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Controlling colloidal flow through a
microfluidic Y-junction
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Microscopic particles flowing through narrow channels may accumulate near bifurcation points
provoking flow reduction, clogging and ultimately chip breakage in a microfluidic device. Here we
show that the full flowbehavior of colloidal particles through amicrofluidicY-junction canbecontrolled
by tuning the pair interactions and the degree of confinement. By combining experiments with
numerical simulations, we investigate the dynamic states emerging when magnetizable colloids flow
through a symmetric Y-junction such that a single particle can pass through both gates with the same
probability. We show that clogging, induced by the inevitable presence of a stagnation point, can be
avoided by repulsive interactions. Moreover we tune the pair interactions to steer branching into the
two channels: attractive particles are flowing through the same gate, while repulsive colloids alternate
between the two gates. Even details of the particle assembly such as buckling at the exit gate are
tunable by the interactions and the channel geometry.

Understanding the flow of particulatematter through narrow channels is of
paramount importance for many applications, both in the natural1–3 and in
the synthetic4–6 world. Examples can be found on different length scales
ranging frommolecular over mesoscopic to macroscopic sizes. Permeation
of molecules through nanopores and zeolites7 constitutes a prime example
on the molecular scale while the flow of red blood cells in the vascular
system8,9 and synthetic colloids near constrictions10–12 are topics that fall
within the colloidal regime. On the macroscopic scale, the escape of
pedestrians or animals through narrow gates13,14, airplane boarding15,16,
crowded bikers in narrow streets17 and the flow of grains through silos18–21

provide other situations known from everyday life for confined flow
problems.

The transport of particles near a branching point, such as a Y-junction,
which splits the flow into two streams of fluids is of particular importance.
Indeed, any nontrivial flow network is made of branching points which
motivates to study a single Y-junction as a basic building block in the first
place. Key examples are biological flow networks such as the blood circu-
lation system22 or synthetic ones23,24. Moreover, Y-junctions occur on var-
ious length scales, from nano-sized channel junctions, such as those in
carbon nanotubes25, to micron-sized artificial Y-junctions (or in extreme
cases, T-junctions) in microfluidic circuits26–28 or active agents29. At the
microscale, confined particles forced to pass through a bifurcation pathmay
accumulate near a stagnation point and induce clogging, via formation of
bridges and arches that block the flow19. This effect is responsible for the

failure of different technological systems, spanning from microfluidic
chips30,31, to silos13, and granular hoppers14,32. Thus, understanding and
controlling the emergence of cloggingwithin simple bifurcation points such
as aY-junction is especially important.Moreover,withinmicrofluidic chips,
clogging has been explored for channels usually much wider than the par-
ticle diameter30,33,34, but not for extreme narrow ones where flow blockage
can be induced by the sudden channel widening near a junction.

Despite the fundamental significance of branching points, most of the
research to date has focused either on particle transport through wide
channels35–42 or on tuning the interparticle interactions during flow43–45,
which is an importantmechanism for controlling theflow itself. Theoretical
works have highlighted the importance of branching points for particle
separations at a T-junction28 or their relationship with biological flow net-
works as blood transportation vasculature46. Indeed Y-junctions are more
commonly used for merging rather than splitting, either to produce Janus
particles47,48 or in flow cytometry49.

Here, we investigate the flow of strongly confined and interacting
colloidal particles through a Y-junction. The Y-junction is symmetric such
that a single particle can pass through both gates with the same probability.
We use an external field to tune the pair interaction between magnetizable
paramagnetic colloids. Our finding is that the flow behavior can be entirely
tuned by the particle interactions and the geometry of the microfluidic
channel. There is flow control on all levels: the basic switch from clogging to
unclogging, the partition of particles into the two different gates and even
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details in the buckled structure formed by theflowing colloids. In particular,
wefind a tunable nonequilibriumbranching transition between twodistinct
flowing regimes: a state where all particles pass through the same gate and
another one where subsequent particles consecutively choose a differ-
ent gate.

