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Abstract

This study examines the flow field in the near-vicinity of micro-
contraction-expansion geometries in microfluidic devicesde-
signed to specifically examine the impact of flow acceleration
on platelet function. To this end, a set of Micron-resolution
Particle Image Velocimetry (micro-PIV) measurements is con-
ducted under a specific set of shear flow gradient conditions
with both Newtonian (water) and non-Newtonian (blood ana-
log solutions) fluids. These experiments are complemented by
numerical simulations and a set of measurements at matched
conditions using blood platelets labelled with DiOC6 (1µg/mL),
introduced into the citrated human whole blood. Preliminary
results reveal a good agreement between the experiments and
numerical simulations at matched flow conditions. However,
the experiments with blood analog solutions appear to exhibit
different flow patterns both downstream and upstream of the
micro-contractions. Furthermore, comparisons between the
micro-PIV and blood flow experiments reveal that platelet ag-
gregation appears to coincide with regions of high strain rate
and wall shear stress. Collectively, these findings providea bet-
ter understanding of the appropriate simplifications that can be
made in numerical and experimental work and provides a plat-
form for future works to better understand the impact of flow
acceleration on platelet activation.

Introduction

The blood flow in our body is complex and rich with fluid dy-
namics and is influenced by a number of factors which include:
the vessel geometry, tissue properties associated with vessel
compliance, and the physical properties of the blood. Of partic-
ular interest has been the examination of the flow dynamics that
lead to platelet activation, which usually occurs where blood
flow is disturbed for example after a vascular injury or steno-
sis. More specifically, blood-flow strain rate and its gradients
play a critical role in initiating platelet activation at sites of ar-
terial stenosis. Platelets can experience significant peakshear
stresses/rates and elongation forces during flow accelerations at
stenosis [9, 4]. A large body of work to date has focused on
the key biological effects of elevated wall shear rates and stress
under constant laminar flow regimes. However, the impact of
shear flow stresses and its gradients on platelet function are less
understood.

Early works, both numerical and experimental have highlighted
the critical role played by the vessel geometry/stenosis on
platelet activation and thrombus formation. More recently, (see
[6]) it has been shown that the flow dynamics in the near-
vicinity of a stenosis is an important factor in determiningthe
rate of platelet activation, particularly in regions of flowdecel-
erations at sites of stenosis and downstream of formed thrombi.

Based on these observations, Tovar-Lopez et al [9] measured
the platelet aggregation based on the local strain rate micro-
gradients in different micro-contraction geometries, mimicking
the strain rates conditions of blood vessel geometries witha
stenosis.

Blood as a fluid has shear-thinning and viscoelastic non-
Newtonian characteristics. Therefore, unless experiments are
conducted with blood samples careful consideration has to be
given to the chosen fluid properties, in particular when studying
small diameter vessels such as capillaries and arterioles.De-
spite this, several works still opt to use Newtonian fluids for
both numerical and experimental investigations [5]. To over-
come these challenges, a few studies [8] have reported some
success using blood analog solutions by matching the shear rhe-
ology to blood samples. However, they conclude that different
blood analog solutions can exhibit markedly different flow pat-
terns, particularly near abrupt changes in geometry such asa
stenosis.

Accordingly, in the present study, we aim to provide a platform
to study the impact of shear flow acceleration and extensional
flow on blood platelet activation in a set of micro-contraction-
expansion channel geometries. More specifically, we conduct a
series of micro-PIV measurements, which are complemented by
a set of experiments using whole blood at matched flow condi-
tions. Preliminary comparisons are also drawn with numerical
simulation results and blood analog solution experiments,pro-
viding us with a comprehensive set of data and tools to quanti-
tatively examine the flow dynamics.

Experimental details

For the present study a set of microfluidic devices, each includ-
ing four micro-contraction-expansion channels with different
contraction angles ofθ =7.5, 15, 40 and 80 degrees are fab-
ricated using a soft-lithography technique (see figure 1). The
micro-channels are fabricated with a width of 200µm and a
height of 100µm and are composed of a micro-contraction
(∼stenosis) with a nominal width of 40µm and maximum sur-
face roughness of±300nm.

