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Strings of equally spaced particles (particle train) are tremendously important in a variety of microflu-
idic applications. By using inertial microfluidics, particle trains can be formed near the channel walls.
However, the high particle rotation and large local shear gradient near the microchannel walls can lead
to blurred images and cell damage, thus negatively affecting applications related to flow cytometry. To
address this challenge, we demonstrate that adding a tiny amount of hyaluronic acid biopolymer to an
aqueous suspension drives self-assembly of a particle train on the centerline of a square-shaped straight
microchannel, with a throughput up to approximately 2400 particles/s. The fraction of equally spaced par-
ticles increases by increasing the volumetric flow rate and the distance from the channel inlet. Numerical
simulations corroborate the experimental observations and, together with a simple qualitative argument
on the particle train stability, shed insights on the underlying mechanism leading to particle ordering.
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I. INTRODUCTION

Controlling the spacing between particles and cells at
the micron-size level, hereafter particle or cell ordering,
dramatically impacts a variety of applications, ranging
from biomedical engineering to material science. Parti-
cle and cell ordering is essential in applications such as
flow cytometry [1–3], cell separation [4], particle encap-
sulations [5,6], and fabrication of microfluidic particles
or droplet crystals [7–9]. In material science, optical and
acoustic properties of metamaterials can be tuned by the
spatial composition of particles [10,11]. In tissue engineer-
ing, the local arrangement of cells (cell architecture) is a
crucial parameter for the design of three-dimensional (3D)
scaffolds [12] or printed tissues [13].

Particle trains (strings of ordered particles) organized on
multiple streamlines were first observed by Segré and Sil-
berberg [14], by using the inertial focusing principle. In
their work, they employed particles with diameters in the
range of 0.32 < d < 1.7 mm suspended in a 1,3-butanediol
and water mixture. They argued that the train formation
was due to particle-particle hydrodynamic interactions.
Matas et al. [15] observed trains of 425 and 825 μm
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particles organized on multiple streamlines of a tube with
an 8-mm diameter. They ascribed the formation of trains to
the coupling of particle-particle hydrodynamic interactions
and inertial forces, as also theoretically proposed later by
Lee et al. [7]. Di Carlo et al. [16] achieved particle trains
on multiple streamlines in a square-shaped microchannel
with a height of 50 μm. In their work, they employed
particles with a diameter in the range of 4 < d < 20 μm
suspended in water, at a concentration range of 0.1 < φ <

1 vol %. Single-line particle and cell trains have been
obtained by employing inertial microfluidics in a curved
50-μm channel [1] and in a straight channel with multi-
ple nonrectangular cross sections [17]. However, in both
cases, particle or cell trains were observed near the channel
walls, where the particle or cell rotation and the local shear
gradient are large. Large particle or cell rotation may lead
to blurred images in cytometry applications that use line-
scan-based interrogation, as reported by Goda et al. [18].
In addition, high local shear gradients may result in damag-
ing delicate cells. Hence, particle trains should develop on
the channel centerline, where both particle or cell rotation
and local shear gradient are minimal.

Recently, the addition of polymer to aqueous suspen-
sions was found to promote transversal migration of
suspended particles toward the centerline of a straight

2331-7019/18/10(6)/064058(10) 064058-1 © 2018 American Physical Society

https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.10.064058&domain=pdf&date_stamp=2018-12-26
http://dx.doi.org/10.1103/PhysRevApplied.10.064058


FRANCESCO DEL GIUDICE et al. PHYS. REV. APPLIED 10, 064058 (2018)