Results
The microfluidic Y-junction system
Figure 1a, c show two schematics of the experimental system (a) and of the
microfluidic chip (c). The latter was fabricated in polydimethylsiloxane
(PDMS) combiningUV-irradiationand soft lithography, seemore technical
details in theMethod Section. The whole chip is characterized by a series of
bifurcations in form of Y-junctions connecting rectangular microfluidic
channels with a constant lateral width of d = 26.3 ± 0.2 μm and elevation
h ~ 100 μm, Fig. 1b. Through these channels we disperse a water solution of
paramagnetic polystyrene particles of diameter σ = 18.8 ± 0.4 μm and

magnetic volume susceptibility χ = 0.014. Once in the channel, the particles
sediment near the bottom plate (gravity pointing along the z-direction) due
to densitymismatch, anddisplay negligible thermalfluctuations due to their
relative large size. We use a syringe pump to apply a constant flow rate
Q 2 ½0:1; 2:5� μLmin�1 which induces an average speed �v � Q=A to each
particle, being A = d × h the cross-sectional area, see Supplementary
Movie 1. Figure 1d shows the average velocity �v measured for single par-
ticles both in the main channel and in one of the two branches. Since all
channels have approximately the same cross-sectional area, by flow con-
servation the velocity reduces by half when the particles enter the branches
after the Y-junction. In most of the experiments we use a small input
flow such that �v � 5 μms�1 which correspond to a large Péclet number,
Pe ¼ �vσ=ð2D0Þ ’ 5000 where the diffusion coefficient is negligibly small,
D0 ~ 0.01 μm2 s−1. During transport the particles are strongly confined
between themicrofluidicwalls and the bottomglass substrate, and σ = 0.71d
so that they cannot overpass eachother realizing a driven singlefile50–54. This
situation is different than previous works on flow of concentrated colloidal
suspension55–58 where particle overtaking was possible and velocity oscilla-
tions were observed for intermediate confinement.

Particle transport and clogging
Wenowconsider the collective transport ofmanyparticles. The sequenceof
images in Fig. 2a shows the typical situation encountered when an initially
aligned chain of paramagnetic colloids is driven across the most symmetric
Y-junction, θ= 90°, and in absence of any applied field. The particles behave
as hard spheres, and close to the bifurcation point rather than choosing one
of the two exit gates, they form a permanent clog reducing their velocity to
zero and impeding any further transport. Near this point the channel
becomes wide enough that two or three particles can pass together forming
an arch, which would completely block the transport of the remaining
particles, see Supplementary Movie 2. To understand the physical origin of
this behavior, a close inspection of the Y-junction shape reveals a small but
non negligible flat wedge present at the bifurcation point, Fig. 2b. This
imperfection results from the high aspect ratio of our channel, which
inevitably induces a loss of resolution during the transfer process from the
original mask, to a resin (SU-8 2100) and the PDMS chip. Indeed the
presence of a flat wedge for high aspect ratio microfluidc channels is well
know in the field of microfluidic fabrication59 and this imperfection will be
present in all chips investigated. Close to this flat wedge the fluid flow
velocity u = (ux, uy) vanishes since it generates a stagnation point. We
confirm this hypothesis by solving the incompressible Navier-Stokes
equations in two dimensions for this specific geometry with the flat edge:

∂u
∂t

þ ðu �∇Þu ¼ � 1
ρf
∇pþ ν∇2u ð1aÞ

∇ � u ¼ 0; ð1bÞ

where t is the time, p is the pressure, ρf is the density of the fluid, and ν is the
kinematic viscosity. The corresponding flow profile shown in Fig. 2c
effectively displays a zero velocity region corresponding to theflatness of the
bifurcation point. The presence of this “stagnation point” can be considered
as a physical obstacle that can induce clogging. Thus, in this work we
investigate the way our driven particles can overpass it. More technical
details on the boundary conditions are given in the Method Section.