The microfluidic device is mounted onto the stage of a mo-
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Figure 1: Micrograph of the fabricated micro-contraction-
expansion geometries in a microfluidic device with different
contraction angles of 7.5, 15, 40 and 80 degrees.



torised inverted Nikon Ti2 microscope containing a G-2A fil-
ter cube for epifluorescence imaging. For the first set of ex-
periments, the four different micro-contraction geometries are
tested primarily using distilled water (Newtonian fluid) ata
flow rate of 45µL/min using micro-PIV. The flow is seeded
with one-micron diameter red fluorescent polystyrene aqueous
spherical particles (ThermoFisher Scientific). A programmable
syringe pump (Harvard PHD ULTRA) is used to withdraw the
fluid from a reservoir through silicon tubes (0.020 in ID, 1/16in
OD) to a 1000µL gas-tight glass syringe (Hamilton).

The micro-PIV setup consists of a 15 Hz double-pulsed laser
(70 mJ per 9 ns pulse, EverGreen - BigSky Laser Series) cou-
pled with an external motorised attenuator module for illumi-
nation and a PCO.dimax HS4 camera (2000×2000 pixels, 12
bits) capable of capturing images at 2277 fps at full resolution.
The microscope is equipped with a 40× objective lens (CFI Su-
per Plan Fluor ELWD, N.A.=0.6) providing an optical magnifi-
cation of 0.27µm/pixel and a depth of correlation of approxi-
mately 5.5µm, which is estimated using the technique outlined
in [7].

For the present experiments, micro-PIV measurements for all
of the contractions are carried out in four different microfluidic
chips to investigate the repeatability of experiments. In each
set of measurements, 2000 pairs of images were recorded at 15
Hz. Each set of image pairs are processed using DAVIS (LaV-
ision, GmbH) using standard PIV processing algorithms. More
specifically, images are scaled based on a calibration grid and
are then pre-processed using background image subtractionand
by applying a histogram equalisation (see [2, 3, 1]). Further,
to minimise interference from out-of-focus particles due to the
reduced seeding density in micro-PIV measurements [10], two
averaging methods, namely, ‘Average Image Method’ and ‘Av-
erage Correlation Method’ are employed to enhance the signal-
to-noise ratio. Specifically, in Average Image Method, we over-
lay 20 images to increase the number of particles per interro-
gation window and the correlation between image pairs for the
whole dataset (∼1000 image pairs per dataset) are averaged.

Velocity vector evaluation is performed based on a cross-
correlation algorithm using multi-grid with window deforma-
tion applied at each pass. Two multigrid passes are performed
in all measurements, with the final window sizes of 32×32 pix-
els (∼8.5µm). A 75% overlap is employed for all images at the
final interrogation window size, and any spurious vectors are
identified using a median test [11] in a post-processing step.

Biological experiments

A set of experiments with blood are conducted at matched flow
conditions (45µL/min) to micro-PIV experiments to monitor
platelet aggregation (see [6] for blood properties). For these
experiments, the PDMS channels were allowed to passively
adhere to ethanol/HCl-washed #1 borosilicate coverslips that
formed the bottom channel wall and also acted as the imaging
window. Ten minutes prior to blood sample loading, the mi-
crofluidic device is derivatized with purified human von Wille-
brand Factor (VWF) (100µg.ml-1) isolated from BioStateR©

(CSL Ltd), according to previously published methods [4], to
allow for effective platelet capture and adhesion to the PDMS
surface. VWF is introduced via manual aspiration up to and
including the micro-contraction apex and allowed to physisorb
for 10 minutes at room temperature, before being aspirated via
the same port. The chips are then subsequently perfused with
bovine serum albumin (BSA- 10µg.ml-1) for a further 10 min-
utes in order to passivate all non-VWF-coated upstream seg-
ments and the underlying coverslip.

To assess platelet aggregation as a function of micro-contraction

architecture human whole blood samples is incubated with the
lipophilic membrane dye DiOC6 (1µg/mL) (Molecular Probes)
and 0.02 U/mL apyrase (to eliminate released ADP during
blood collection) for 10 minutes at 37◦C and subsequently per-
fused through the device at constant flow rates of 45µL/min.
Blood perfusion and platelet aggregation dynamics are moni-
tored on an inverted Nikon TiU microscope (Nikon Plan Fluor
20x/0.50 objective) using an Andor Zyla sCMOS camera at 1fps
for 210 seconds.

