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Abstract

A low-cost particle image velocimetry
set-up that allows to investigate the fluid
dynamics inside realistic coronary artery
phantoms has been implemented. The pro-
posed smart test bench for experimental
characterization of arterial hemodynamics
also in the presence of implanted devices
represents a low-cost equipment that can be
easily implemented in non-expert laborato-
ries for research as well as educational
applications.

Introduction

Over the last two decades, Particle
Image Velocimetry (PIV) applied to cardio-
vascular in vitro experiments have become
a reliable and standard measurement tech-
nique for the evaluation of the hemodynam-
ic performance of implantable and blood-
recirculating devices, as well as of cardio-
vascular surgical procedures. Advances in
both hardware components and software
analysis have allowed achieving major
milestones in flow diagnostics, time-
resolved and instantaneous volumetric mea-
surements among the most recent ones.
PIV-based experiments have been used to
provide qualitative and quantitative visual-
izations both of laminar and turbulent fluid
structures characterizing biological flow. A
limiting factor in using PIV-based systems
is represented by their cost: PIV compo-
nents, i.e. high-power laser, research-level
cameras and synchronisation units, can be
extremely expensive for most academic and
industrial laboratories (order of 100 k€ in
total). In addition, pulsed lasers commonly
used in PIV pose safety concerns and
require strict safety procedures and stan-
dards (EN 207 in EU; ANSI 2136 in US). In
recent years, attempts have been made to
use smart-PIV systems to overcome the lim-
itations mentioned above.!.2 In this respect,
the imaging equipment of commercial
smartphones, coupled with low-energy light
sources, has recently proved to be a suitable
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component for PIV measurements in air and
water flows.!

In vitro modelling with artificial flow
phantoms (scale 1:1) has been used to
investigate the fluid mechanics of the circu-
latory system without the ethical and safety
issues associated with animal and human
experiments.3 Here we propose a smart test
bench based on the use of a smartphone
camera and low-power laser for flow char-
acterization in realistic phantoms of coro-
nary arteries. The compactness of the pro-
posed test bench makes its suitable for
industrial applications as well as for those
research applications where miniaturization
is necessary, such as in space missions.3

Materials and Methods

Preliminary tests were performed to
demonstrate the feasibility of a compact,
inexpensive optical imaging system applied
to the study of coronary flows (Figure 1).
The experiments were carried out on two
realistic 3D-printed silicone coronary phan-
toms obtained from angiographic images,
the first representing a stenotic left circum-
flex (LCX) coronary artery, the second
reproducing the same artery in the healthy
condition.

Measurements were conducted moni-
toring flow rates (in the range 30-90
mL/min) using an ultrasonic flow meter
(Transonic, Ithaca, USA) and pressure loss-
es (Ap) through two pressure sensors (BDC
Laboratories, Wheat Ridge, USA). A
Samsung galaxy S9+ (pixel size 1.4 mm)
camera was embedded in the system for
time-resolved image acquisition (190x730
pixel at 960Hz) of the fluid domain. The
coronary phantoms were illuminated using
a continuous laser (30 mW, 520 nm). A
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blood-mimicking fluid (glycerol-water,
33:67) was seeded with polyamide particles
(r = 1.1 glem3, d, = 2um). The velocity
field, obtained with the open-source code
PIVlab,5 had a spatial resolution of 0.035
mm. The experimental set-up was validated
comparing the measured velocity profiles
with Poiseuille law in a cylindrical pipe
with the same dimension of the healthy
coronary phantom (D = 3 mm) at Reynolds
ranging from 76 to 230.
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Figure 1. Experimental set up.
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Results

Figure 2a shows that the experimental
trend replicates the analytical one. The
agreement between analytical and measured
velocity profiles in the bulk region is pro-
gressively lost, moving towards pipe’s wall,
with discrepancies becoming evident at
r/D=+0.3. It is worth to mention that near-
wall uncertainty is a limitation affecting
also conventional PIV measurements, a
consequence of light reflections and limited
spatial resolution.

The velocity vector fields in the healthy
and stenotic vessels presented in Figure 2b,

confirm that the spatial resolution of the
system is sufficient to capture the main flow
features characterizing the coronary hemo-
dynamics, at different flow conditions. In
detail, flow measurements highlight the
expected presence of high spatial velocity
gradients in the stenosis region and of a
post-stenotic recirculation region whose
extension is dictated by the investigated
flow regime (data not shown).

Discussion and Conclusions

The findings of the study demonstrate
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Figure 2. (a) Comparison between experimental and analytical velocity profiles (Q= 30
mF/‘:nin). (b) Average velocity vector field in the stenotic (top) and healthy (bottom)
phantom. The fluid flows from the left to the right (Q=70 ml/min).
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that the proposed low-cost PIV system pro-
vides velocity fields with resolution suffi-
cient to capture the main coronary flow fea-
tures. The system presented in this study
candidates to be a compact, reliable, low-
cost instrument for qualitative and quantita-
tive flow diagnostics in the biomedical
field. It could potentially be employed to
perform PIV analyses on patient-specific
cardiovascular 3D-printed phantoms test-
ing, e.g. surgical strategies before interven-
tions, or for the evaluation of the hemody-
namic performances of implantable cardio-
vascular devices, e.g. stent. The compact-
ness of the proposed set up candidates the
proposed approach to future applications
where miniaturized test-bench are mandato-
ry, making it possible for the first time car-
diovascular flow characterization e.g. in
experiments designed for space missions
such as the 2U experiment cube Artery in
Microgravity project.4
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