Unclogging via tunable interactions
To unclog the system, we repeat the experiments and control the pair
interactions between the particles using an external magnetic field B �
Bxx̂ þ Bz ẑ applied along the (x̂; ẑ) plane, Fig. 1a. Here we fix B = 8mT and
vary only the inclination angle ϑ, defined as ϑ ¼ tan�1ðBz=BxÞ. Under the
applied field each particle acquires an induced dipole moment m = πσ3χB/
(6μ0) pointing along the field direction, μ0 being the permeability of the
medium(water). Thus, a pair of particles (i, j) at relative position rij = ∣ri− rj∣
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Fig. 1 | The microfluidic Y-junction. a Schematic of the experimental system: a
syringe pump forces a collection of paramagnetic colloidal particles toflow through a
Y-junction connecting two branches at an angle θ = 55°. The pair interactions
between the particles are tuned by an external magnetic field B applied at an incli-
nation angle ϑ∈ [0, 90]°, being ϑm = 54. 7° the “magic angle" delineating attractive
(ϑ < ϑm) from repulsive (ϑ > ϑm) forces. b Optical microscope image of one channel
with flowing particles, scale bar is 100 μm. See also Supplementary Movie 1.
c Schematic of the microfluidic chip. dAverage particle velocity �v versus flow rateQ
within the main channel (squares) and within the branches (disks). The experi-
mental data are averaged over different independent measurements, and the error
bars are obtained from the standard error.
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experiences magnetic dipolar interactions,

UddðrijÞ ¼ � μ0m
2

2πr3ij
P2ðcos ϑÞ ð2Þ

with P2ðcos ϑÞ ¼ ð3cos2ϑ� 1Þ=2 being the second order Legendre poly-
nomial, seeChapter 5 in ref. 60 for a derivation. For an in-planefield (ϑ = 0°)
P2ðcos ϑÞ ¼ 1 dipolar interactions are attractive, and the particleswithin the
microfluidic channel condense into a linear chain. In contrast, for a
perpendicular field (ϑ = 90°), P2ðcos ϑÞ ¼ �1=2, and the dipolar potential
becomes Udd ¼ μ0m

2=ð4πr3ijÞ. This potential is isotropic and repulsive
since the inducedmoments areperpendicular to their separationdistance rij.
Thus, the inclination angle ϑ induces the transition between two different
flowing states. For strong attractive interactions, all particles flow through
the same gate after crossing the bifurcation point, left column Fig. 3a. For
strong repulsion, the driven particles choose alternating gates, right column
in Fig. 3a. In both cases, the flowing colloids are not captured by the
stagnation point and system clogging is prevented. The transition between
both dynamic regimes can be characterized in terms of an effective
magnetizationM≡ ∣N↑−N↓∣/N beingN↑ (N↓) the number of particles that
enters the upper (lower) branch, Fig. 3b. Thus, M = 1 corresponds to the
absence of splitting,which is observed in the channel before the junctionand
for strong, attractive interactions, ϑ < 45°. Here the particles minimize their
distance such that the normalized particle density, ρ =Nσ/L ~ 1 where L is
the length of the chain (distance between the leading edge of thefirst particle
and the trailing edge of the last particle) prior to inducing the fluid flow. In
contrast, for ϑ > 60°, the particles display initially a small transverse buckling
just prior to reaching the Y-junction entrance with the density ρ < 1, which
decreases initially the value of ρ as shown in the state diagram in Fig. 3b.
Close to the magic angle, repulsion and attraction are balanced but the
particles are still magnetized due to the presence of the applied field. Thus,
we did not recover the clogging since second-order anisotropies, such as
quadrupolar and hexapole-dipole interactions61 are not zero, and may still
affect the particle flow. We note that the different error bars in Fig. 3b for
cone angles ϑ∈ [60, 80]° are due to the fact that, for intermediate repulsion,
the paramagnetic colloidsmay not be all aligned close to the sidewalls of the
channel in the zigzag pattern. This could produce a slightly different relative
velocity, with a variation in the measured density. At the junction, the
particles separate following the two gates in an alternating way, thus
reducing the value of M which vanishes as all particles exit the central
channel. We note that by definition M is not exactly zero for branching

