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Abstract: Arterial simulators are a useful tool to simulate the cardiovascular system in many different
fields of application and to carry out in vitro tests that would constitute a danger when performed in
in vivo conditions. In the literature, a thriving series of in vitro experimental set-up examples can be
found. Nevertheless, in the current scientific panorama on this topic, it seems that organic research
from a metrological and functional perspective is still lacking. In this regard, the present review study
aims to make a contribution by analyzing and classifying the main concerns for the cardiovascular
simulators proposed in the literature from a metrological and functional point of view, according to
their field of application, as well as for the transducers in the arterial experimental set-ups, measuring
the main hemodynamic quantities in order to study their trends in specific testing conditions and to
estimate some parameters or indicators of interest for the scientific community.

Keywords: pressure; flow; velocity; experimental set-up; cardiovascular simulator; transducer;
sensor; metrological issues

1. Introduction

Cardiovascular pathologies are particularly risky and life-threatening, making this
group of such diseases one of the top ten causes of death worldwide [1,2]. Consequently, in
recent years, a widespread interest has grown around parameters such as arterial stiffness
(AS) and pulse wave velocity (PWV), as they are key importance indices for cardiovascular
disease diagnosis and prevention [3,4]. Nevertheless, some studies addressed different
problems regarding the approaches used for in vivo estimation of such parameters, mainly
due to blood pressure variability [5–7]. Therefore, many researchers undertook the investi-
gation of cardiovascular parameters with the help of in vitro circulatory simulations. In
fact, these simulations have been broadly used to investigate, analyze and replicate high-
complexity, hemodynamic phenomena occurring in the cardiovascular system. This kind
of simulation is usually carried out through the implementation of prototypes and systems
with artificial materials which are surrogates of living systems. The necessity of replicating
them in vitro arises because, in a living organism, the degree of complexity in performing
exhaustive hemodynamic measurements could be increased by the high probability of
perturbing the physiological state and provoking damages. The possibility of replicating
some circulatory phenomena is due to the fact that the fundamental hemodynamic and
hydrodynamic principles stand for both biological and simulated artificial systems.

For example, the pulse wave transit time can be studied through the employment
of arterial simulators able to reproduce pressure pulses in a latex rubber tube (with me-
chanical characteristics as similar as possible to the arterial ones [8]): the pulses cause a
radial tube displacement which can be detected and measured through specific sensors,
transducing the displacement quantity to be measured into an electrical signal to be stored
and processed. Pulse transit time measurements can be carried out without the necessity of
quantifying the radial displacement; therefore, the choice of the most proper sensor type
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should rely on its dynamic performance rather than on its accuracy in displacement mea-
surements [8]. This perspective leads to the design and realization of experimental arterial
phantoms whose sensitive elements are constituted by sensors able to detect the pulse wave
passage at two different sites where the distance is known in order to have an estimation
of the delay between the pressure waves at each site. This goal can be achieved through
contact or contactless sensors and, in the literature, both typologies have been employed.
On the basis of [9], the authors of this review recently developed an arterial simulator with
linear variable differential transformer (LVDT) sensors, and highlighted the pros and cons
of their employment in the assessment of pulse wave transit time [8]. Almeida et al., on the
other hand, designed and realized a test bench able to reproduce pressure waves through an
elastic tube filled with fluid: their propagation was noninvasively measured with the help
of piezoelectric probes [10] which were developed and improved by Dagdeviren et al. [11]
for cutaneous pressure monitoring with the aim of assessing health status in a continu-
ous way, therefore preventing cardiovascular diseases. In 2018, Ma et al. developed an
in vitro hemodynamic simulator in which two strain sensors made of carbon black-doped
polydimethylsiloxane (CB-PDMS) detected the pulses at two different positions along the
tube simulating the artery [12]. The idea of using strain gauge sensors has been already
conceived in 2012 when Lu et al. decided to use elastomer-based strain gauges to realize
high-sensitivity sensors directly mountable on the patients’ skin [13]. Other authors tried
to apply micro-electro-mechanical systems (MEMS) technology to design and simulate
piezoelectric sensors for arterial pulse detection in biomedical applications [14]. Some years
ago, even piezoresistive elements were employed in pressure pulse wave measurements
through sensor displacement analysis [15]. According to the type of applications in which
they should be used, contact sensor management could be challenging, especially regard-
ing insertion errors during measurement, the working environment (e.g., water or other
chemical substances that could perturb the measurement procedure) and the characteristics
of the element in which they should be mounted on (e.g., usually the flexibility of the latex
tubing makes it difficult to choose the sensor placement). Therefore, despite the wide use
of contact sensors in the scientific literature for cardiovascular applications, many other
researchers have opted for the employment of contactless sensors. Laqua et al., for example,
realized an experimental set-up with a hydraulic system for the simulation of pulsating
artificial vessels to study fetal pulse oximetry. In this context, they employed capacitive
sensors as sensitive elements for the tube dilatation [16]. On the other hand, Lantos et al.
studied the deformation of a silicone elastomer tube by measuring the tube diameter using
digital image processing after the acquisition of a set of photos through a CCD digital
camera. Their goal was to build a model to take blood pressure measurements at a long
distance from the heart [17]. Other authors [5] chose an optical operating principle for
transit time estimation: they designed and developed an optical system for continuous
and cuffless blood pressure monitoring using two signals coming from infrared optical
transmitters, where the peak distance was assumed as the transit time. In the past, Berrios
and Pedersen tried to use ultrasonic measurement for the detection of diameter variations
in an elastic tube by applying a pressure waveform and estimating the time-shift of the
ultrasound echoes from the tube walls (front and back) [18]. On the other hand, in 2019,
Suhaimizan et al. investigated how an in vitro system could validate the use of plastic
optical fiber (POF) sensors in measuring the pulse signal by comparing the obtained results
with pressure sensor data [7].

