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Effect of in-plane and out-of-plane bifurcated
microfluidic channels on the flow of aggregating
red blood cells†

Amirreza Gholivand, ab Olivera Korculanin,cd Knut Dahlhoff,e Mehrnaz Babaki,ab
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The blood flow through our microvascular system is a renowned difficult process to understand because

the complex flow behavior of blood is intertwined with the complex geometry it has to flow through.

Conventional 2D microfluidics has provided important insights, but progress is hampered by the limitation

of 2-D confinement. Here we use selective laser-induced etching to excavate non-planar 3-D microfluidic

channels in glass that consist of two generations of bifurcations, heading towards more physiological

geometries. We identify a cross-talk between the first and second bifurcation only when both bifurcations

are in the same plane, as observed in 2D microfluidics. Contrarily, the flow in the branch where the second

bifurcation is perpendicular to the first is hardly affected by the initial distortion. This difference in flow

behavior is only observed when red blood cells are aggregated, due to the presence of dextran, and

disappears by increasing the distance between both generations of bifurcations. Thus, 3-D structures

scramble in-plane flow distortions, exemplifying the importance of experimenting with truly 3D microfluidic

designs in order to understand complex physiological flow behavior.

Introduction

Healthy blood circulation through the vascular network is a
prerequisite for respiration and transporting materials to
tissue.1 This is, however, a complex process due to the nature
of blood as a fluid as well as the geometry of the vascular
network blood has to flow through. The flow behavior of
blood is convoluted due to the high volume fraction of red
blood cells (RBCs) and their tendency to form “rouleaux”,
one-dimensional stacks of RBCs, which lead to non-
Newtonian behavior.2 Factors affecting this aggregate
formation have been intensively studied,3 as well as
alternative model aggregation agents such as dextran.4,5 The

complexity of the vascular network is due to the huge
gradient in length scales, ranging from large arteries to the
microvasculature as small as 5 μm in diameter,6 smaller than
the diameter of RBCs, and the sequence of more or less
regular branching events.7 The network of microcapillaries at
the end of the vasculature network is dense and randomly
oriented, especially where it is curved around the surface of
the brain, known as cortical penetrating vessels.8 In order to
gain a bottom-up understanding of blood flow through a
complex network such as this brain cortex vasculature, it is
therefore essential to control the blood rheology, the
geometry, and the interplay between both. In this paper we
show how the interplay between RBC aggregation and
geometry indeed affects the flow, however, this interplay is
very different when geometry is truly three-dimensional
instead of purely two dimensional. We achieved this by
imaging the flow of aggregated RBCs through 3D geometries
excavated in glass that bear similarities with the brain cortex
vasculature.

The rheology of blood is both set by the hematocrit
volume fraction of RBCs, indicated by Hn where n is the
volume fraction in percentage, and the aggregation between
the RBCs. Due to the aggregation, blood forms a percolated
network at rest, so that a finite stress needs to be applied to
induce flow. The presence of this so-called yield stress has
important implications for blood flow and may contribute to
the development of irregularities in blood flow dynamics.9,10
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The aggregation is caused by the presence of the many
macromolecules in the plasma.4,11,12 In vitro, it can be
switched off or on by first dispersing RBCs in a physiological
buffer, the off state, and then adding dextran,13,14 a neutral
polysaccharide, to induce aggregation. The blood flow can be
further tuned by the hematocrit, where higher hematocrit
results in bigger clusters.15 While aggregation is well studied
and controlled, this is less the case for mimicking the
complex geometries. Advances in the production of
microfluidic devices and analyzing tools in the last two
decades succeeded to attract more attention toward the
problems associated with RBCs flow through the confined
geometries. Most research groups use conventional soft
lithography to produce patterned micro-structured channels,
as it combines high-throughput analysis with physiologically
relevant flow conditions projected in 2D structures. This
technique has been used to uncover the effect of bifurcations
on blood flow, leading to the formation of cell-free layers and
cell partitioning,16,17 the so called Zweifach–Fung effect. This
effect causes a very heterogeneous distribution of RBCs in a
sequence of many bifurcations.18,19