chainswith anoddnumberof particles. The transition is smooth andcrosses
themagic angle wheremagnetic interactions areminimized. At the channel
entrance, when the field is applied, attractive particles form straight chains,
while repulsive particles arrange into a zig-zag pattern, Fig. 2a. In a stable
laminar flow regime, particles tend to follow the branching channel of the
wall closer to their initial location. As a result, repulsive particles are more
likely to exhibit branching behavior, as shown in the right column of Fig. 3a.
Thus, the branching mechanism can be summarized as follows: attractive
interactions cause particles to chain along the same streamline, inducing
their motion along the same channel. In contrast, repulsive interactions
drive the particles initially apart, thus directing them into different channels,
see also SupplementaryMovie 3.Wealsonote that the channelwidthplays a
crucial role in determining the flow properties. For example, the specific
clogging configuration shown in Fig. 2awith particles arranged in triangular
formwould not be possible for smaller channel diameters. The sensitivity of
the flow properties on the channel width is thus further analyzed using
numerical simulations.

Numerical simulations: confinement and buckling
We complement the experimental data with numerical simulations, as
shown inFig. 3b. In the simulations,we consider a set of i=1, . . . ,Nparticles,
at position ri, which obey the overdamped equations of motion:

dri
dt

¼ uðriÞ �
1
γ
∇
X
j≠i

Upðjri � rjjÞ þ UwðriÞ
" #

: ð3Þ

Here u is the flow field calculated from Eqs. (1), γ is the Stokes friction
coefficient, Up and Uw describe respectively the interaction between the
particles and with the channel wall. The former are given via a combination
of aWeeks-Chandler-Anderson (WCA) repulsive potential,UWCA, and the
dipole-dipole interaction, Up(rij) =UWCA(rij)+Udd(rij). More technical
details are given in the Method Section.

Apart from confirming the experimental data, the simulations allow us
to set the initial particle position in the chain and to tune the particle size
within the channel, which are two parameters difficult to control in
experiments. We observe that the lateral confinement strongly influences
thedynamic states and the chaindeformations via buckling inoneof the two
branches. In the sequence of images in Fig. 4a, we show that the branching
transitionM = 1→ M = 0 can be also induced by increasing the size ratio
σ/d, whereM = 1 forσ < 0.73d andM = 0 forσ > 0.92d for allfield inclination

Fig. 2 | Clogging and flat tip at the Y-junction.
a Clogging of a chain of paramagnetic colloids
within a Y-junction with θ = 90° driven at an input
flow rate Q ¼ 0:2 μLmin�1. Inset shows a small
enlargement of the clogged state, scale bar is 100 μm.
The corresponding video is SupplementaryMovie 2.
b Enlargement of the Y-junction section showing
the absence of a sharp tip at the bifurcation point.
Scale bar is 10 μm. c Flow profile obtained by solving
Eqs. (1) within a Y-junction with the lithographic
imperfection.
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angles ϑ. Effectively, the full state diagram in the (ϑ, σ/d) plane in Fig. 4b
shows that this transition becomes independent from the pair interactions.
For strong confinement, the chain of particles enters the Y-junction redu-
cing its speed at contact with the flat edge (stagnation point) and subse-
quently the pressure from the nearest incoming particle induces coiling and
subsequent splitting between the two branches. In this situation excluded
volume interactions dominate thefinal dynamic regime. In contrast, smaller
particles display a stronger lateral mobility and are able to overcome the
stagnation point when initially driven along a streamline of the flow (Sup-
plementaryMovie 4).Note that, in Fig. 3b the initial particle positionwas the
sameas the experimental ones. In contrast, in Fig. 4bwe impose the straight-
line initial condition for all field angles to eliminate the effect of particle
initialization on the branch selection.