All those studies were carried out (a) to analyze complex hemodynamic phenomena
and (b) to retrieve meaningful parameters for cardiovascular performance. This goal
has been achieved by using in vitro experimental set-ups designed in a common fashion
among the different works, even though there have been increasing technological solutions
due to technological development. Nevertheless, despite the great number of accurate
studies focusing on the investigation of simulator characteristics, it seems that the scientific
literature lacks organic research on how such simulators may influence the measurement
quantities of interest (e.g., in terms of errors that the experimental set-up introduces, leading
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to a possible perturbation in the physical quantities to be measured) as well as a detailed
metrological characterization of their components.

In the present review, the aim is to make a contribution to the field by analyzing and
classifying the main concerns around the cardiovascular simulators currently proposed
in the literature from a metrological and functional point of view. Such analysis is carried
out according to the application field, as well as by investigating the types of transducers
employed in the arterial experimental set-ups to measure the main hemodynamic quantities.
The design issues, experimental set-up characteristics, types of sensors applied to measure
the main cardiovascular quantities and, finally, the drawbacks found in set-up arrangements
and the corresponding measurements are highlighted. In the following sections, all the
various, state-of-the-art, experimental set-ups present are discussed and analyzed. This is
carried out by focusing on the main issues found regarding the development and realization
of set-ups, as well as by highlighting the variety of methodological solutions and approaches
according to the subject matter in the cardiovascular field.

2. Fields of Applications for Arterial Simulators

The importance of simulating the human cardiovascular system in vitro and the
complex hemodynamic phenomena occurring in such a system is related to the fact that the
use of pressure and flow simulations allows us to study the system behavior, together with
the replication of conditions such as stenosis and cholesterol plaques that may perturb blood
flow laminarity leading to different pathologies (e.g., thrombosis, infarction, ictuses, etc.),
without the intrinsic physiological problems of an in vivo system. Another important
issue is the one related to hypertension, which could potentially be the cause of different
cardiovascular pathologies and, in some cases, even death. In fact, with aging, the arteries
generally go through a stiffening phenomenon that reduces the blood pumping efficiency,
leading to possible heart hypertrophy [4,19]. It is therefore of primary importance to
design and develop experimental simulators with integrated transducers and sensors, as
widely discussed in the literature [20,21], taking also into account the main metrological
characteristics and issues with a particular reference to (a) sensors characteristics, (b)
conditioning and (c) data acquisition [20]. This would allow researchers to measure the
main hemodynamic quantities necessary for the study and prediction of vascular behavior
in order to provide useful knowledge and information to clinicians who have the duty
of preserving population healthcare through correct diagnosis, monitoring and therapy.
Among the most important parameters studied in this context, pulse wave velocity (PWV)
is the most common indicator of arterial stiffness, and it is related to both mechanical
and geometrical characteristics of the arterial tree. Being a velocity, it is often estimated
by using a couple of sensors to detect pulse wave passage at two different sites of the
artificially simulated vessel (e.g., an elastic tube), therefore allowing for the application of
the well-known relationship:

PWV =
L

∆t
[m/s] (1)

where L is the distance between the transducers detecting the pulse wave and ∆t is the
pulse transit time, which can be conveniently defined, in an in vitro system, as the time
delay due to the pressure wave propagation between two sites in the arterial surrogate [4].
From the direct estimation of PWV it is possible to indirectly retrieve a key parameter for
the artery biomechanics, namely, the volumetric distensibility χ, which is defined as the
ratio between the relative vessel volume variation ∆V/V and the pressure variation ∆p in
the expansion and contraction phases during the cardiac cycle.

χ =
∆V

∆p · V
(2)

The distensibility gives information about the vessel’s ability and efficiency in expand-
ing and contracting during systole and diastole phases, respectively. The mathematical
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relationship used to relate the PWV to the vessel mechanical characteristics, in particular
the wall distensibility χ, is given by the Bramwell–Hill formula [22] as follows:

PWV =

√
∆p · V
∆V · ρ

=

√
1

χ · ρ
(3)

where ∆p is the vessel pressure variation, V is the vessel initial volume, ∆V is the volume
variation and ρ is the inner liquid density. Since distensibility is inversely related to arterial
stiffness, when the latter increases, the PWV increases as well. In [8], the authors of the
present review investigated the variation in transit time according to an adjustment of vessel
stiffening by using an in vitro arterial simulator designed to vary the vessel surrogate’s
(e.g., an elastic tube) stiffness through the variation of the transmural pressure (i.e., the
difference between the inner and outer pressures of the tube). The results obtained agreed
with the expected relationship between transit time and transmural pressure, therefore
encouraging novel research for the future development of an arterial simulator in which
a finer transmural pressure tuning could be possible to improve both the system and
measurement accuracy.

In general, the cardiovascular system can be simulated through arterial simulators that
rely on the general principles for generating and measuring arterial waves, and recording
and analyzing arterial waveforms as well as the pulsatile pressure-flow relationships.
Given the wide range of phenomena that may occur in a hemodynamic system, there are
many different clinical and biomechanical applications in which a cardiovascular set-up
could be employed. In the current state-of-the-art research, the main works regarding
experimental set-ups for arterial simulation investigated blood flow behavior in artery
bifurcations [23–28], or in the presence of stenosis and plaques [29–37]. Other authors
designed and developed arterial simulators with the goal of experimentally validating the
mathematical models behind the relationships subsisting between flow and pressure, or
between flow and geometrical and mechanical characteristics of the artery [38–54]. Another
important and prolific field of application for arterial simulators is medical device testing,
especially in the context of artificial organs, such as ventricular assist devices (mono- or
biventricular) and artificial hearts (through centrifugal blood pumps). Mock circulatory
systems can be also used to test stents, anastomoses, vascular grafts, prosthetic heart valves
and artificial blood vessels, as well as to assess models for hemodynamic predictions after
vascular access surgery (e.g., for hemodialysis patients). Some systems have been even
designed as loads for real pumping hearts [55–72]. Finally, there are many studies in which
pulse pressure has been investigated from a biomechanical point of view [73–101].

In the following sections, the most common design solutions for in vitro cardiovas-
cular systems have been reviewed according to the cardiovascular applications for which
they have been employed, highlighting the systems’ characteristics, the most common
realization issues and future developments, as well as the sensors used, the measured
quantities, techniques for measurement protocols and parameters indirectly estimated from
the measured ones.