microchannel [19–21], due to internal viscoelastic forces
[22]. However, the majority of existing studies [23–25]
dealing with particles in viscoelastic fluids flowing in
microchannels have only considered very dilute suspen-
sions (volume particle concentration lower than 0.1%).
Hence, particles essentially behave as isolated objects and,
upon alignment, the interparticle distances are so large that
particle-particle hydrodynamic interactions can be consid-
ered negligible. To the best of our knowledge, very few
works have examined the flow of suspension at higher
particle concentrations. Xiang et al. [26,27] found that
particles suspended in a near-constant-viscosity liquid at
φ = 0.5 vol % were focused on a single streamline in a
curved 50-μm square-shaped microchannel, but did not
display any ordered structure. For a similar suspending liq-
uid, Kang et al. [28] found that particles with 5 < φ < 10
vol % segregated around the centerline of a straight 50-
μm microchannel without forming particle trains. D’Avino
et al. [29] employed numerical simulations to study the
effect of viscoelasticity-mediated particle-particle hydro-
dynamic interactions on the spacing between pairs and
triplets of particles suspended in a viscoelastic liquid with
shear-thinning properties, at the centerline of a pressure-
driven channel flow. They found that, in strongly shear-
thinning elastic fluids, the distances between three aligned
particles increase up to a value such that the particles
behave like isolated objects. In the case of a multipar-
ticle system, such repulsion dynamics might potentially
lead to equally spaced structures. However, the limitation
to only three particles remains; thus, it is still uncer-
tain whether particle trains can be effectively achieved.
So far, neither experimental nor numerical evidence of
particle trains in viscoelastic liquids has been reported.
It should also be emphasized that shear-thinning liquids
have always been considered detrimental for particle align-
ment, since particles tend to migrate toward the chan-
nel walls [30,31]. Only very recently, Del Giudice et
al. [32] showed that moving particles can be aligned on
the centerline of a straight square-shaped microchannel,
even in a shear-thinning liquid, by increasing the ratio
of the particle size to the channel height. Therefore, fur-
ther investigation on viscoelastic particle ordering seems
in order.

In this work, we demonstrate that simple addition of
a 1-wt-% hyaluronic acid biopolymer to an aqueous sus-
pension drives self-assembly of single-line particle trains
on the centerline of a squared-shaped straight microchan-
nel. Particles with diameter d = 20 μm first align and
then self-order on the centerline of the glass microchannel,
with channel height H = 100 μm, and with a throughput
up to approximately 2400 particles/s. Our results demon-
strate that shear-thinning of the suspending liquid is in
fact advantageous to achieve viscoelastic particle ordering.
Numerical simulations corroborate the experimental obser-
vations and, together with a simple qualitative argument on

the particle train stability, shed insights on the underlying
mechanism leading to particle ordering.

II. METHODS

A. Preparation and characterization of the suspensions

We employ two solutions of hyaluronic acid (HA,
molecular weight Mw = 900 kDa, Sigma Aldrich) at mass
concentrations of 1 and 0.1 wt % in phosphate buffer saline
(PBS, Sigma Aldrich, Japan). HA 1 wt % is prepared
by adding polymer powder to MilliQ water at room tem-
perature, and the solution is shaken vigorously to allow
dissolution of the polymer. HA 0.1 wt % is prepared by
diluting ten times the HA 1 wt % solution with PBS. Glyc-
erol at 25 wt % (Nacalai, Japan) is subsequently added
to HA 0.1 wt % to prevent particle sedimentation. Glyc-
erol is not needed for the premixed HA 1 wt %, due to
the high viscosity of the fluid. Polystyrene particles (Poly-
sciences Inc.) 20 μm in diameter are added to both polymer
solutions at volume concentrations φ = 0.3%, φ = 0.6%,
and φ = 1%. The addition of particles to HA 1 wt %
requires multiple steps of mixing due to the high viscosity
of the solvent. No surfactant is used to enhance dispersion.
Both suspensions are filtered by a standard 40-μm filter to
remove potential aggregates.

Rheological measurements are carried out on a stress-
controlled rheometer (Anton Paar MCR 502) with a stain-
less steel cone and plate geometry (50 mm in diameter, 1◦
angle). A solvent trap is used to avoid fluid evaporation.
The temperature is kept constant at T = 22◦C.

B. Microfluidic device

The inlet to the glass channel is fabricated of poly-
methylmethacrylate (PMMA, substrate thickness 1 mm,
Kuraray Co. Japan), using a micromilling machine [33]
(Minitech CNC Mini-Mill). Fabrication is carried out
using 300- and 200-μm tips. The channel depth is kept
constant at 200 μm. Finally, a hole is made to allow pump-
ing of the suspension. The inlet to the glass channel is
bonded on another PMMA substrate by immersing the two
pieces in absolute ethanol (Sigma-Aldrich) for 20 min. The
two PMMA pieces are then put on a hot press (Imoto IMC-
180C, Japan) with plate temperature T = 40◦ and pressure
�P = 0.4 MPa for 20 min (�P is the difference between
the final pressure and the pressure detected when the hot
plates touched the two PMMA pieces). A square-shaped
glass microchannel (Vitrocom) with an internal height of
H = 100 μm and external height of 200 μm is glued
directly to the PMMA inlet.