In recent years, there has been increasing recognition of
the critical importance of developing microfluidic devices
that can more accurately replicate the intricate physiological
features of the microvasculature.19,20 This recognition has
sparked innovative efforts to push microfluidics beyond
conventional designs. One notable advancement in this
pursuit has been the shift from rectangular channels to the
production of bio-inspired channels with circular cross-
sections and planar networks.21,22 More physiological
randomly interconnected structures have been created
inside a block of polymeric material23 although there is
limited control over the shape and size of the branches.
The crucial step towards more physiological structures is,
however, to create three-dimensional non-planar networks.
Examples are inducing buckling in 2D soft microchips
designed with a planar structure,24 scaffold removable
techniques,25 and employing ice patterns as removable
geometries to create resin parts with pre-defined features.26

While these advances more closely replicate the
physiological aspects of vascular networks, they are mostly
based on 2D planar chip designs, except for freeform ice
printing, which is limited to a size of 50 μm.26 The use of
the multiphoton process is an upcoming technique to
fabricate 3D microfluidics in hydrogels. This is achieved by
degrading the hydrogels either through acid dissolution of
irradiated materials or through fluorescein-excitation driven
photoablation.27–30 These methods have the drawback that
local clumps with low-density materials in proximity to the
ablation regions remain and post-degradation or
decomposition of materials takes place.31 Recently, a 3D-
printed microfluidic capillary grid using hydrogels was
fabricated to replicate the mesh structure of parallel
capillaries, perfusing large-scale tissues.32 However, the
complete demonstration of optical properties and
mechanical stiffness is lacking.

Here we use selective laser induced etching (SLE) as an
alternative multiphoton process to fabricate 3D channels.
This is a relatively new technique to excavate 3D structures in
glass with a resolution of about one micrometer.33 SLE thus
lifts the constraints of conventional planar designs, providing
a robust and precise control over the geometry of the
channels with full optical accessibility, as demonstrated in
recent microfluidic studies.33 We choose to produce a full 3D
microfluidic design that consists of two generations of
bifurcations, where the second bifurcation is either in plane
or out of plane compared to the first bifurcation, see Fig. 1.
This geometry also mimics the cortical vascular network
orientation in the human brain, which is composed of
parallel-oriented vessels and penetrating branches
perpendicular to the cortex surface,34,35 thus making a next
step to understand the effect of physiological shaped
geometries on blood flow.

The rationale of this choice is to illustrate the impact of
the third dimension in a sequence of bifurcations on blood
flow. This geometry is prone to show the influence of the
third dimension in the structure on blood flow when the
distance between the two generations of bifurcations L is
smaller than the relaxation length of the fluid,19,33 defined by
the distance after some obstruction where the flow has
regained its steady-state flow profile. Therefore, the distance
L between the consecutive generations of bifurcations in our
3D geometry will be varied. Moreover, as it has been shown
that the state of the RBCs plays an important role in the flow
behavior,36 we tuned the complexity of the fluid by varying
the hematocrit for non-aggregated, indicated by Hn, and
aggregated RBCs, using dextran as indicated by Hndex. We
will show that 3D flow patterns are distinctly different from
their 2D equivalents, but only for aggregated RBCs at high
hematocrit.

Results and discussion
Particle imaging velocimetry in 3D bifurcating geometries

We designed and excavated true 3D microfluidic geometries
consisting of two generations of bifurcations in glass. The
two bifurcations in the second generation have different
orientations: one in-plane with the first bifurcation and one
out-of-plane bifurcation, which is perpendicular to the first
bifurcation, see Fig. 1. The main channel has a round cross
section with a diameter of 40 μm. To conserve the flow rate
along the direction of the flow, we choose the diameter D2 of
the second-generation downstream channel to follow
Murray's law:37,38

Da
i ¼

1
1þ k

XN

j¼1

Da
iþ1; j ; (1)

where j is the index for the number of channels in the i +
1-th generation. In our case we only have two channels with
equal diameter. K is the ratio of mass variation in non-
conservative networks which is zero in our case, and the
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exponent a = 3 for laminar flow. This law is based on
minimizing the transport and maintenance cost of the
network.39 It is the governing law for biological transporting
networks and has been found to be valid for the human
vascular system. We produced three chips with lengths Li =
τiD1, τ ∈ 3,6,9 between the first and second bifurcation in
order to access the effect of flow relaxation.