3. Framework of the Measurement Devices Commonly Employed in Experimental
Set-Ups and Their General Critical Issues

Before considering in detail the specific problems and critical issues of the most rele-
vant cardiovascular simulator applications in the current scientific literature, it is worth
providing an overall framework of the problems and critical issues that generally affect
pressure, flow and velocity measurements independently of the specific application. In
fact, the studies reviewed in this work employ many different devices for the measure-
ment of the main physical quantities involved in the arterial simulators. In the current
scientific literature, the most measured quantities include pressure, flow and velocity.
With regard to pressure, common measurement devices are the (a) catheter manometer
and (b) differential manometer. Flow is generally measured through a (a) Venturi tube,
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(b) orifice plate meter and (c) rotameter. Finally, flow velocities are commonly measured
with (a) Doppler velocimeters, (b) particle image velocimetry (PIV) and (c) electromag-
netic/ultrasonic flowmeters. Some useful metrological characteristics of such devices are
summed up in Table 1.

Table 1. Overview of devices commonly used for the measurement of physical quantities in arte-
rial simulators.

Physical
Quantity

Measurement
Device

Application
Range Accuracy Functional and Metrological Issues Reference

Pressure

Catheter
manometer −2.7–53.3 kPa 1%

It allows continuous monitoring. Air
bubbles in the physiologic solution
could lead to a limited
dynamic response.

[102,103]

Differential
manometer 0–250 Pa 0.1%

Accuracy, sensitivity and
measurement range can be altered
according to the density of the
chosen fluid.

[104]

Flow

Venturi tube 0.1–105 m3·h−1 2%
These devices are heavy and large.
This leads to difficulty in
the installation.

[21,105]

Orifice plate meter 10−3–105 m3·h−1 2%

A disadvantage is given by the
pressure loss, leading to deterioration
of measurement accuracy and
repeatability. It needs
high maintenance.

Rotameter 0.04 L·h−1–150
m3·h−1 0.4–4%

The accuracy is given with respect to
the maximum flow. The
measurement range varies according
to the fluid state (e.g., gaseous
or liquid).

[21]

Flow velocity

Laser Doppler
velocimeter (LDV)

It depends on the
type of application ≥0.1%

A high particle concentration is
necessary for continuous velocity
measurement. Very high accuracy
can be reached with mean velocity
measurements with a LDV system.

Particle image
velocimetry (PIV) 0–600 m·s−1 1–2%

The accuracy is reported with respect
to the mean flow velocity. The overall
accuracy must be evaluated for each
experiment and it is affected by many
error sources such as systematic
errors due to the optical techniques
involved in the measurement, as well
as random errors due to the
evaluation process.

[106]

Electromagnetic
flowmeter 0.3–10 m·s−1 0.25–5%

In general, an accuracy of 1% is
reached in common applications, but
it may be worsened to 5% because of
fluid impurities.

[21]

Ultrasonic
transit-time
flowmeter

0.1–12 m·s−1 0.5–1%

Stability and temperature coefficients
of the quartz oscillator are the factors
affecting the accuracy of transit-time
ultrasonic flowmeters. Transit time
should be measured with a resolution
of 10−10 s to have 1% accuracy on the
velocity measurement.
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With regard to pressure, the major problems can be encountered with manometry
measurements, since these are functions of both density and gravity. The values of these
two are not constant. Density is a function of temperature, whereas gravity is a function of
latitude and elevation. Because of this relationship, specific ambient conditions must be
selected as standard, and thus, a fixed definition for pressure can be maintained. Mercury
liquid density is 13.59 g·cm−3 at 0 ◦C. Water density differs from the former as it is
1.00 g·cm−3 at 4 ◦C. Both liquids have an acceleration of gravity of 980.67 cm·s−2 at
sea level and 45.54 degrees of latitude. If water fluid is used in pressure measurement
applications, capillary effects occur due to surface tension between the liquid and the glass
tube [104]. This can lead to difficulties in reading the pressure on the manometer scale.

With regard to flow measurements, because all three overmentioned flowmeters have
similar accuracies, one strategy for selecting the most appropriate instrument is to decide if
there are any good reasons for not using the cheapest flowmeter that can be used over the
widest range of pipe sizes: the orifice plate. Where permanent pressure loss is important,
the Venturi tube should be considered, although the high cost of this meter as well as its
size can only usually be justified when large quantities of fluid are being metered. For
metering dirty fluids, the Venturi tube should be preferred over the orifice plate. The choice
between the two depends on cost and pressure loss requirements [21].

With regard to flow velocity measurements, the most widespread technique is particle
image velocimetry. The salient characteristic of such a technique is its ability to measure
flow in a two-dimensional plane, providing the two components of velocity vectors. The
technique makes it also possible to capture instantaneous turbulent flow fields for the
purpose of identifying fundamental mechanisms of turbulence and extracting their spatial
structure. The major problems lie with (a) the limited pixel resolution of the CCD camera
used to acquire PIV images, which leads to an accuracy reduction, and (b) the ambiguity of
the direction of velocity vectors, which sometimes can be overcome with the acquisition
of two consecutive photographic frames [106]. Flow velocities can be also measured with
electromagnetic and ultrasonic flowmeters. Electromagnetic flowmeters require the fluid
to have a minimum electric conductivity, whereas ultrasonic flowmeters can be used in
applications with every kind of liquid. Moreover, the latter can be very expensive when
inserted in pipes with a large diameter, whereas the price of ultrasonic flowmeters is almost
independent of pipe size. On the other hand, transit-time ultrasonic flowmeters, which
are currently the most widespread type of flowmeters, have the disadvantage of being
sensitive to air bubbles or any suspended solids in the fluid, whereas Doppler ultrasonic
flowmeters, despite being less expensive, suffer from a lower accuracy with respect to
transit-time flowmeters. For transit-time flowmeters, when the transit time ∆t is measured
with a resolution of at least 100 ps, an accuracy of 1% in the flow velocity measurement
can be achieved. A typical resolution value for velocity measurements is 0.8 mm·s−1 [21].
Finally, with regard to laser Doppler velocimetry (LDV), among its main advantages
in measuring flows, the following ones are the most interesting when such devices are
employed in the development of arterial simulators: (1) a small measuring region, (2) high
measurement accuracy, (3) ability to measure any desired velocity component, (4) no probe
in the flow (does not disturb the flow measurements in hostile environments) and (5) good
frequency response. Nevertheless, given the nature of the signal, difficulties arise in making
it continuous due to its high dependency on the scattering particle density. The fluid and
the conduit walls involved in the measurement must be transparent, and such a technique
needs the fluid to be seeded with the particles [21].