C. Experimental procedure

The fluid is pumped at several volumetric flow rates Q
using a high-precision Harvard PHD-Ultra syringe pump.
We use Hamilton gas-tight glass syringes to avoid wall
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deformation from affecting the rate of fluid delivery into
the microchannel.

First, we impose Q = 10 μl/min for 10 min to allow
flow stabilization. After flow stabilization, images are
recorded using a high-speed camera (Phantom Miro M310,
Vision Research). Since HA is expensive, images at higher
Q are acquired as follows. The flow rate is kept to Q =
10 μl/min for 10 min, and then a higher flow rate is
imposed. After 30 s, images are recorded and the flow
is subsequently reset to Q = 10 μl/min. This procedure is
not expected to bias our analysis. Indeed, the volume of the
whole glass channel is H × H × L = 0.1 × 0.1 × 100 =
1 mm3 = 1μl. For Q = 20, Q = 50, and Q = 100 μl/min,
the volume of fluid that flows through the channel after 30 s
is 10, 50, and 100 μl, respectively, always higher than 1 μl.
Therefore, during image acquisition, the sample is always
fresh.

D. Determination of the distance between the particles

Particles from 1500 acquired images are tracked using a
freely available particle-tracking subroutine for IDL (Har-
ris Geospatial Solution) [34]. When two particles are in
contact, the subroutine is unable to distinguish between
the two particles; thus, they are treated as a single one.
Bigger aggregates, instead, are disregarded from the anal-
ysis. The spacing between particles �z is evaluated using
a homemade subroutine for Mathematica (Wolfram) and
then normalized by the particle diameter d. Histograms
are then evaluated using ORIGIN Pro 2017, with bin-
ning size equal to d. The two boundary ends are set to
0 and 30 d.

III. RESULTS AND DISCUSSION

A. Experiments

Particle ordering in a straight microchannel is studied
experimentally by suspending 20-μm polystyrene parti-
cles in a PBS solution containing 1 wt % HA at three
particle loadings: φ = 0.3, φ = 0.6, and φ = 1 vol %. To
avoid particle clogging, we design a multicontraction inlet
made of polymethylmethacrylate [the gray device in Fig.
1(a)]. The square-shaped glass microchannel with inter-
nal height H = 100 μm and total length L = 10 cm is
glued inside the multicontraction inlet. A glass channel
is preferred over the most commonly used polydimethyl-
siloxane (PDMS) since it is more rigid and, therefore,
prevents channel deformation at high flow rates (chan-
nel deformation can affect the transversal migration of
particles [36]).

Results from different experimental conditions are quan-
tified through the Deborah number De, which is the ratio
between the characteristic time λ of the fluid and the char-
acteristic time tf of the flow. The Deborah number can also
be regarded as a characteristic ratio between elastic and

viscous forces in flow conditions; whichever interpretation
is adopted, the Newtonian liquid corresponds to De = 0,
whereas De > 0 implies a certain degree of elasticity of
the fluid. For a channel with a square cross section, the
Deborah number is defined as

De = λ

tf
= λQ

H 3 , (1)

where Q is the volumetric flow rate. In our experiments, the
range of the Deborah number investigated is 6.2 < De <

62, corresponding to the volumetric flow rate of 10 < Q <

100 μl/min.