In Fig. 2a, we show a typical snapshot for the L = 3D1 and
hematocrit of Hdex = 20, where the subscript indicates
addition of dextran to the sample. The case of Hdex = 20 and
L = 3D1 is most prone to show an effect as this is the most
complex fluid in the most complex geometry. Fig. 2b
represents the velocity vector plot based on the PIV analysis.
As we have a crowded system it is not possible to track each
particle and apply particle tracking velocimetry (PTV) to
generate flow velocity fields, instead we used PIV which
measures the mean displacement of groups of particles
between two images.

Shift in location of the maximum velocity

The contour plot of the flow rate discloses a remarkable
feature: the location of the maximum velocity after the first
bifurcation in the direction of downstream flow, Ymax, is
displaced between the two daughter branches, where Ymax is
taken relative to the first apex, see Fig. 2c. To test if the
relative displacement of the maximum between both
branches is due to the complexity of the fluid, we decreased
the complexity of the fluid by removing the dextran and
therefore aggregation, see Fig. 3II for the contour plot;

replacing RBCs by spherical beads, see Fig. 3III; by
performing simulations of Newtonian and power-law fluids,
see Fig. 3IV.

The results are quantified in terms of Ymax,i and Ymax,o

plotted in Fig. 3A and maximum velocity scaled by the
maximum velocity in the mother channel Vmax/V1 plotted in
Fig. 3C vs. the volume fraction ϕ.

The simulations and spherical beads (△) did not show a
significant difference between Ymax,i and Ymax,o even at an
elevated volume fraction of 10%. Compared to the beads, the
morphology of non-aggregated RBCs adds to the complexity
of the fluid. This results in a substantial shift of Ymax,i and
Ymax,o downstream as compared to the beads, which is
slightly larger for Ymax,i, see Fig. 3A. This shift is
accompanied by a decrease in Vmax, which is again more
substantial for the in-plane branch than for the out-of-plane
branch, see Fig. 3B. These effects are much more pronounced
for aggregated RBCs and enhanced with increasing
hematocrit. Flow is strongly hindered in the in-plane branch
due to complexity of the fluid as witnessed by the strong
decay of Vmax,i with increasing hematocrit, while in the out-
of-plane the data almost overlay. This is accompanied by a
shift in Ymax,i to a position more than half-way to the second
bifurcation.

Assuming that the different flow behavior in both
branches is caused by the different geometries downstream,
which influences the upstream flow behavior, it is of interest
to test if these effects disappear when the distance between
both bifurcations is increased. Indeed, contour plots for
geometries with increasing apex to apex length (L = 6D and

Fig. 1 Schematic design of the 3D microfluidic channels. The design consists of two sets of bifurcations, the second generation of the
bifurcations has one in-plane and one out-of-plane bifurcation with respect to the first bifurcation plane. D1 = 40 μm, D2 = 32 μm and D3 = 25 μm
refer to the diameters of the channels, which are chosen such that they are flow rate conserving. L indicates the distance between the apex of the
two consecutive bifurcations.
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9D) at a fixed H20dex display a recovery of both Vmax,i and
Ymax,i towards the values in the out-of-plane branch, see the
green row on the top of Fig. 3C and D.

The results we presented above show that the shift
between Ymax in both branches and the drop in velocity in the
in-plane branch are due to the interplay between aggregation
and 3D geometric complexity. An important hint to
understand this phenomenon is given by the fact that Ymax,o

overlay for the aggregated and non-aggregated RBCs, while
Ymax,i and Vmax,i deviate with increasing complexity of the
fluid and decreasing distance between the bifurcations. This
suggests that distortion of the flow by the first bifurcation,
which is in the X-direction, is only probed locally downstream
by the second bifurcation when this next distortion is in the
same plane as the initial distortion. Thus, the difference
between the two branches implies that the flow is asymmetric
in the X-direction at the second branch. Hence, in the next
section the velocity profiles will be examined.

