equilibrium posi-
tion between the channel centerline and the walls, or in the 
corners. It so appears that, even for an Elasticity number 
around unity, the focusing mechanism induced by the fluid 
viscoelasticity dominates being essentially unaffected by 
inertial effects. In other words, even when the Reynolds 
number becomes comparable with the Deborah number, 
the effective migration force acting on the particles stays 
always directed toward the centerline, regardless of the 
initial particle position, similarly to the purely viscoelastic 
case.

As a final case, we report in Fig. 4 the migration of par-
ticles suspended in the high concentration PEO 1.6 %. Due 
to the high viscoelasticity of the solution (� ∼ 0.18 s), the 
Deborah number is relatively high even at low flow rates. 
At the lowest Deborah number here considered (De = 0.3), 
the viscosity is equal to the zero-shear one; at the highest 
De number (De = 9.2) instead, the viscosity is ~1.4 of its 
zero-shear value (see Fig. 1). In short, except for the low-
est De, the fluid is always in the shear-thinning region 
of the flow curve for all the examined flow rates. As a 

Fig. 3   Experimental results for 
PEO 0.8 wt% (a–c) and PEO 
0.1 wt% (d–f). a Fractions of 
particles in the different band k 
measured at 8 cm from the inlet 
as a function of De. b Particle 
positions on the square cross 
section at De = 0.033. The sym-
bols denote the position of the 
particle centers and are colored 
according the band they belong 
to. c Particle positions as in (b), 
at De = 0.13. d Fractions of 
particles in the different band k 
measured at 8 cm from the inlet 
as a function of De. e Particle 
positions as in (b) at De = 0.01. 
f Particle positions as in (b), at 
De = 0.12
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consequence, the Elasticity number will be changing with 
the flow rate in the experiments. Notice, however, that the 
smallest Elasticity number is El ∼ 4500 (corresponding to 
De = 9.2), i.e., for the PEO 1.6 % suspending fluid, iner-
tial effects are always definitely irrelevant. From Fig. 4a–
c, a qualitative difference from the two previous cases is 
observed. At the lowest Deborah number (De  =  0.3), 
particles still migrate toward the centerline in agreement 
with the previous cases. The presence of the shear thin-
ning, however, does influence the migration phenomenon, 
because only around 60 % of the particles are focused in 
the centerline (see Fig. 4b), in contrast with higher percent-
age values found before. Notice, however, that all the parti-
cles are located between the first two bands, somehow con-
firming the previous results pertaining to lower values of 
λ. By increasing the Deborah number for the PEO 1.6 %, a 
different scenario takes place as apparent in Fig. 4: The par-
ticles now do not migrate toward the channel centerline, but 
toward the corners. At De = 9.2, all the particles belong to 
the outermost band and are positioned at the corners only, 
see Fig. 4c. Apparently, also the particles initially located 
around the channel centerline have been driven outwardly 
toward the channel corners.

5 � Discussion

The experimental results presented in the previous section 
lead us to draw some conclusions about the effect of fluid 
rheology on the particle migration in viscoelastic fluids, in 
the square channel geometry.

If the suspending liquid has a constant viscosity, the 
particles are always found to migrate toward a single equi-
librium position represented by the channel centerline. 
Such a behavior occurs for both the PEO 0.1 and 0.8  % 
and agrees with previous experiments (Del Giudice et  al. 
2013)  in a PVP suspending liquid (that is an elastic, but 
constant viscosity fluid) as well with numerical simulations 
(Villone et  al. 2013). In this situation, the flow rate only 

quantitatively affects the migration mechanism by enhanc-
ing the transversal motion toward the centerline, accord-
ing to previous theoretical predictions in different channel 
geometries (Leshansky et al. 2007; D’Avino et al. 2012).

Fluid shear thinning (always combined with elasticity) 
strongly alters the scenario, as observed for PEO 1.6  %. 
At low Deborah numbers, i.e., in the fluid constant viscos-
ity region, particles migrate toward the centerline, as in 
the previous cases of PEO 0.1 % and PEO 0.8 %. At very 
high Deborah numbers, conversely, i.e., in the fluid shear-
thinning region, the migration direction is reversed and 
particles are driven toward the channel corners. Except 
for a previous single observation in a cylindrical channel 
(D’Avino et al. 2012), to the best of our knowledge, this is 
the first experimental measurement of the effect of the fluid 
shear thinning on particle migration.