1. Hyaluronic acid 1 wt % in PBS drives formation of
particle trains

Previous works highlighted that the rheology of the
suspending liquid would affect the focusing dynamics of
the flowing particles [23,24,37]. HA 1 wt % in PBS dis-
plays an almost constant shear viscosity η up to a shear
rate of γ̇ ∼ 10 s−1, followed by a shear-thinning behav-
ior (shear viscosity η decreases with increasing shear rate)
as γ̇ increases [Fig. 1(b)]. The elasticity of the solution is
quantified through the longest relaxation time λ and evalu-
ated from the measurement of the storage modulus G′ and
the loss modulus G′′ [see the inset of Fig. 1(b)]. Following
a standard rheological procedure (i.e., small angle oscilla-
tory shear) [35], we obtain λ = 37 ms from the intersection
of the dashed and the dashed-dotted lines fitting the data at
low frequencies. In summary, a PBS solution containing
1 wt % HA exhibits flow-dependent shear viscosity η and
elastic properties quantified by λ = 37 ms.

The experiments are first performed for a suspension at
a particle concentration φ = 0.6 vol % in PBS containing
1 wt % HA. At a fixed distance from the inlet Lz/H =
800 (Lz = 8 cm), around 18 particles are visible within
the observed portion of the channel Lobs = 60d = 1.2 mm
[see the left panel of Fig. 1(c)]. As the Deborah number
is increased, an increasing fraction of particles become
progressively equally spaced, i.e., ordered. From a sim-
ple geometrical argument [see Eq. (2) below], 18 particles
along Lobs, if ordered, should be spaced with a distance
between their centers stheo = Lobs/18 ∼ 3.3 d (in dimen-
sionless terms, s∗

theo = stheo/d = 3.3). We indeed observe a
dominant peak in the histograms at a dimensionless dis-
tance s∗ = 3.5, in good agreement with the geometrical
value. The peak of the distance distribution at s∗ = 3.5
is also found to be independent of the Deborah number
[Fig. 1(c)]. Interestingly, the fraction f of ordered particles
with s∗ = 3.5 is found to double from f ∼ 0.2 at De = 6.2
(γ̇ � 170 s−1) to f ∼ 0.4 at De = 62 (γ̇ � 1700 s−1). We
experimentally verify that about 70% of the measured dis-
tances falls between s∗ = 3.5 and s∗ = 5, both for De = 31
and De = 62 [see the right panel of Fig. 1(c) and Videos
S1 and S2], with a throughput (particle concentration ×
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FIG. 1. Fluid viscoelasticity drives the self-assembly of particle trains in a straight microfluidic channel. (a) Schematic of the
employed device with relevant dimensions. Particles converge gently to the glass channel, align after a certain length, and then self-
order. The channel side is H = 100 μm and the angle is α = 70◦. Dimensions are not to scale. The device in gray is a multicontraction
inlet made of polymethylmethacrylate. This design prevents particle clogging at the entrance of the glass microchannel (light blue
rectangle). (b) Shear viscosity η as a function of the shear rate γ̇ for hyaluronic acid (HA) at 1 wt % in PBS. The fluid displays a
clear shear-thinning behavior above γ̇ ∼ 10 s−1. The inset shows the elastic modulus G′ and the viscous modulus G′′ as a function
of the angular frequency ω for an imposed deformation γ = 5%. The longest relaxation time λ = 37 ms is evaluated as the intersec-
tion between the dashed and the dashed-dotted lines, identified as the so-called “terminal region” [35]. (c) Higher Deborah numbers
De = λQ/H 3 (Q is the volumetric flow rate) enhance the fraction of particles ordered at s/d ∼ 3.5, where d = 20 μm is the particle
diameter. Experimental snapshots at different De are also shown (using the same color code as the histograms). The flow is from right
to left. The volumetric particle fraction is φ = 0.6%. (d) Particle ordering occurs at volumetric particle concentrations φ > 0.3%. At
φ = 1%, an increasing number of “doublets” of particles is observed. The scale bar is 100 μm.

volumetric flow rate) of approximately 1200 particles/s
(De = 31) and approximately 2400 particles/s (De = 62).

In the case of inertial ordering, the distance between the
particles depends on the particle Reynolds number Rep =

Re β2, where Re = ρQ/ηH is the Reynolds number, with
ρ the fluid density, and β = d/H is the confinement ratio
[7]. Kahkeshani et al. [38] observed an average spac-
ing s∗ = 5 for Rep = 2.8 and s∗ = 2.5 for Rep = 8.3.
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In our experiments, however, we do not observe any
Reynolds-dependent spacing; notice that our highest parti-
cle Reynolds number is Rep = 0.0027 (at De = 62); thus,
inertial effects are always negligible.