Note that, in Fig. 3b the initial particle position was the same as the
experimental ones. In contrast, in Fig. 4b we impose the straight-line initial
condition for allfield angles to eliminate the effect of particle initializationon
the branch selection. As shown in Fig. 4c, for high flow rate and at parity of
magnetic field parameters, the transition is favored due to increase of the

momentum that carry the driven particles which allow them to easily pass
the stagnation point. This behavior is confirmed in experiments, as shown
by Supplementary Movie 5 where, at parity of applied field (ϑ = 0°,
B = 8mT), the order parameter decreases when increasing flow rate,M = 1
for Q ¼ 0:1 μLmin�1 and M = 0.75 for Q ¼ 0:5 μLmin�1. Overall, the
intricate interplaybetween stagnationpoint effects andparticle confinement
leads to a non-monotonic dependence of the order parameter M on the
particle diameter, as shown in Fig. 4b, c.

Finally an intriguing consequence of the effect of confinement is the
emergence of a buckled state within the exit gate, as shown in the enlarged
insets in Fig. 4a. This effect can be quantified by measuring the chain
roughening at the exit gate defined as, W2 ¼ N�1PN

i¼1hh2i i, being hi,
i = 1. . . N the displacement of the particle i from the center of the corre-
sponding branching channel after the bifurcation point, such that for hi = 0
the particle is exactly at the channel center. In Fig. 4dwe show the roughness
extracted from the particle positions by varying the size ratio σ/d and nor-
malized such that its maximum observed value is set to 1. The corre-
sponding diagram in the (σ/d, ϑ) plane shows a re-entrant behavior where
buckling is observed only for intermediate particle sizes, σ/d∈ [0.71, 0.89].
For small size, the particles do not enter the stagnation point when initially
located near the walls in the main channel. Therefore, they follow the
streamline of the laminar flow and do not form any buckled configuration.
By increasing the diameter, the particles are more likely to enter the stag-
nation point. However, for σ/d > 0.89 the stricter confinement impedes any
chain deformation. Thus, the channel size can be used to control the col-
loidal assembly process at the exit gate, allowing to produce both straight or
buckled structures that continuously flow along the channel.

Discussion
Wehave shown that tuning the pair interactions between strongly confined
flowingparticles canbeused to avoid cloggingnearbifurcationpoints and to
control the flow splitting into the two exit gates. The observed non-
equilibrium branching transition at the Y-junction can be induced both by
the applied field or by the confinement itself. The latter can also be used to
control the colloidal assembly process by inducing buckling, which become
absent for the extreme cases of large or small size ratio.

The physical situation explored with our flowing colloidal chain is also
close tomanybiological systems. For example red-blood cellswithinnarrow
capillaries are forced to proceed throughnarrowpores in the formof a single
file62. In addition, recent works have investigated the diffusive23 and
transport63 properties of deformable particles, as blood cell, through an
extendedhoneycombnetwork ofY-junctions.While blood cells can deform
to easily overcome bifurcation points, other biological entities such as
bacteria are relatively stiffer64,65, presenting soft interactions similar to our
dipolar colloids. Our work used paramagnetic colloids as model system to
investigate the emergence of the branching transition when tuning the pair
interactions from repulsive to attractive. However, repulsive or attractive
interactionsbetweennon-magnetic particles canalsobe tuned. For example,
highly charged particles in low polar solvents may display long Debye
screening length66 and induce repulsive forces which can be tuned by
varying the amount of dispersed salt67. On the other hand, attractive forces
can be induced by dispersing in the medium a non adsorbing polymer68. In
the last case, one can tune the strength of the attraction by varying the
polymer concentration69. Additionally, our findings apply not only to sys-
tems where the interactions can be tuned, but also to those characterized by
fixed repulsive or attractive interactions.

Finally, a potential future direction could be to disperse the particles
within a viscoelastic medium70 to further mimic biological environments.
This may lead to memory effects and further enrich the transition diagram
unveiled by our work.