Skewness of flow profile

The different behavior of the in-plane and out-of-plane
branches becomes apparent when plotting the velocity

profiles along the Y-direction in branches, as shown in
Fig. 4a. The profiles are initially asymmetric and blunted.
This bluntness in the velocity profiles is typical for shear
thinning fluids,40,41 so we need a fitting model considering
the slip condition and asymmetry at walls to obtain the flow
profile. Therefore, we parameterize this behavior by fitting
the profiles with

v(x) = k(C1 + C2x − x2)(1 − σ1x − σ2x
2), (2)

where k = k(C1,C2,σ1,σ2), C1 = C1(β1,β2) and C2 = C2(β1,β2). σ1
and σ2 are two fit parameters that capture the asymmetry of
the velocity profile, where σ1 tunes the curvature of the
velocity profile and the σ2 determines the position of the
maximum of the velocity profile.42

The fit shows that the flow rate at the wall is 24 ± 3
s−1, indicating that the RBCs do not display stick
behavior, despite the somewhat rough surface in the order
of 1.5 μm, see Fig. S3.† Indeed, in the Movie S7† we
scarcely see events that could be interpreted as that the
motion of the RBC being affected by the wall. Cell
migration at the wall, which is known to occur for the
used hematocrit and channel width,43,44 can explain why

Fig. 2 Blood flow through the microfluidic device and extracted velocity fields. Blood flow through a 3D geometry with hematocrit of H20dex

(20% volume of RBCs and 50 mg ml−1 dextran to induce aggregation) and a flow rate of 10 μl min−1 that matches physiological conditions: (a)
bright field microscopy snapshot taken with an exposure time of 100 μs, for exemplary videos see the ESI;† (b) the averaged velocity vector field of
the mid-plane obtained from particle image velocimetry (PIV) analysis. The color coding corresponds to the magnitude of the vectors (yellow
highest, blue lowest value). The inset is a zoom in of the first bifurcation; (c) the corresponding velocity contour plot, with bullets indicating the
location of the maximum velocity in the main channel and the daughter channels. ΔX indicates the skewness of the flow profile: the shift of the
maximum velocity from the center line of the channel at each cross-section. Ymax,i and Ymax,o depict the distance of each maximum to the apex of
the first bifurcation in the Y direction. The difference between Ymax,i and Ymax,o is defined as ΔYi−o.
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the moderate roughness of the walls do not cause sticking
effects. The skewness was obtained by calculating the
difference between the maximum velocity of the fitted
curve and the center of the channel, as ΔX = Xcenter −
XVmax,fit

, see also Fig. 2c. ΔX is plotted vs. distance Y in
Fig. 4b for the three different geometries used. For the
most complex geometry L = 3D1, ΔX does not relax to zero
in both branches, see the triangles in Fig. 4b. For L = 6D1

there is a decreasing trend in the ΔX, although the data
are quite scattered. For L = 9D1, a trend towards zero for
ΔX for the out-of-plane branch can be identified, while it is
still erratic and non-zero for the in-plane branch. In the
absence of dextran, so without aggregation, the differences
between both branches in terms of the average skewness
disappear. This can be seen by comparing the skewness ΔX
at the location of the maximum velocity in both branches
as indicated by the big symbols in Fig. 4b. Within the error
bar, that we again obtain from averaging the three
independent contour plots, ΔX is similar in both branches
(indicated by the positive and negative value) see Fig. 4c.
The only clear outlier is the long branch with dextran

induced aggregation, for which the peak in the profile is
about a factor of two more shifted away from the center.
This suggests that the origin of the skewness is likely due
to the complexity of the flow as it is most pronounced for
H20dex.