As stated above, particle ordering stems from hydrody-
namic interactions that become relevant when the particles
are sufficiently close to each other [7,15,29,39]. Hence,
particle concentration is an important parameter for the
ordering mechanism. We then evaluate the spacing s∗ at
Lz/H = 800 as a function of the volumetric particle con-
centration φ for De = 31 and De = 62 [Fig. 1(d)]. At
φ = 0.3 vol %, the interparticle distances are quite large
and random and no clear ordering can be detected [see the
top snapshot in Fig. 1(d)], suggesting that hydrodynamic
interactions in such conditions are weak. At φ = 0.6 vol %,
the highest ordering efficiency is found for both De = 31
and De = 62 [Fig. 1(d)]. By further increasing the particle
concentration to φ = 1 vol % [see the bottom snapshot of
Fig. 1(d) and Video S3], we observe sequences of equally
spaced particles with some occasional “doublets” or (less
frequently) “triplets” of particles. Note that doublets of
particles were not observed in the inertial ordering by
Kahkeshani et al. [38]. Insights on the occurrence of dou-
blets in viscoelastic self-assembly will be discussed in a
later section.

2. Particle trains are not observed in a near-constant
viscosity liquid

To test the effect of the shear thinning on particle order-
ing, we carry out the same experiments for a hyaluronic
acid solution 0.1 wt % in PBS with the addition of 25 wt %
of glycerol to prevent particle sedimentation. Different
from the HA 1 wt % used previously, the HA 0.1 wt % has
a constant shear viscosity η in the whole range of shear rate
γ̇ investigated [Fig. 2(a)]. The relaxation time evaluated
from the intersection of the dashed and the dashed-dotted
lines fitting the data at low frequencies [inset of Fig. 2(a)]
is λ = 32 ms, which is very similar to the relaxation time
of the HA 1 wt %.

At Lz/H = 800, despite varying both Deborah numbers
(De = 26 and De = 52) and particle concentration (φ =
0.3, φ = 0.6, and φ = 1 vol %), we do not observe particle
ordering [Figs. 2(b) and 2(c)]. Interestingly, we notice the
presence of sporadic “strings” of several very close parti-
cles, with few isolated particles between them, at both φ =
0.6 vol % and φ = 1 vol % [experimental snapshots are
shown in Fig. 2(c)]. Such strings are not observed for par-
ticles suspended in HA 1 wt %, where only doublets of par-
ticles are found mainly at φ = 1 vol %. We also find that
the number of particle strings in HA 0.1 wt % increased
at φ = 1.5 vol % (Video S4 for De = 31 and Video S5
for De = 62). The formation of these strings can again be
ascribed to the existence of the critical interparticle dis-
tance discussed above. D’Avino et al. [29] reported that the

(a)

(b)

(c)

FIG. 2. Particle trains are not observed in a near-constant vis-
cosity liquid. (a) Shear viscosity η as a function of the shear
rate γ̇ for hyaluronic acid (HA) at 0.1 wt % in PBS with the
addition of 25 wt % of glycerol. The fluid has near-constant
viscosity in the whole range of shear rates γ̇ investigated. The
inset shows the elastic modulus G′ and the viscous modulus
G′′ as a function of the angular frequency ω for an imposed
deformation γ = 5%. The longest relaxation time λ = 32 ms
is evaluated as the intersection between the dashed and the
dashed-dotted lines (who identify the so-called terminal region
[35]). (b) Effect of particle concentration φ on the normalized
distance between the particles s∗ = s/d at two different Deb-
orah numbers De = 26 and De = 52. Particle ordering is not
observed in any of the conditions reported. (c) Deborah num-
ber De = λQ/H 3 (Q is the volumetric flow rate) does not affect
significantly the distance between the particles s∗, at two differ-
ent volume concentrations φ = 0.6% and φ = 1%. The scale bar
is 100 μm.
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(a)

(d) (e) (f)

(b) (c)