Methods
Experimental details
The microfluidic chip shown in Fig. 1b is designed and fabricated using
microfabrication protocols. In particular, a 5-inch silicon (Si) wafer is first
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Fig. 3 | Field induced branching behavior at the Y-junction. a Sequence of images
showing a train of paramagnetic colloidal particles flowing through a Y-junction
with θ = 90°. Left (right) column illustrates the case of attractive (repulsive) inter-
actions induced by an in-plane field ϑ = 0° (out of plane field, ϑ = 90°, resp.). Scale bar
for all images is 100 μm, see Supplementary Movie 3. b Order parameter M in the
(ρ, ϑ) plane, with ρ =Nσ/L denoting the normalized particle density. Scattered
squares (disks) are experimental (simulation) data. The dashed line indicates
ϑ = 54. 7°. The straight line that separate branching and non-branching behavior is a
guide to the eye. The experimental data are averaged over different independent
measurements, and the error bars are obtained from the standard error.
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prepared by spin coating (Laurell Tech, WS-650) a thin layer (~100 μm in
height) of SU-8 2100 epoxy-based photoresist. A mask aligner (SÜSS
Microtec, ModelMJB4) is used to transfer a flexible film photomasks to the
photoresist-coated Si wafer. The latter is exposed to UV light at an intensity
of 240mJ cm−2 for 18.46 s. A post exposure bake (JP Selecta Plactronic
hotplate) is performedon thewafer for 5min at 65 °C followed by 10min at
95 °C. After that the wafer is developed for 10min being submerged in
propylene glycol monomethyl ether acetate, rinsed with isopropanol and
dried with nitrogen gas. Finally, the wafer is hard baked for 30min at 95 °C
followed by 10min at 65 °C. A silanization process is carried out by placing
thewafer next to a drop of Silane (SiH4) inside of a vacuumchamber and left
for at least an hour. The wafer is then placed in a petri dish along with a
0.5 cm thick layer of polydimethylsiloxane (PDMS, SYLGARD184 Silicone
Elastomer Kit, Sigma Aldrich), and left to cure for 4 h at 65 °C (Thermo
Scientific, Heratherm oven). A plasma cleaner (Harrick, PCD-002-CE) is
used to prepare the PDMS chips and glass cover slip (Menzel-Gläser) sur-
faces for a secure bonding.

The colloidal suspension is preparedbydiluting 200 μLof themagnetic
polystyrene particle solution (diameter σ = 18.82 ± 0.40 μm, 5% w/v, iron
oxide >15 wt%, microParticles GmbH) with 13mL of ultrapure water
(Milli-Q) and 0.5 g of sodium dodecyl sulfate (SDS, Sigma Aldrich). For
each microfluidic experiment the chip is first flooded with the colloidal
suspension to remove all air bubbles from the device. Then, a permanent
magnet is used to attract the magnetic particles into the straight channel of
the Y-junction forming a chain of particles due to attractive magnetic
dipolar interactions. The channels in the Y-junction have a width of

d = 26.3 ± 0.2 μm. The flow of particles through the Y-junction is then
controlled by a syringe pump (New Era Pumping Systems) with a flow rate
of 0:1 μL min�1.

As the chain of particles approaches the bifurcation channels an
external field is applied. The magnetic field is controlled by a pair of
coils aligned along the x̂-axis, parallel to the chain of particles in the
straight channel, and a third coil situated beneath the microfluidic chip
that generates thefield component along the vertical ẑ-axis. Bymethodically
superimposing the field components along the two axes we can control
the angle of the resultant field (ϑ∈ [0, 90]°) applied on the particle system
while keeping constant the field strength to B = 8mT. The currents in
the coils are powered by a bipolar operational power amplifier (KEPCO
BOP) and controlled by a LabVIEW program. The field strengths in
each axis are linearly correlated as a function of the current, I:
Bx(mT) = 1.0601 ⋅ I(A)+ 0.0613, Bz(mT) = 5.0215 ⋅ I(A)+ 0.3181.