Numerical simulations

To compliment the experimental databases, a set of compu-
tational fluid dynamics (CFD) simulations of water are per-
formed in the four channels shown in figure 1. These simu-
lations solve the incompressible Navier–Stokes equationsusing
the finite volume methodology in OpenFOAM (OpenCFD, Ltd.,
ESI group, Bracknell, UK). Further, the convective and diffu-
sive terms are approximated by the central differencing scheme,
and the fully implicit backward scheme is used for the unsteady
term. The Pressure Implicit with Splitting of Operator (PISO)
method is employed to decouple the pressure term from mo-
mentum equation and a convergence criterion of 10−6 is used
for both velocity and pressure. The velocity-inlet boundary con-
dition is matched to the volumetric flow rate of the experiments
(45µL/min), and a zero gradient is applied at the inlet for pres-
sure. At the outlet, a zero gradient is applied to the velocity
coupled with a zero pressure.

Tetrahedral mesh elements are used for all four channel geome-
tries and the meshes are completed in Pointwise (Pointwise,
Inc., Fort Worth, Texas, USA), with a total mesh size ranging
from 1.7 to 2.5 million elements. We note, the surface mesh
resolution in the near vicinity of the constriction is refined to
accurately capture any possible chaotic flow in this region.Fur-
ther, in order to attain a fully developed statistically converged
channel flow profile at the inlet similar to the experiments, a
sufficiently long development section was included for the sim-
ulations. The development length for all cases was at least 20w,
wherew is the width of the channel. The velocity profiles were
verified at multiple locations prior to the contraction to ensure
they are independent of the stream-wise location.

Results

To examine the differences in flow patterns at different contrac-
tion angles,θ, figure 2 presents the ensemble-averaged stream-
wise velocity contours in the mid-plane (channel half-height)
of the micro-contractions. Results are presented for the exper-
iments atθ = 40◦ and θ = 7.5◦ using water at a flow rate of
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Figure 2: The ensemble-averaged stream-wise velocity con-
tours at the mid-plane of micro-channels with a contractionan-
gle of 40◦ (left) and 7.5◦ (right). Results are presented at a flow
rate of 45µL/min.
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Figure 3: Magnified view of the velocity vector field of the
expansion corners for the two micro-contraction configuration
shown in figure 2. (top)θ = 40◦ and (bottom)θ = 7.5◦.

y (µm)
-200 -100 0 100 200

v
(m

m
/s
)

50

100

150

200

250

300

350

400

40° (µPIV)

7.5° (µPIV)

40° (CFD)

7.5° (CFD)

Figure 4: Profiles of stream-wise velocity at the centrelineof the
channel from the micro-PIV (solid lines) and numerical simu-
lations (dashed lines). Results are presented for contraction an-
gles ofθ = 40◦ andθ = 7.5◦ at the flow rate of 45µL/min. The
error bars (± standard deviation) show the repeatability of ex-
periments and is computed from four independent experiments
for each case at matched conditions.

45 µL/min. Qualitatively, the high-speed region is more pro-
nounced prior to the contraction at smallerθ due to the narrower
inlet geometry. In contrast, immediately after the contraction
the downstream flow patterns only have a subtle difference be-
tween the two cases compared, due to the similar channel ge-
ometry after the contraction. However, upon closer inspection,
we observe two recirculation regions in the expansion corner
after the micro-contraction at bothθ = 7.5◦ andθ = 40◦ (c.f.
figure 3). Upon closer inspection, at smallerθ (figure 3 bot-
tom) the results appear to exhibit larger/stronger recirculation
zones, which might be a consequence of the slightly higher ve-
locity on the centre plane at the contraction, which in turn leads
to stronger decelerations immediately after the contraction (c.f.
figure 4).

To quantify the velocity profile at different contraction angles,
θ, figure 4 shows the stream-wise velocity profile at the centre-
line of the micro-channels. The solid and dashed lines corre-

spond to results from the micro-PIV experiments and the nu-
merical simulations, respectively, which appear to be in good
agreement with a maximum discrepancy of 5% at the veloc-
ity peak. We note the error bars on the solid lines corresponds
to the repeatability of experiments for the measurements carried
out in different microfluidic chips, which shows a maximum de-
viation of 4.5%. This discrepancy is primarily due to the subtle
difference in the channel height (maximum 2.5%), which is pri-
marily caused by the accuracy in precisely locating the channel
half height. Future experiments are planned to minimise these
discrepancies across a wider range of contraction angles.