FIG. 3. Numerical simulations are in good agreement with experiments. (a)–(d) Normalized distances between particles s∗ at several
distances from the channel inlet Lz/H . Screenshots from simulations are included as an inset in each panel (full videos are available
as Videos S6–S10). Particles at Lz/H = 0 are already aligned at the channel inlet. (e),(f) Comparison between experimental and
numerical distributions of s/d at Lz/H = 400 (e) and Lz/H = 800 (f). The experimental distributions are evaluated at De = 31 and
β = 0.2, while the numerical simulations are carried out at De = 5 and β = 0.4 (see the main text for more details on the choice of
the parameter values in the simulations).

value of such a distance increases as the amount of shear-
thinning decreases; i.e., particle attraction is enhanced in
a near-constant-viscosity liquid, corroborating our experi-
mental evidence. Finally, notice that inertial effects are also
expected to be negligible in this case, as the highest particle
Reynolds number is Rep = 0.03 (at De = 62).

B. Numerical simulations

We investigate the particle-ordering mechanism through
numerical simulations (Fig. 3) by considering that all the
particles are aligned along the centerline when entering
the channel [40–48].) We face three main difficulties: the
large number of particles of the experiments cannot be
dealt with by direct numerical simulations, the imposed De
values are out of reach of computations (because of numer-
ical instabilities), and the experimental confinement ratio
β = 0.2 cannot be simulated because the relative veloc-
ities between the particles turn out to be very small and
comparable with the numerical accuracy.

The first issue is tackled in the following way. Direct
numerical simulations are used to calculate the relative
velocities of a three-particle system for several initial
interparticle distances. The selected distances between the
particles and the corresponding computed interparticle

velocities are then used to model the multiparticle sys-
tem, with the assumption that each particle in the train
hydrodynamically interacts only with its trailing and lead-
ing spheres. In this way, the particle train dynamics can
be computed by solving a simple set of ordinary differ-
ential equations [40]. The direct numerical simulations
of the three-particle system are performed by choosing a
two-mode Giesekus constitutive equation that accurately
matches the HA 1 wt % in PBS rheology [40].

The second and third issues are, in fact, solved together
by noting that, as reported by D’Avino et al. [29], for a
system of two particles suspended in Giesekus fluid, the
relative particle velocity scales approximately as De β3.
Based on this scaling, we simulate at De = 5 and β = 0.4
to describe the experimental situation with De = 32 and
β = 0.2. The predicted dimensionless interparticle dis-
tances s∗ at several distances from the inlet Lz/H are
reported in Fig. 3.

1. Comparison of simulation predictions with
experiments

We first evaluate numerically the distributions of the
interparticle distances at increasing distances from the
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(a) (b)

(c)

FIG. 4. A stability analysis based on pairwise interactions supports the experimental and numerical results. (a) Sketch of the effective
repulsive force between two particles in a viscoelastic fluid (see text) for a sufficiently high Deborah number. (b) A train of equally
spaced particles is formed at some volume fraction φ1 corresponding to a distance s1 > scr. A particle of the train displaced by a small
amount ε experiences two different repulsive forces from the trailing (at distance s1 + ε) and the leading (at distance s1 − ε) sphere.
Since s1 is in the branch where the force F(s) has a negative slope, the force between the displaced particle and the leading one is
lower than the force between the particle and the trailing sphere. The net force is, then, toward the trailing sphere (blue arrow) and the
interparticle distances are restored to the original value s1. (c) The same scenario as in panel (b), where the volume fraction is φ2 > φ1
and the interparticle distance is s2 < scr. Now, the force between the displaced sphere and the leading one is higher than the force
between the particle and the trailing sphere. Thus, the displaced sphere moves toward the leading one and a pair is formed.

channel inlet [Figs. 3(a)–3(e)]. At Lz/H = 0 (channel
inlet), particles are uniformly distributed within the range
1 < s∗ < 6 [Fig. 3(a) and Video S6]. As Lz/H increases, a
clear peak at s∗ = 3.5 is observed, in good agreement with
experiments [Figs. 3(c)–3(d) and Videos S9 and S10]. The
comparison between the numerical distributions at increas-
ing distances Lz/H also shows that the ordering dynamics
is quite fast close to the entrance, but slows down at long
distances from the inlet (the distribution at Lz/H = 400
looks very similar to that at Lz/H = 800).