The direct conclusion we can draw from Fig. 3A is that a
complex fluid, like dextran induced aggregated RBCs at high
hematocrit, behaves very differently in the in-plane branch
than a Newtonian fluid, while the behavior of both fluids in
the out-of-plane branch is very comparable. Thus, we infer
that there is a cross-talk between the first and second
bifurcation, as mediated by the complex fluid, when the
bifurcations are in the same plane. This observation is in
accordance with earlier experiments performed in planar
designed microfluidics. In such 2D geometries, similar to our
in-plane second generation bifurcations, RBC partitioning
is observed in cascades of bifurcations.19,45–47 This
phenomenon is connected to lingering of RBCs at the apex of
the bifurcation, which is more pronounced when RBCs are
aggregated.48 Similarly, anomalies in the channels structure
can alter RBC partitioning at a downstream bifurcation,

Fig. 3 Effect of fluid complexity (orange boxes) and geometry (green boxes) on the flow. Left column, top to bottom: contour plots exemplifying

decreasing complexity of the fluid with
L
D

¼ 3: (I) H20dex; (II) H10; (III) spherical beads; (IV) simulation of a power law fluid with an exponent of n =

0.6. The resulting effect of the complexity of the fluid for increasing volume fraction on ΔYi−o (A) and scaled velocity Vmax/V1 (C). The + at ϕ = 0
indicates the simulation of a power law fluid, the green Δ refers to the experiments with 2 μm diameter beads, the ○ and □ stand for H20 and
H20dex, respectively. Top row, left to right: contour plots for increasing length L between bifurcations with H = 20% and 50 mg ml−1 dextran. The
resulting effect of the distance between two bifurcations on the ΔYi−o (B) and scaled velocity Vmax/V1 (D). The □ symbol stands for H20dex, solid
and open symbols refer to out-of-plane and in-plane branches respectively. The error bars are obtained from averaging three different
experiments.
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which is an effect that depends on hematocrit.17 Here one
should also consider that the maximum hematocrit we used
of H = 20 complies with the local hematocrit of RBCs in the

micro-vasculature,49,50 given the physiological rates that we
applied.

Fig. 3B and 4 show that the memory of the flow distortion
by the first bifurcation that causes the crosstalk, fades out over
a considerable distance, confirming earlier observations.39

From our experiments on true 3D branching sequences we
learn, however, that this memory effect also disappears when a
down-stream perturbation of the flow is perpendicular to the
initial perturbation, as the flow behavior of the aggregated high
hematocrit RBCs in the out-of-plane branch is very similar to
the Newtonian flow. Thus, the partitioning due to distortion of
the flow, that is typically observed in 2D microfluidic
experiments, will mostly be scrambled by downstream
distortions in true 3D environments. This effect will most
probably also play a role in physiological conditions as
daughter branches in, for example, the human brain will
almost never have the same orientation as the bifurcation of
the mother branch.51,52 In principle gravity could also play a
role, but we tried to prevent this using our density-matching
protocol. Still, we have calculated the terminal velocity in the
worst case, assuming a cluster of 5 cells and a complete
mismatch of 0.1 g cm−3. During the residence time in the
longest branch, which we estimate to be 0.3 s, the rouleaux
would sediment 0.29 μm, which is negligible.

Conclusions

The interplay between true 3D microfluidic geometries and
aggregation of red blood cells that we uncovered with our
approach, exemplifies the great potential of the novel SLE
technique, producing any desired vessel-like structure in glass.
Thus, our experimental approach brings microfluidics closer to
physiological reality, where flow through truly 3D geometries
consisting of channels that are shaped according to
physiological confirmed branching can be investigated, using
3D data from the microvasculature extended with any kind of
anomaly and pathology of interest. Doing so, one needs to
consider that arteries in the human body have a stiffness of 10
to 20 MPa which is three orders of magnitude less than the
glass device.53 It is a matter of debate if this plays an important
role though, as one should consider that RBCs migrate from
the wall and form the cell-free layer. Therefore, they have less
interaction with the capillary wall,2 mitigating the effect of the
different stiffness of the walls. Nonetheless, to mimic more
physiological conditions in future works, one could coat the
channels with soft bio-polymers such as BSA to generate a soft-
layer inside the microchip or even try to grow endothelial cells
into the channels. The latter would be a prerequisite to make
the next step, having made the step from 2D to 3D
microfluidics, namely to produce also active microchannels.