In order to visualise blood platelet activation at the micro-
contractions, figures 5(a-c) present snapshots from epifluores-
cence imaging. The results are presented for the caseθ= 80◦ on
a wall-parallel slice at the channel centreline inz-direction. The
colour contours reveal that a strong region of platelet aggrega-
tion is present on the side-walls immediately after the contrac-
tion. To visualise the underlying flow patterns and acceleration
figure 5(d) presents the strain rate (dv/dy) at matched flow con-
ditions from the micro-PIV experiments. The results show that
initial platelet recruitment (aggregate formation) appears to oc-
cur in regions where the flow strain is high at the wall at the
apex of step geometry. Moreover, through the numerical simu-
lation results, we observe that the shear stress (see figure 5e) is
also at its highest on the side walls in this region.

Blood analog solution experiments

The results presented in the preceding discussions from the
micro-PIV experiments are from a set of experiments using a
Newtonian fluid (water). However, blood as a fluid exhibits
shear-thinning and viscoelastic non-Newtonian characteristics,
therefore in this section, we present preliminary findings from
a set of micro-PIV experiments using a non-Newtonian solu-
tion. For the present case, we have chosen to use a solution
of Xanthan gum (500 ppm w/w) based on works by [8]. How-
ever, as pointed out in their study, although the fluid exhibits
shear thinning behaviour the fluid still differs from whole blood
and results should be interpreted with caution. Further, due to
limitations of the experimental setup, a lower flow rate of 4.5
µL/min is employed and results are only shown for a micro-
contraction with an angle ofθ = 40◦.

Figure 6 shows the ensemble-averaged stream-wise velocity
contours in the mid-plane (channel half-height) of the micro-
contractions at matched conditions with water and the blood
analog solution. The results show clear evidence of different
flow patterns arising from the two fluids examined, albeit at
a low flow rate. More specifically, the Xanthan gum solution
appears to exhibit large recirculation zones prior to the micro-
contraction (see figure 7), which is absent from the experiments
using water at matched conditions. These results highlightthe
significance of employing fluids that have closer propertiesto
whole blood, in future works.

Conclusions

This study employs micro-PIV measurements and numerical
simulations to examine the effect of flow acceleration and de-
celeration at a stenosis on platelet function in a set of micro
contraction-expansion channels. The micro-channels tested are
constructed with a width of 200µm and a height of 100µm
with a symmetric micro-contraction of 40µm with different
contraction inlet angles that applies an extensional flow atthe
stenosis entry. To complement these measurements an indepen-
dent set of biological experiments are conducted using blood
platelets labelled with DiOC6 introduced into citrated human
whole blood. Our results reveal good agreement between the
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Figure 5: Snapshots from confocal imaging experiment, where colour contours correspond to blood platelets which have been labelled
with DiOC6 (1µg/mL). (a) t = 5 s, (b)t = 67.5 s and (c)t = 174.5 s. (d) Flow strain rate (dv/dy) at the mid-plane from micro-PIV
experiments and (e) shows the wall shear stress from the numerical simulations. All results are presented for a contraction angle of 80◦

at a flow rate of 45µL/min.
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Figure 6: The ensemble-averaged stream-wise velocity con-
tours at the mid-plane of micro-channels with a contractionan-
gle of 40◦ for water (left) and xanthan gum solution (right). Re-
sults are presented at a flow rate of 4.5µL/min.

40°

Figure 7: Xanthan gum flow recirculation in the contraction cor-
ner of micro-channel with the contraction angle degree of 40◦

at the flow rate of 4.5µL/min.

micro-PIV and numerical simulations at matched flow condi-
tions. Further, a comparison to the biological experimentsap-
pear to provide support that the initiation of platelet aggregation
coincides with high strain rate zones near the wall that alsoco-
incide with increased wall shear stress. Collectively, these find-
ings can be used to improve numerical models and also provide
a platform for future works to better understand the impact of
flow acceleration at stenosis on platelet activation.
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