It should again be remarked that the experiments show
the general tendency to assemble trains of particles, but
also show the presence of paired particles in doublets,
intercalating ordered strings. This presence is more fre-
quent as the particle loading increases [see Fig. 1(d)].
A similar trend is clearly visible also in the simulations
(Videos S6–S10), thus confirming the qualitative good
agreement between numerics and experiments.

We also compare the numerical distributions of s∗ with
the experimental ones, both at Lz/H = 400 and Lz/H =
800 [red and blue bars in Figs. 3(e) and 3(f), respec-
tively]. The simulations slightly overestimate the peak as
compared to experiments, especially at Lz/H = 400. This
result is not surprising as, in the numerical simulations,
the particles enter the channel prealigned, in contrast with
the experimental conditions (a random distribution over
the channel inlet cross section). However, a good qualita-
tive agreement between the two distributions is observed,
suggesting that the scaling with De and β proposed by
D’Avino et al. [29] is reasonable. Taken together, these
results show that the confinement ratio β, the Deborah
number De, and the channel length Lz provide some free-
dom of tuning to achieve particle ordering in different

flow conditions. As a final note, we also try to perform
experiments at β = 0.4. In this case, however, we observe
significant clogging within the glass channel.

C. Viscoelasticity-induced effective repulsive force
leads to ordering or pairing in particle trains

A simple qualitative argument can be used to justify the
observed formation of trains of equally spaced particles in
confined viscoelastic flows. We start from the assumption
that the particles move “caged” at the channel centerline
by the normal stresses arising in a viscoelastic flow [23].
We then examine the stability of the train arrangement,
by slightly perturbing its one-dimensional (1D) crystal-like
configuration. To keep the analysis simple, we also assume
that a generic particle in the train interacts (hydrodynam-
ically) with only the two nearest neighbors. As shown
in Fig. 7 of Ref. [29], for De larger than some critical
value Decr (its exact value depending on confinement ratio
and fluid rheology), two particles display a velocity dif-
ference that makes them separate from each other, as if
they were subjected to a repulsion force F(s). This repul-
sive force F(s) at large De values (as in our experiments)
is nonmonotonic and presents a maximum at a critical
interparticle distance scr. A qualitative sketch of the force
versus distance curve is depicted in Fig. 4(a), which is
drawn by analogy with the results of direct numerical sim-
ulations reported in Ref. [29] for a relatively high value of
the Deborah number. A simple stability argument gives the
following conclusions. If the train spacing is larger than scr,
say, s1, a local small perturbation ε of the position of a par-
ticle generates an asymmetric spacing around that particle,
triggering a dynamics that drives the train to recover its
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original spacing s1. Indeed, the repulsion between slightly
closer particles at s1 − ε is stronger than that between the
more distant ones at s1 + ε [see Fig. 4(b) and its caption].
On the contrary, if the train spacing is smaller than scr, say,
s2, the reverse dynamics occurs, whereby the closer par-
ticles tend to come into contact, forming a doublet [Fig.
4(c)]. Thus, a train with a large spacing (with respect to scr)
is stable, whereas a train with a small spacing is unstable
and might develop particle pairing. Particle ordering and
particle pairing naturally stem from the stability analysis.

The dimensionless train spacing s∗ is, of course, linked
to the actual volume fraction used in the experiments, by
the purely geometrical relation [40]

s∗φ = φmpβ
2, (2)

where φmp is the maximum packing with spherical parti-
cles inscribed in the channel. In the case of a square chan-
nel, φmp = π/6. Thus, large train spacings, i.e., volume
fractions smaller than φcr = φmpβ

2/s∗
cr, promote particle

trains (“ordering”), whereas small spacings induce parti-
cle “pairing” within the train. Notice that, as mentioned
above, Eq. (2) is derived by geometrical considerations.
Hence, the train spacing s∗ does not depend on the fluid
rheology. On the other hand, the shape of the force vs.
particle distance curve in Fig. 4(a) and the critical value
s∗

cr are affected by the rheological properties of the sus-
pending fluid. For instance, at lower Deborah numbers,
the force becomes attractive at small interparticle distances
[29], promoting doublet formation. Higher viscosities of a
Newtonian solvent move s∗

cr toward lower values, although
the force magnitude is reduced [29], delaying the order-
ing dynamics. However, a systematic investigation of the
effect of fluid rheology on the shape of the pairwise force
as well as the physical arguments leading to such force are
still lacking, which will be part of the future work.