The motion toward the channel corners reported in the 
present paper, occurring at high De for shear-thinning flu-
ids, agrees with recent 3D finite element simulations where 
the motion of a single spherical particle suspended in liq-
uids modeled through several constitutive equations and 
flowing in a square-shaped microchannel under inertia-
less conditions is investigated (Villone et al. 2013). In that 
work, for fluids with a zero second normal stress difference 
(for which secondary flows are absent), the numerical pre-
dictions show that the particle migrates toward the channel 
centerline or the corners depending on its initial position. 
The two migration directions are separated by a closed 
curve. The position of such a curve strongly depends on 
the constitutive and flow parameters and, in particular, on 
the entity of the shear thinning. For strongly shear-thinning 
fluids and high De, the separatrix approaches the channel 
centerline and wall attraction results.

Let us quantify the just described transition. At low Deb-
orah numbers, where the constitutive equation considered 
in the simulations in Villone et al. (2013) is well approxi-
mate by an Oldroyd-B model, with constant viscosity, the 
separatrix is calculated to be quite close to the channel 
walls, implying that almost all the particles focus toward 

Fig. 4   Experimental results for PEO 1.6 %. a Fractions of particles 
in the different band k measured at 8 cm from the inlet as a function 
of De. b Particle positions on the square cross section at De = 0.3. 

The symbols denote the position of the particle centers and are 
colored according the band they belong to. c Particle positions as in 
(b), at De = 9.2
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the channel centerline. Specifically, the area of the cross 
section pertaining to centerline attractor is 85  % of the 
entire cross section, as readily estimated from Fig. 4 of Vil-
lone et al. (2013). This estimate is in qualitative agreement 
with our experimental results on PEO 0.1 %, PEO 0.8 % 
and PEO 1.6 % at low Deborah numbers, in the sense that 
we always observed focusing toward the centerline in those 
cases. The simulation results in Villone et al. (2013) further 
show that, at De = 6, the separatrix has become quite close 
to the centerline: The area of the cross section pertaining 
to centerline attractor has decreased to 5% of the entire 
cross section. Most of the particles are then predicted to be 
driven outwardly toward the walls, fully consistently with 
our experiments.

For the sake of precision, it should be remarked that 
the simulations always predict the existence of a region 
(although narrow for high De-values) around the channel 
centerline such that the particles migrate inwardly toward 
the cross-section center. On the other hand, in our experi-
ments, we do not find a coexistence of corner- and center-
attractive equilibrium positions. Such a discrepancy might 
perhaps be ascribed to the constitutive parameters chosen 
in the simulations, which do not exactly describe the rhe-
ology of PEO 1.6 %. In particular, the simulations in Vil-
lone et al. (2013) are performed for a single-relaxation time 
fluid, whereas the measured dynamic response of PEO 
1.6 % reported in Fig. 1b suggests that a multi-mode con-
stitutive equation would be more appropriate.

The second important conclusion obtained here is the 
negligible effect of inertia with respect to elasticity on 
the focusing mechanism. By varying the Elasticity num-
ber over almost two order of magnitude (from El ∼ 0.4 to 
El ∼ 40), no qualitative change in the final particle position 
(the centerline) is observed, suggesting that the migration 
induced by viscoelasticity is, as a matter of fact, the only 
relevant mechanism for elastic, constant viscosity fluids. 
In this regard, we mention recent experiments (Choi et al. 
2011) on particle migration induced by inertial effects in 
Newtonian fluids flowing in square-shaped microchan-
nel. They have found that particles confined in a channel 
with β ∼ 0.1 experience a very limited migration across the 
streamline within 10 cm of channel length even at Re ∼ 7. 
Only by increasing the Reynolds number up to Re ∼ 50, 
a transversal motion toward four attractors located at the 
center of each face is found. A similar situation has also 
been reported in a cylindrical channel (Seo et al. 2014). In 
other words, for a fixed confinement ratio β, the condition 
O(De) = O(Re), corresponding to O(El) = 1, seems to 
denote a situation where the particle migration is distinctly 
governed by elastic effects rather than inertial ones.