Experimental
Fabrication of microfluidic channel

The microfluidic devices have been produced by selective
laser-induced etching (SLE), which is a novel procedure

Fig. 4 Skewness of the velocity profile for the indicated conditions for
the highly aggregated blood sample with 20% hematocrit. (a) Flow
profiles with fit (black line) at different positions throughout the most
extended geometry. (b) Shift of the location of the maximum velocity
with respect to the central line in (X) direction vs. distance from the
apex of the first bifurcation for different geometries. The big symbols
indicate the locations where the velocity is highest (Ymax), see the red
dots in the contour plots of Fig. 2. (c) Skewness of the flow profile in
each branch at the location of the maximum velocity Ymax. Negative
values represent the out-of-plane branch, and positive values
represent the in-plane branch. The error bars are obtained from
averaging three different experiments.

Lab on a ChipPaper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
M

ar
ch

 2
02

4.
 D

ow
nl

oa
de

d 
on

 4
/8

/2
02

6 
9:

19
:5

4 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4lc00151f


Lab Chip, 2024, 24, 2317–2326 | 2323This journal is © The Royal Society of Chemistry 2024

where local two-photon excitation is combined with a
chemical etching process for excavating different geometries
inside a transparent material such as fused silica. A
femtosecond laser irradiates the interior of a polished glass
substrate via a multi-photon process. The irradiation of the
material leads to the weakening of the bonds in the crystal,
so that they would be broken easier and faster when exposed
to the etching agent compared to the rest of the material.
The laser-irradiated material is preferentially etched by KOH
(assisted by ultrasonication at 85 °C). This process is a
subtractive 3D printing technique. It was introduced first in
2001 (ref. 54) and later optimized and developed for KOH as
an etching agent in ref. 55 and 56.

CATIA software (V5-6) was used as CAD software to design
the model, which is then sliced, using Rhino software to
generate guidelines for the laser beams to illuminate the bulk
material.

Sample preparation

The RBCs were extracted fresh before each experiment from
the fingertips of one single donor. Approval was not
required for this study, as the blood was collected from the
fingertips of the experimentalist, while previous reports on
the aggregation behaviour show that dextran-induced
aggregation is primarily influenced by the properties of
dextran, see Fig. S1,† rather than donor-specific
characteristics.57 The extracted blood was collected in the
ethylenediaminetetraacetic acid (EDTA) coated tubes and
500 μL PBS (phosphate-buffered saline) was added to the
tube, then it was mixed by vortexing. Following
centrifugation steps the plasma was extracted and
exchanged with fresh PBS. This centrifugation and buffer
exchange should be repeated three times, see ref. 58 for a
detailed procedure. The remaining RBCs were used to make
the samples with desired hematocrit (10 or 20%).

To prevent sedimentation and additional agglomeration of
RBCs due to gravity, we implemented an approach of density-
matching by re-suspending RBCs in PBS and OptiPrep™ (OP,
D1556, Merck, Germany), which consists of a 60% solution of
iodixanol in water. Aggregation of RBCs was induced by
adding the natural polymer 70 kDa dextran (dx, 31390,
Merck, Germany) with a final concentration of 50 mg μl−1. It
has been shown earlier that the maximum aggregation is
obtained with 50 mg μl−1 of dextran.59

We chose dextran as aggregation agent is it induces the
same level of aggregation of RBCs compared to albumin
but less aggregation for platelets.60 Moreover, the
mechanisms underlying dextran-induced aggregation for
RBCs have been well studied, see ref. 4, 57 and 61. An
example of the aggregated RBCs with hematocrit of H10 is
presented in Fig. 5. Each experiment needs up to 200 μL of
the sample. Due to the experimental limitation we were
bound to max of 20% hematocrit. Fluoro-Max™ (G0200,
Thermo Scientific) 2 μm beads were used to characterize
background fluid. The beads were diluted to 30% of the

final volume in the density matched solution of OptiPrep
and PBS.

Dynamic viscosity of PBS–Optiprep with and without
dextran was measured at 21 °C for a density of 1.09 g cm−3 and
shear rates between 5 and 100 s−1. The measured value of 4 cp
(see Fig. S2†) for PBS–Optiprep with dextran is comparable to
the dynamic viscosity of blood plasma (3–5 cp).62,63

Operation microfluidics

A syringe pump (NEMESYS LOW PRESSURE™, Centoni,
Germany) in combination with Hamilton 250 syringes were
used to inject the blood mixture through the microfluidic
device. The microfluidic chip is connected to the syringe
pump using chromatography tubing (natural FEP). To
establish a physiological condition for the flow in the
microfluidic device, the input flow rate of the channel was
set to 30 μL h−1.