The microfluidic chip and coils are also integrated within a custom-
built opticalmicroscope equippedwith a 10 ×Nikon objective, a Basler area
scan camera (5–20 fps, acA640-750uc) and illuminated with a Thorlabs
White mounted LED (MWWHL4) to observe the particle dynamics taking
place in theY-junction. Image capturing is doneusingBasler’s pylon camera
software.

Additional higher resolution imaging was carried out using a Nikon
Eclipse Nimicroscope with a 20 ×Nikon objective integrated with a similar
coil system. Here the coils are powered by a power amplifier (Amp18000)
and an EL302RT Triple Power Supply waveform generator. The coils were
calibrated with the following correlations: Bx(mT) = 1.8837 ⋅ I(A)− 0.0028,
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Fig. 4 | Buckling during branching at the Y-junction. a Simulation snapshots
(ϑ = 0°) showing the transition between the buckled and non-buckled states and the
splitting induced by varying the normalized particle size σ/d. Buckling is highlighted
in the top insets for σ = 0.75d and σ = 0.8d, see Supplementary Movie 4. b Order
parameter M in the (σ/d, ϑ) plane from numerical simulations. c Branching

transitions induced by a flow rate Q ¼ 0:4 μLmin�1 showing that, at parity of field
parameters, the branching behavior is enhanced by doubling the flow rate.
dNormalized rougheningW/W0 of the colloidal chain in the (σ/d, ϑ) plane showing
the buckled regions at the exit gate.
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Bz(mT) = 11.156 ⋅ I(A)+ 0.0791. A Basler scA640-74fc camera with a
C-mount Adapter 0.45 × (Nikon) was used with Basler’s pylon camera
software.

Numerical simulation details
In our simulations, which are based on the integration of Eqs. (3), we
consider particles interacting via a combination of hardcore (Weeks-
Chandler-Anderson) and dipole-dipole interaction, explicitly

UpðrijÞ ¼ UWCAðrijÞ þ UddðrijÞ; ð4aÞ

UWCAðrijÞ ¼
4ε σ

rij

� �12
� σ

rij

� �6� �
; if rij<2

1=6σ;

0; else:

8<
: ð4bÞ

UddðrijÞ ¼
μ0m

2

4πr3ij
1� 3cos2ϑ
� �

; if rij<1:4σ;

0; else:

(
ð4cÞ

Here σ is the particle diameter, μ0 is the magnetic permeability of the
medium, m = χBV/μ0 is the induced dipole moment, χ is the magnetic
volume susceptibility,V = πσ3/6 is the particle volume, and ϑ the field angle
within the ðx̂; ẑÞ plane.

The particle size σsim used in the simulations is chosen so that the
repulsive tail of theWCA potential has a range equal to the diameter of the
polystyrene particles71, i.e.,

σsim ¼ 2�
1
6σ � 0:89σ: ð5Þ

Dispersion energy, ε ~ μ0m
2/σ3 is chosen to be of the same order as the

characteristic energy of dipole-dipole interaction72. For the dipole-dipole
interaction, we use the cut-off distance 1.4σ which corresponds to only
nearest-neighbor interactions.

The interaction with channel walls is represented by the truncated
Lennard-Jones potential,

UwðriÞ ¼
4ε σ

riw

� �12
� σ

riw

� �6� �
; if riw<2:5σ;

0; else:

8<
: ð6Þ

Here, riw = ∣ri− rvirt∣ is thedistance between theparticle i and the closestwall
distance with rvirt ¼ rwall ± e

?
w σ=2, where rwall is the actual position of the

wall, e?w is the unit vector perpendicular to the direction of the wall, and the
sign + (or − ) is chosen depending on thewall being on upper (lower)wall.
This potential approximates a hardcore interaction combined with a long-
range attractive interaction, indicating that particles tend to adhere to the
walls in the experiment.