The abovementioned issues may occur alongside further specific critical issues de-
pending on the single realization and application of the arterial simulators reported in the
current scientific literature. These specific issues are the subject of the following sections of
the present review.
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4. Experimental Set-Ups in Artery Bifurcation Studies

The investigation of hemodynamics and biomechanics of the arterial system in cor-
respondence with arterial bifurcations is considered an important issue because of the
presence of important bifurcations in the arterial tree, such as the carotid bifurcation.

4.1. Suarez-Bagnasco’s Multiparameter Measurement System for Artery Bifurcation

Suarez-Bagnasco et al. [23] investigated and characterized a multiparameter measure-
ment system in vitro with sensors able to measure different mechanical quantities such
as distance, pressure, temperature, viscosity and flow, which are of key importance to
understand cardiovascular system behavior and identify possible anomalies that could
lead to many different pathologies such as atherosclerosis and arteriosclerosis. Their goal
was the development of an experimental set-up able to model blood flow, the arterial wall
and both shear and circumferential stresses of the latter in order to study biomechanics and
hemodynamics of artery bifurcations, as reported in Figure 1.
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Figure 1. Example of experimental set-up for the study of arterial bifurcation in [23].

The advantage of in vitro workbenches is that they can provide valuable information
about arterial segments in a context as close as possible to in vivo studies without invasively
intervening on a human subject. Therefore, they realized an experimental set-up with a
simulated arterial bifurcation made of a biological specimen of an arterial segment (or
artificial tubes) inserted in a closed hydraulic circuit that mimics the circulatory system.

In such a system it was possible to adjust arterial resistances through two constric-
tions (clamps) placed correspondingly to each output branch of the bifurcation, therefore
allowing the simulation of pressure wave reflections. The flow was pumped through the
circuit by using an artificial heart with adjustable frequency and ejection volume. The data
retrieved at a steady regime from the sensors used were compared with numerical simu-
lations. Wall thickness, lengths, and internal and external diameters (i.e., morphological
data) were acquired with ultrasound probes using A-scan or sonomicrometer ultrasonic
modules. Pressure waveforms were obtained through Königsberg sensors with a low
response time located near the diameter measurement sites. Flow velocity profiles were
retrieved through a Doppler system, whereas cross-sectional flows were measured through
transit-time flowmeters.

The main encountered problems are due to the signal acquisition because of the in-
terference of multiple sensor inputs. In particular, the authors studied the input signal
perturbations due to noises with identical physical natures: despite the workbench’s electro-
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magnetic isolation, all sonomicrometer measurements were perturbed by electromagnetic
interference, therefore resulting in a distortion of the distance waveforms acquired. More-
over, all the ultrasound measurements were influenced by the other RF sources coming
from the different subsystems. On the other hand, the flow meter measurements (i.e.,
cross-sectional flow) were perturbed by the vessel diameter variation due to the pulsatile
flow, leading to an error up to 10%. Finally, pressure measurements were influenced by
trapped air bubbles in the physiological solution injected in the circuit as well as from
mechanical vibrations and uncontrolled temperature variations.

4.2. Bale-Glickman’s Carotid Bifurcation Flow Phantoms

Bale-Glickman et al. [24] carried out extensive flow studies in two carotid bifurcation
flow phantoms. In this work, the authors mainly used particle image velocimetry (PIV)
for flow visualization and, after the study of flow behavior in correspondence with the
bifurcation, stated that the flow nature was determined by the vessel’s lumen geometry. The
experimental set-up was developed to study flows inside an artificial carotid bifurcation
reproduced by a rubber mold, starting from an exact replica of the carotid bifurcation made
by laser stereolithography with a 260 µm resolution based on an MRI dataset taken from
real, excised plaque specimens from patients that underwent endarterectomy surgery. This
carotid silicone surrogate (designed to have optical characteristics as close as possible to the
fluid ones) was then inserted in a flow loop for the experiments, thanks to flexible tubing
with an 8 mm diameter. The fluid mixture was pumped through a gear pump capable of
generating both variable amplitude pressure waves and flow rate. The optical arrangement
for the flow visualization included a digital camera with a 30 Hz frame rate and a PIV laser.
The main concern in the study was the flow exposure time that was set at ∆t = 3 ms after
several trials in order to highlight both high- and low-speed flow regions, as well as the
time of separation of the two PIV images, which was set in a range between 5 and 30 µs
according to the flow rate in the phantom.

4.3. Botnar’s Study on In Vitro Carotid Artery Bifurcation and MRI Techniques

Botnar et al. [25], instead, studied the hemodynamics of carotid artery bifurcation
through a comparison between numerical simulations and in vitro measurements with the
use of MRI techniques. The experimental set-up used in this work is reported in Figure 2.

Metrology 2022, 2, FOR PEER REVIEW  8 
 

 

cross-sectional flow) were perturbed by the vessel diameter variation due to the pulsatile 
flow, leading to an error up to 10%. Finally, pressure measurements were influenced by 
trapped air bubbles in the physiological solution injected in the circuit as well as from 
mechanical vibrations and uncontrolled temperature variations. 