The results of this simple analysis do correspond to
both our experimental observations and numerical pre-
dictions. In view of this agreement, we can conclude
that viscoelasticity enters the train stability scenario only
through the “shape” of the repulsive pairwise force and
modulates the kinetics of train formation when it occurs.
Furthermore, the experimentally observed importance of
the shear-thinning behavior of the viscoelastic liquid is
confirmed within this heuristic analysis, as the De > Decr
condition, giving the qualitative force-spacing scenario of
Fig. 4(a), corresponds to shear-thinning conditions.

In light of the simple stability analysis, particle pairing
can be drastically reduced by employing particle concen-
trations lower than φcr. This is very important for applica-
tions in flow cytometry and encapsulation, where particle
or cell pairing is detrimental. We also anticipate that flu-
ids with different elastic properties will lead to a different
shape of the repulsive force curve, providing an additional
degree of freedom to prevent particle or cell pairing.

IV. CONCLUSIONS AND PERSPECTIVES

In this work, we discover that fluid viscoelasticity drives
self-assembly of particle trains along the centerline of a
straight microfluidic channel. In our experiments, particles
with diameter d = 20 μm first align at the channel cen-
terline of a square-shaped glass microchannel with height
H = 100 μm and then self-order, forming trains with a
throughput up to 2400 particles/s. Particle trains in vis-
coelastic liquids are thus easily formed, without the need
to design complex microfluidic platforms or to use external
control systems.

Our results show that shear-thinning of the suspending
liquid is required to achieve the ordering. We find good
qualitative agreement between experiments and numerical
simulations. We also find that the predominant distance
between ordered particles does not depend on the Debo-
rah number De or on the distance from the inlet Lz/H . On
the other hand, an increase of De and Lz/H enhances the
fraction of ordered particles. As loading increases, particle
ordering is somehow perturbed by the formation of particle
pairs.

Experimental and numerical evidence can be justified
by a simple stability analysis, based on the presence of
an effective peculiar repulsive potential between parti-
cles. In channel flows, this “repulsive field,” which stems
from hydrodynamic interactions in viscoelastic liquids at
large De, promotes either particle ordering or particle
pairing. This picture is indeed very intriguing and might
be of larger generality: as in other situations [49,50],
self-assembly can come out from repulsion in geomet-
rically constrained situations, like our 1D caging at the
channel centerline. From the same stability argument, we
learn that particle pairing, which is detrimental in applica-
tions related to flow cytometry and encapsulation, can be
avoided by tuning the fluid rheology and particle concen-
tration. Therefore, testing the effect of different viscoelastic
shear-thinning liquids and particle concentrations on the
train formation is worthy of investigation.

The present results can be applied to biomedical engi-
neering and material science. For instance, ordering of
biological objects at the channel centerline would be
beneficial for optimized flow cytometry [1,3] and deter-
ministic cell encapsulation [5,6]. In high-throughput flow
cytometry, for instance, ordering may prevent cells from
overlapping at large cell loadings, which is commonly
observed in elastic constant-viscosity liquids [Fig. 2(c)].
A constant spacing between particles is also beneficial for
the real-time analysis of flowing cells, since it reduces
computational costs associated with data analysis [18].
Shear-thinning fluids display an almost flat velocity profile
near the channel centerline at De > 1; thus, flowing cells
can be potentially undeformed (or only slightly deformed),
which is optimal for the manipulation of delicate cells
[32]. Furthermore, as compared to inertial microfluidics,
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the relatively low flow rates needed to achieve ordering
are more compatible with downstream droplet generation
systems. In material science, our results may prompt fur-
ther efforts toward microfluidic fabrication of materials to
enhance localized properties at the micrometer-size level
[51–54]. Techniques such as the “Stokes trap” [55] can
be employed to further understand hydrodynamic particle-
particle interactions in viscoelastic liquids.
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