We model the walls (boundaries) of the Y-junction ∂S in two dimen-
sions using the following curves:

y ¼ ± d
1þ x
2

tan
θ

2
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2

4
tan2

θ

2
þ δ21

r" #
; xin ≤ x ≤ xout ð7aÞ

y ¼ ± x tan
θ

2
∓d

1

cos θ2
� 1

2

 !
; ð7bÞ

d
1

sin θ
2

� cot θ2
2

þ δ2

" #
≤ x<xout; ð7cÞ

x ¼ d
1

sin θ
2

� cot θ2
2

þ δ2

" #
; jyj≤ dδ2 tan

θ

2
: ð7dÞ

Here, θ is the bifurcation angle, and d is the channel width. Eq. (7a)
define the outer walls of the channel, Eq. (7c) determine the innerwalls that
form the bifurcation point, and Eq. (7d) address the rounding of the
bifurcation edge. Parameters δ1,2 take into account the lithography imper-
fection of the produced Y-junction, with δ1,2 = 0 corresponding to the ideal
Y-junction, as shown inFig. 5. Input is givenat x = xin≪ d < 0, andoutput is
at x = xout ≫ d > 0.

The incompressible Navier-Stokes equations, Eqs. 1(a, b), are solved
using the the Dirichlet boundary conditions,

u ¼ ðv; 0Þ; x ¼ xin;

u ¼ ð0; 0Þ; x 2 ∂S;

p ¼ 0; x ¼ xout:

8><
>: ð8Þ

The input velocity v is chosen tomatch the velocities of particles within
the main channel with the data illustrated in Fig. 1(d).

In the simulations, we set particle number N = 10. For the results of
Fig. 3b, the initial configuration is taken from the experiment. In the

Table 1 | Simulation parameters

Symbol Meaning Value & relations

m Magnetic dipole moment m = χBV/μ0

χ Magnetic susceptibility χ = 0.014

B Magnetic field B = 8mT

μ0 Permeability of the medium μ0 = 4π × 10−7 N/A2

V Volume V = πσ3/6

ϑ Resultant field angle ϑ∈ [0, 90]°

σ Polysterene (effective)
particle size

σ = 18.82 μm

σsim Particle size used in
simulations

σsim ¼ 0:89σ

ε Dispersion energy εσ3/μ0m
2 = 0.54

d Channel width d = 26.1 μm

θ Bifurcation angle θ = 90°

δ1,2 Lithography imperfection
parameters

δ1 = 0.110, δ2 = 0.375

ρ Fluid density ρ = 103 kg/m3

ν Kinematic viscosity ν = 10−3 Pa ⋅ s

v Input velocity v = 10.5 μm/s

xin,out Input/output boundaries xin,out = ±3d

γ Stokes friction γ = 3πνσ

Value of the parameters used in numerical simulations. These parameters align with their
corresponding experimental values.

Fig. 5 | Simulation geometry of the Y-junction. Schematic illustrating the various
parameters used to replicate the flat wedge of microfluidic Y-junction observed in
the experimental system (see Fig. 2b).
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established laminar flow regime, particles tend to choose the branching
channel that corresponds to their initial position relative to the walls of the
main channel. Therefore, in Fig. 4, we use an initially aligned chain of
colloids with ρ = 1, as shown in Fig. 2a for ϑ = 0°, to eliminate the effect of
particle initialization on branch selection. The stationary Navier-Stokes
equations (1) are solved using a finite difference scheme on quadrilateral
finite elementmeshes, with amesh parameter ofΔx = 10−3d. The equations
ofmotion (3) are solved using the Euler-Maruyama schemewith a time step
of Δt = 10−4. Table 1 provides all numerical values used in our simulation.

Data availability
The experimental data and simulation for all figures in the main text of this
work are provided in Supplementary Data 1. Other data that support the
findings of this study are available from the corresponding author upon
request.

Code availability
The simulation code that supports the plots within this paper is available
from the corresponding author upon reasonable request.
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