4.2. Bale-Glickman’s Carotid Bifurcation Flow Phantoms 
Bale-Glickman et al. [24] carried out extensive flow studies in two carotid bifurcation 

flow phantoms. In this work, the authors mainly used particle image velocimetry (PIV) 
for flow visualization and, after the study of flow behavior in correspondence with the 
bifurcation, stated that the flow nature was determined by the vessel’s lumen geometry. 
The experimental set-up was developed to study flows inside an artificial carotid bifurca-
tion reproduced by a rubber mold, starting from an exact replica of the carotid bifurcation 
made by laser stereolithography with a 260 μm resolution based on an MRI dataset taken 
from real, excised plaque specimens from patients that underwent endarterectomy sur-
gery. This carotid silicone surrogate (designed to have optical characteristics as close as 
possible to the fluid ones) was then inserted in a flow loop for the experiments, thanks to 
flexible tubing with an 8 mm diameter. The fluid mixture was pumped through a gear 
pump capable of generating both variable amplitude pressure waves and flow rate. The 
optical arrangement for the flow visualization included a digital camera with a 30 Hz 
frame rate and a PIV laser. The main concern in the study was the flow exposure time that 
was set at  Δt = 3 ms after several trials in order to highlight both high- and low-speed 
flow regions, as well as the time of separation of the two PIV images, which was set in a 
range between 5 and 30 μs according to the flow rate in the phantom. 

4.3. Botnar’s Study on In Vitro Carotid Artery Bifurcation and MRI Techniques 
Botnar et al. [25], instead, studied the hemodynamics of carotid artery bifurcation 

through a comparison between numerical simulations and in vitro measurements with 
the use of MRI techniques. The experimental set-up used in this work is reported in Figure 
2.  

 
Figure 2. Example of experimental set-up for the study of arterial bifurcation in [25]. The tubing 
diameter is d = 20 mm and the distance l = 4.5 m. 

They developed an arterial simulator with a programmable pump driven by a step 
motor to simulate the physiologic flows controlled with mechanical valves. An electro-
magnetic flowmeter was used to monitor the pulse wave stability. Measurements of both 

Figure 2. Example of experimental set-up for the study of arterial bifurcation in [25]. The tubing
diameter is d = 20 mm and the distance l = 4.5 m.



Metrology 2022, 2 368

They developed an arterial simulator with a programmable pump driven by a step
motor to simulate the physiologic flows controlled with mechanical valves. An electro-
magnetic flowmeter was used to monitor the pulse wave stability. Measurements of both
axial flow and secondary flows (i.e., due to pathologies) were carried out through an MRI
scanner. Even though the axial velocity’s numerical and in vitro results agreed, the main
measurement issue found by the authors is closely related to the data achieved for the
secondary flow in vitro measurements that differed from the numerical simulation data
because of image artifact inaccuracies (estimated to be 5% for the 10 mm vessel diameter
and 25% for the 4 mm vessel diameter) and the secondary flow sensitivity to the vessel
geometry. Part of such inaccuracies could be possibly due to the insertion error of the
flowmeter, which may have led to the fluid perturbation. A summary of the main sensors,
relevant measurement limitations and measured quantities in the arterial simulators de-
veloped and realized according to the different artery bifurcation studies is reported in
Table 2.

Table 2. Overview of artery bifurcation studies.

Sensors/Devices Measured
Quantities

Accuracy/
Measurement Range Functional and Metrological Issues Reference

Transit-time
flowmeter Flow 1%

Flow waveforms were perturbed by
diameter variation due to pressure pulses,
leading to a 10% error.

[23]

Pressure
transducer Pressure 80–150 mmHg

Signals were acquired with a sampling
rate of 3 kHz and a 12-bit A/D converter.
The sensors employed had a frequency
response of 1 kHz. Pressure
measurements were influenced by air
bubbles in the physiological solution,
circuit mechanical vibrations and
temperature variations.

A-scan
ultrasound

Wall thickness,
length, diameter Not specified

Ultrasound measurements were
influenced by other radio frequency
sources coming from other systems in the
experimental set-up. The probes were
fixed to a mechanical graduated
positioning system with
1.5 mm resolution.

Doppler Cross-section flow
velocity 0–200 mm·s−1

Doppler velocity profiles suffered from
vessel motion artefacts. The measured
velocities reached peaks of about
200 mm·s−1.

PIV Flow velocity 14–260 cm·s−1

The fluid had a density of 930 kg·m−3.
For each run, 300 images were collected.
Two consecutive images were separated at
an interval from 5 to 30 µs. The camera
frame rate was 30 Hz. The high velocity
gradient caused a decrease in the accuracy
of digital PIV. The velocity was measured
with a flow rate gradually changing from
0 to 100 cm3·s−1. The measured peak flow
velocities were 49 cm·s−1 and 14 cm·s−1

in systole and diastole, respectively, and
they increased to 260 cm·s−1 and
87 cm·s−1 in correspondence to
the stenosis.

[24]
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Table 2. Cont.

Sensors/Devices Measured
Quantities

Accuracy/
Measurement Range Functional and Metrological Issues Reference

MRI Cross-section flow
velocity

15–20%
50–120 cm·s−1

The spatial resolution was 0.5 × 0.5 mm2,
whereas the time resolution was 25 ms.
For secondary flow measurements,
inaccuracies from 15 to 20% were
obtained for vessel diameters from 5 to 6
mm due to image artefacts. Measured
velocities went from 50 to 120 cm·s−1. [25]

Electromagnetic
flowmeter Flow Not specified

The waveform was provided by a
computer-controlled step motor pump.
The sampling frequency for flow
waveform acquisition was 25 Hz. The
mean flow rate was 9.4 mL·s−1.

5. Experimental Set-Ups in Stenosis and Plaque Studies

Arterial simulators have been widely employed to study the main physical quantities
involved in the pathogenic formation of stenosis and plaques.

5.1. Bertolotti’s Experimental Test Bench for Stenosed Coronary Bypasses

Bertolotti et al. [29] developed an experimental test bench to model blood flows in
stenosed coronary bypasses. The authors built an experimental set-up able to set the
cardiac frequency for any flow waveform. Pressure waveforms were obtained through two
pumps which forced the blood-mimicking fluid into the flexible tubing and electromagnetic
flowmeters were used to record the flow rate with an accuracy of about 10%. Velocities were
acquired through a Doppler velocimeter at 8 MHz. After having measured both the external
diameter and flow pressure in one single location of the bench through a sonomicrometer
and a microtip catheter, two parameters were estimated. Firstly, the pulsatility Pr (%) of the
silicon hoses and the compliance C (mL·mmHg−1) were estimated as:

Pr =
∆D

Dmean
(4)

C =
∆V
∆p

(5)

where ∆D is the external diameter variation within the cardiac cycle and Dmean is the
mean diameter, ∆V is the variation in the volume of the artery, whereas ∆p is the pressure
difference between maximum and minimum pressures. The main problems related to the
experimental set-up were due to the unavoidable imperfections that caused flow instability,
contributing to an increase in the uncertainty of the results.