An idea about the relative strength of elasticity and iner-
tia on particle migration can be given by comparing the 
theoretical expressions for the migration velocity due to 

elastic and inertial effects. In Poiseuille tube flow, the iner-
tial migration velocity can be expressed as (Ishii and Hasi-
moto 1980):

where r and R are the particle radial position and the tube 
radius, respectively, B is a constant and Rec = ρ ŪR/η the 
Reynolds number defined for a cylindrical channel with 
average velocity Ū.

In the same flow field, the migration velocity due to 
elasticity is (D’Avino et al. 2012):

with A a constant and Dec = � Ū/(2R) the Deborah number 
defined for a cylindrical channel. Both relationships hold 
around the channel centerline and for small confinement 
ratios and flow rates. From the two expressions above, we 
get:

By taking the values of the constants A ≈ 6.6 and B ≈ 1.4 
from D’Avino et al. (2012) and Ishii and Hasimoto (1980), 
respectively, an estimate of the right-hand side for the less 
concentrated PEO solution used in this work (correspond-
ing to the smallest Elasticity number available in our 
experiments, El ∼ 0.4) gives that the ratio of the migration 
velocities is about 5× 10−2, confirming that inertial effects 
are much smaller than the elastic ones. Therefore, from 
Eq. (12) appears that the Elasticity number alone gives mis-
leading indications about the relative strength of inertia and 
viscoelasticity, and one should account for the confinement 
ratio as well as the correct prefactor B/A. A similar conclu-
sion concerning the inability of the Elasticity number alone 
to describe the relative effects of inertia and viscoelasticity 
can be reached by looking at the results reported in Lim 
et al. (2014). In that work, indeed, the authors succeeded in 
going down to EI = 0.05, and nevertheless found focusing 
toward the centerline, as in a purely viscoelastic situation. 
We would also like to signal that recent 2D simulations of 
the coupled inertia–viscoelastic case (Trofa et  al. 2014) 
appear to confirm that Re much larger than De is needed 
(by at least one order of magnitude) to appreciate devia-
tions from the purely viscoelastic case.

Whether or not the conclusions derived from Eq.  (12) 
also apply for confinement ratios or flow rates higher than 
those considered in this work cannot be assessed yet. Fur-
ther experiments and numerical simulations accounting for 
the simultaneous effects of elasticity and inertia would be 
helpful in this direction.
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6 � Conclusions

In this work, we have studied the effect of fluid rheology 
on particle migration in a square-shaped microchannel. To 
this aim, we have prepared and rheologically character-
ized three PEO solutions at different concentrations with 
increasing level of elasticity and shear thinning. Experi-
ments at different flow rates are carried out. Measurements 
are taken at a fixed distance from the inlet L = 8 cm, and 
the particle positions over the channel cross section are 
recovered by combining a particle tracking method with 3D 
numerical simulations (Del Giudice et al. 2013).

Our results show that particles suspended in a constant 
viscosity fluid are focused toward the channel centerline 
due to the medium elasticity. Such an inward migration 
occurs even at the lowest Elasticity number (El ∼ 0.4)  
for which one could expect that inertial effects (working 
in opposite direction as the viscoelastic ones) play a role. 
Since our experiments do not show any qualitative change 
from the high Elasticity number case, we conclude that 
elastic forces are much stronger than the inertial ones when 
the two representative dimensionless numbers (De and 
Re) are of the same order of magnitude and hence El ∼ 1. 
Indeed, the relevant dimensionless parameter should 
account for the confinement ratio as well as a prefactor 
‘measuring’ the relative strength of the inertial and viscoe-
lastic migration velocities. Finally, strongly shear-thinning 
fluids qualitatively alter the scenario; in particular, particles 
migrate toward the channel centerline when exploring the 
fluid constant viscosity region, whereas at high flow rate, 
i.e., in the fluid shear-thinning region, particles are pushed 
toward the corners of the channel cross section.
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