Imaging and PIV analysis

To observe the blood flow dynamics inside the microchips,
we used an inverted microscope (IX71, Olympus) with a 50×
air objective. Considering the red color of the RBCs and
different refractive index of RBCs from our background fluid,
they are visible under standard Köhler illumination. In order
to identify the central plane, we first scanned the channels in
the z-direction and selected the plane with the largest cross-
section of the channel to perform our measurements.

Since erythrocytes flow at about 2 mm s−1 in
microcapillaries,64,65 short exposure times (200 μs) and high
frame rates (about 2000 fps) are required to enable PIV
analysis of the recorded data. To this end, an ultra-fast
camera Phantom v1610 (Phantom, New Jersey, USA), which
meets both requirements, is connected to the microscope
and data are recorded with 200 μs exposure time. All images
were recorded with a field of view of 295 × 221 μm and 768 ×

Fig. 5 Aggregated RBCs with hematocrit of ten in the presence of
dextran (Hdex = 10) at the apex of the bifurcation, imaged using a 100×
air objective. The red circles indicate examples of clusters; the scale
bar represents 15 μm.
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576 pixel resolution. To probe the full channel, we therefore
needed to record tiles with overlap along the channels.

It is not uncommon for biological application to use the
native particles as tracers,40,66–69 especially in blood flow at
high hematocrit.70–77 PIV relates the shift in intensity peaks
in two consecutive frames to calculate the local velocities.
The timing between the consecutive images is crucial for a
successful cross-correlation, as well as the seeding of
particles within the interrogation windows. The recorded
data were analyzed using the PIVview 2C software (PIVTEC
GmbH, Germany). To obtain the velocity vector fields, first
iterative 2D cross-correlation of two sequential images was
applied with multiple interrogation windows of 96 × 96
pixels (first), 64 × 64 pixels (second) and 32 × 32 pixels
(third) with 75% overlap. Standard multi-path FFT
correlation was selected to correlate the intensity peaks,
with the signal-to-noise ratio of SNR > 3.5. For the peak
search the Whittaker reconstruction algorithm was used for
reliable PIV.78 The procedure results in a spatial resolution
of 2.6 μm, which is a factor of four higher than the actual
size of the particles, i.e. the beads or RBCs. Thus, adjacent
pixels for one PIV analysis would result in adjacent pixels
with the same velocity. However, we obtained the final
velocity vector field from PIV analysis averaged over 1000
measurements. Given that cells in the middle move with
about 1.4 mm s−1, this means that we have about hundred
different configurations per measurement and that we
oversampled by about a factor of ten. The roughly hundred
independent measurements guarantee sub-cell resolution of
the velocity. We repeated this procedure three times per
experimental condition, which enables us to estimate the
error bars in the data we obtain from the parameterization
of the velocity vector field, such as the location of the
highest velocity.

A Python script was used to post-process the obtained
data and generate contour plots, where the K-mean nearest
neighbor algorithm has been implemented to detect the
maximum velocities in different clusters. The movies we
show in the ESI† are only the showcases and represents
2% of the total data. All the tiles have been analysed
individually and stitched together posteriori. By assuring
there is overlap between tiles we do not have gaps in our
velocity fields.

Simulations

The CFD simulation has been carried out using COMSOL
software (version 6), the 3D-CAD model (Fig. 1) has been used
as the main geometry. Experimentally we experience steady
state, steady flow conditions, therefore two different fluids
have been simulated using stationary solver with the Stokes
flow as governing physics to mimic physiological
conditions.79

For the COMSOL simulation of the power-law fluid the
exponent was set to n = 0.6 and the density of 1005.7 kg m−3.

Data availability

All data needed to evaluate the conclusions in the paper are
present in the paper and/or the ESI.† All raw data are
available from the corresponding author upon reasonable
request.
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