5.2. Brunette’s Study on a Stenosis Arterial Phantom

On the other hand, Brunette et al. [32] investigated the wall shear stress in an arterial
phantom in correspondence with the stenosis location (i.e., 13.5 Pa near its throat, 3.5 Pa
in its proximal portion and 2.8 Pa at its exit), because such a parameter is considered
to have an active role in platelet activation and the formation of clots, possibly leading
to thrombosis [107]. The shear stress had to be investigated through the flow velocity
distributions in the arterial set-up, which was accomplished through PIV. In this case, the
minimization of the refraction problems was the main metrological issue, as it could lead to
a mismatch in PIV results. A summary of the main sensors and measured quantities of the
arterial simulators developed and realized according to the different stenosis and plaque
studies is reported in Table 3, together with some relevant details.
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Table 3. Overview of stenosis and plaque studies.

Sensors/Devices Measured
Quantities

Accuracy/
Measurement Range Functional and Metrological Issues Reference

Flowmeter Flow 10%

The accuracy of the flowmeters was
within 10%. Compliance was estimated
from volume and pressure to be
6.53·10−4 mL·mmHg−1 for the silicone
simulated artery.

[29]

Microtip catheter Pressure

Not specified
Sonomicrometer External

diameter

Pulsatility was estimated from diameter
variation and mean diameter to be 4.98%
in the silicone simulated artery.

Doppler
velocimeter

Cross-section
flow velocity ~1.5%

The sample volume provided by the
probe was 0.12 mm3. The mean velocity
was obtained from an average of 30
cardiac periods to guarantee the
reproducibility.

Flowmeter Flow 5–20 mL·s−1

Experiments were carried out with two
main pulsatile regimes or flow shapes:
simple pulsatile flow rate (sinusoidal
flow) and physiological flow rate (flow
shape with hydrodynamic parameters set
by the researchers). In the first case, the
mean flow rate was 14 mL·s−1, in the
second case, 17 mL·s−1.

[30]

Doppler
velocimeter Flow velocity Not specified

The mean velocity was obtained from an
average of 40 cardiac periods. Results
have been obtained with a sample volume
of 2 mm3. From velocity measurements
the wall shear stress was derived through
the equation −µ·∂w/∂r where µ is the
viscosity and w the velocity axial
component. The maximum retrieved
value was ~125 dyn·cm−2 (~12.5 Pa).

Flowmeter Flow 5%
5·10−3–20 L·min−1

The flow rate was set to 2.27 L·min−1 to
keep the flow characteristics (e.g., Re
number) as constant as possible in
the phantom.

[32]PIV Flow/velocity 5–50 cm·s−1

Fourteen pairs of images were used to
assess velocity to stabilize the results. Two
consecutive images were separated by a
200 µs interval. From velocity
measurements, the mean wall shear stress
was derived (between 2.8 and 9.2 Pa
according to the proximity to the stenosis).
The scanning spatial resolution in the
z-direction was 1 mm. The maximum
velocity at the stenosis entrance was
27.5 cm·s−1.

Rheometer Viscosity 3%
5–107 cP

The fluid dynamic viscosity was
estimated to be 3.5 cP (3.5·10−3 Pa·s),
whereas the mixture viscosity was 14.5 cP.
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Table 3. Cont.

Sensors/Devices Measured
Quantities

Accuracy/
Measurement Range Functional and Metrological Issues Reference

Flowmeter Flow
0.2%

0–2 L·s−1

Both flow and pressure were acquired
with a data acquisition device with a
sampling frequency of 2 kHz. The overall
flow and pressure measurement errors
were estimated to be 2% and 1%,
respectively. The fluid viscosity was 4 cP.

[33]

Pressure
transducers Pressure 0.2%

7·10−2–700 bar

PIV Flow velocity
0–3 m·s−1

Flow velocity measurements were
compared with MRI techniques, showing
a good agreement. The flow rate was set
in the range 2–63 mL·s−1. The
investigated particle diameters were in
the range of 0.25–4 µm. The PIV
resolution was 0.47 × 0.47 mm2.

[36]

MRI Flow velocity The MRI sequence lasted 45 min. The MRI
resolution was 0.35 × 0.35 × 0.70 mm3.

6. Experimental Set-Ups in Arterial Flow Studies

Another important field in which arterial simulators have been widely employed is
the study of flow behavior in vessels, since this is a physical quantity playing a key role
in hemodynamics and in pathogenetic processes according to its regime (i.e., laminar or
turbulent). Blood flow can be perturbed by many different factors such as vessel geometry
or stenosis and plaques. This is the reason why such studies are strictly linked with the
ones reviewed in Sections 4 and 5. Nevertheless, it is worth reviewing more in detail the
peculiar characteristics of the arterial simulators developed for blood flow testing.

6.1. The Design of an Arterial Simulator for Backward Flows by Feng and Whir

Feng and Whir [45] designed an arterial simulator in order to investigate the behav-
ior of backward flows in terms of wave speed and dissipation in flexible tubing. Their
experimental set-up is reported in Figure 3.

Metrology 2022, 2, FOR PEER REVIEW  12 
 

 

6.1. The Design of an Arterial Simulator for Backward Flows by Feng and Whir 
Feng and Whir [45] designed an arterial simulator in order to investigate the behavior 

of backward flows in terms of wave speed and dissipation in flexible tubing. Their exper-
imental set-up is reported in Figure 3.  

 
Figure 3. Example of experimental set-up for the study of arterial bifurcation in [45]: (1) piston 
pump, (2) water tank, (3) flowmeter, (4) pressure catheter, (5) rubber tube, (6) reservoirs, (7) com-
puter, (8) one-way valve. 

They used a piston pump that generated a flow waveform in the hydraulic circuit 
and the backward and forward flows were obtained through the pulling and pushing ac-
tion of the piston pump. Pressure and flows were measured by employing a pressure 
transducer catheter and a flowmeter, respectively, and the wave speed was estimated 
through the PU-loop method. The tube diameter was measured through an ultrasonic 
sonomicrometer to appreciate its variation during the pumping action. One of the prob-
lems encountered during the investigation was due to the variation in the local wave 
speed inside the tube, which was attributed to wall thickness variation along the tubing 
depending on its manufacturing process: this resulted in an unexpected change in wave 
velocity that resulted in it being higher in the middle of the latex tube and lower at the 
two ends. 

6.2. The Investigation of Blood Flow in Experimental Set-Up of Micro-Vessels 
Another interesting application was given by Stergiou et al. [46], who investigated 

blood flow in micro-vessels. The scientific literature contains plenty of studies reporting 
on blood flow behavior in large arteries. It is not so common to find a study regarding 
blood flow in small micro-sized arteries such as arterioles since in vivo or in vitro experi-
ments are difficult to carry out. The authors built an experimental set-up with a reduced 
number of components: in fact, it was constituted by a syringe pump, the micro-sized 
conduit, a high-speed camera and a microscope. They employed microparticle image ve-
locimetry (μ-PIV) in order to assess the axial blood flow velocity. The main goal of this 
study was the investigation of a peculiar effect which occurs inside μ-vessels, namely, the 
Fahraeus–Lindqvist effect, which states that during blood flow in μ-vessels, the red blood 
cells tend to migrate towards the center of the conduit, determining the formation of a 
cell-free layer along the vessel wall.  
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(8) one-way valve.
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They used a piston pump that generated a flow waveform in the hydraulic circuit
and the backward and forward flows were obtained through the pulling and pushing
action of the piston pump. Pressure and flows were measured by employing a pressure
transducer catheter and a flowmeter, respectively, and the wave speed was estimated
through the PU-loop method. The tube diameter was measured through an ultrasonic
sonomicrometer to appreciate its variation during the pumping action. One of the problems
encountered during the investigation was due to the variation in the local wave speed inside
the tube, which was attributed to wall thickness variation along the tubing depending on
its manufacturing process: this resulted in an unexpected change in wave velocity that
resulted in it being higher in the middle of the latex tube and lower at the two ends.

6.2. The Investigation of Blood Flow in Experimental Set-Up of Micro-Vessels

Another interesting application was given by Stergiou et al. [46], who investigated
blood flow in micro-vessels. The scientific literature contains plenty of studies reporting on
blood flow behavior in large arteries. It is not so common to find a study regarding blood
flow in small micro-sized arteries such as arterioles since in vivo or in vitro experiments
are difficult to carry out. The authors built an experimental set-up with a reduced number
of components: in fact, it was constituted by a syringe pump, the micro-sized conduit, a
high-speed camera and a microscope. They employed microparticle image velocimetry
(µ-PIV) in order to assess the axial blood flow velocity. The main goal of this study was
the investigation of a peculiar effect which occurs inside µ-vessels, namely, the Fahraeus–
Lindqvist effect, which states that during blood flow in µ-vessels, the red blood cells tend
to migrate towards the center of the conduit, determining the formation of a cell-free layer
along the vessel wall.

6.3. Laser Doppler Anemometer (LDA) with an Aortic Flow Phantom Designed by Liepsch

On the other hand, Liepsch et al. [51] realized a flow phantom with a silicon replica of
the aortic arch in which the flow velocity was measured through a laser Doppler anemome-
ter (LDA). Flow was measured through an ultrasonic Doppler flowmeter while the pressure
between the ventricular and aortic arch was recorded through an inductive pressure trans-
ducer, which is a unique design in this review study. The main advantage of the system
adopted in this study lies in the fact that flow disturbances could be easily localized and the
LDA system has high temporal and spatial resolution with respect to a single ultrasound.
Nevertheless, it should be pointed out that Liepsch et al. worked with a Newtonian fluid,
which has very different characteristics from blood that behaves as non-Newtonian, and
this choice was made because the LDA system works with transparent fluids only (e.g.,
a calcium chloride mixture which absorbs laser light). Moreover, the pulse wave velocity
was retrieved with two assumptions: (a) a neglection of the axial strain and (b) small
cross-section change.

6.4. The Employment of the PIV Method for Flow Behavior Analysis

Other studies [52,53] used the PIV method for flow behavior analysis in vessels
and grafts, therefore suggesting that this is an accurate and validated method for the
measurement of flow velocity and visualization of fluid flow. Despite this advantage,
Giurgea et al. [53] recognized that PIV methods suffer from the mandatory matching
between the phantom and the fluid refractive indices, which is hard to achieve because of
the limitations in the manufacturing process, especially of curved vessel walls. A summary
of the main sensors, metrological issues and measured quantities in the arterial simulators
developed and realized according to above flow studies is reported in Table 4.
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Table 4. Overview of arterial flow studies.

Sensors/Devices Measured
Quantities

Accuracy/
Measurement Range Functional and Metrological Issues Reference

Pressure
transducer Pressure 1%

−50–300 mmHg

The pressure wave was recorded
throughout 25 cardiac cycles. A pressure of
84–148 mmHg was measured.

[38]
N/P *

Radial
displacement

Not specified

The tested elastic tube length was 34 cm.
The measured tube diameter and wall
thickness were 2.22 cm and 0.09 cm,
respectively, at 84 mmHg. From the
pressure, diameter and radial displacement
measurements at 84 and 148 mmHg, the
mean Young modulus of the vessel was
estimated to be 1.3 MPa.

Diameter

Wall thickness

Doppler
velocimeter

Axial flow
velocity 0–1 m·s−1 A difference of 3% was found between

simulated and experimental axial velocities.

Venturi tube Flow
5%

Flow velocity was retrieved through the
mass conservation law. Minimum
diameter = 16 mm, maximum
diameter = 26 mm. Maximum measured
flow rate was 0.25 L·s−1.

[43]
Orifice plate

meter Flow Orifice diameter = 20 mm. Maximum
measured flow rate was 0.36 L·s−1.

Rotameter Flow 1%
0.10–103 L·s−1

Flow rate was measured with the
equilibrium position of a float. Maximum
measured flow rate was 0.10 L·s−1.

Manometer Pressure Not specified
Measurements were collected from nine
different cross-sections along the
experimental set-up (pipe).

Catheter
pressure

transducer
Pressure 1%

−50–300 mmHg

Every 100 mmHg input was converted to
0.5 V output. The average measured
pressures were 128 mmHg and 159 mmHg
under two testing conditions.

[44]

Ultrasonic
transit-time
flow sensor

Flow 4%
0.5–10 L·min−1

Flow rate and pressure data were acquired
and averaged over 50 cycles for two flow
conditions. The average measured values
were 42 mL·s−1 and 88 mL·s−1.

MRI Flow velocity ≤10%
0–90 cm·s−1

An MRI scanner with a 1.5 T magnetic field
was used and the flow at different slice
locations was acquired (5 mm slice
thickness). A trigger-simulated signal was
converted into an ECG signal for MRI
system gating. The average measured
values were 46 mL·s−1 and
96 mL·s−1, respectively.

Ultrasonic flow
probe Flow 4%

The flow waveform, generated by a piston
pump, was half-sinusoidal. Displaced
volume = 4·10−5 m3 (40 mL).

[45]
Catheter
pressure

transducer
Pressure 1%

−50–300 mmHg

The initial pressure was between
4 and 5 kPa. Through the PU-loop, the
wave speed was estimated with about 22%
global uncertainty.
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Table 4. Cont.

Sensors/Devices Measured
Quantities

Accuracy/
Measurement Range Functional and Metrological Issues Reference

Sonomicrometer Diameter 2%
12–200 mm

The diameter, pressure and flow were
measured at the same site and data were
acquired with a sampling frequency
of 500 Hz.

µ-PIV Axial flow
velocity Not specified

Flow was recorded through the CCD
camera connected to an optical microscope
with a numerical aperture of 0.45 and a
depth of field of 2.8 µm. Velocity
measurements were carried out for flow
rates from 5 to 10 mL·h−1. The retrieved
peak velocity was ~8 cm·s−1.

[46]

Plate rheometer Fluid viscosity
Measurements were carried out at 24 ◦C,
retrieving a viscosity value of ~1.2 cP
(1.2·10−3 Pa·s).

Laser Doppler
anemometer Flow velocity Not specified

Measurements were performed both in
steady and pulsatile regimes, with a
pulsatile flow frequency of 1 Hz. The
maximum measured velocity was
50 cm·s−1.

[51]
Doppler

flowmeter Flow 2%
It was used to measure the pulsatile flow.
The mean recorded flow in the simulated
system was 0.6 L·min−1.

Inductive
transducer Pressure Not specified

Mounted between the simulated ventricular
and aortic arch. Pressure was kept constant
at 100 ± 20 mmHg.

Ultrasound
flowmeter Flow 0.5% It was used to monitor the flow rate through

the graft. Measured inflow was 0.9 l·min−1.

[53]

Digital
refractometer Refractive index 0.2% The mean refractive index value was

n = 1.38.

PIV Flow velocity 2%

PIV images were acquired through a CCD
camera with a 4 MP resolution and 16 Hz
frame rate. Separation time ∆t between
consecutive images was set at 100 ms and
200 ms for the artery entrance and
anastomosis heel, respectively. The
maximum measured velocity
was 0.55 m·s−1.

Viscometer Viscosity 1%
0.3–104 cP

The measured mean viscosity value was
4.12 cP (4.12·10−3 Pa·s) at 19.6 ◦C.

* N/P = not provided.

7. Experimental Set-Ups in Clinical Practice and Device Testing

Experimental set-ups simulating arterial systems have been also employed to be both
device testers and objects with the goal of helping clinicians train for surgical operations
without encountering problems due to their inexperience with real patients.

7.1. Miller’s Pulsatile Blood Vessel System for Clinician Practice

Miller et al. [55] designed and developed a pulsatile blood vessel system as a simulator
for young, inexperienced physicians in order to let them practice femoral arterial access,
which is necessary for patients’ catheterization before cardiac interventions, reducing to a
minimum the risk of causing complications due to arterial damage. Their work was born
from the fact that in 2013, the number of high-fidelity simulators for femoral arterial access
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training was very low. The pressure pulses were obtained by a syringe piston and the
exerted pressure was recorded through disposable transducers. Furthermore, a force sensor
was used to quantify the relationship between the vessel pressure and the “finger force” felt
by physicians during the palpation over the femoral artery. The main issues were related to
the intrinsic difficulty in simulating the actual force exerted as well as to understand how it
was correlated to the variation in vessel pressure. The discrepancy between experimental
and software results was found to be 8.7%.

7.2. Gwak and the Improvement of Conventional Mock Circulatory Systems

In 2010, Gwak et al. [60] expressed their concern over the fact that conventional mock
circulatory systems available in the literature were still lacking repeatability, flexibility
and precision because of their constitutive passive components (resistance, compliance
and inertance). The lack of flexibility is due to the limited response of passive elements to
different pressure and flow regimes, as they are not capable of changing contour conditions
in an active way according to experimental necessity. Therefore, since the impedance
is fixed once the set-up is built, a continuous redevelopment of the simulator should be
carried out whenever a change in physical quantities is needed. In turn, repeatability
and precision problems are strictly related to the manual calibration. To overcome such
drawbacks, the authors proposed an active and programmable cardiovascular impedance
simulator constituted by a piston pump and a gear pump that is able to establish a given
relationship between pressure and flow by making use of feedback control. In order
to measure pressure and flow, they inserted differential pressure transducers and an
ultrasonic flow meter, respectively: based on pressure and volume quantities, a compliance
and resistance estimation was conducted in order to test the experimental set-up. This
validation study, according to the authors statements, could make their simulator useful for
the development of artificial hearts or artificial cardiac valves even if further improvements
with the elimination of the compliance accumulator were needed.

7.3. Legendre and Vilchez-Monge’s Design of an Artificial Cardiovascular Simulator for
Device Testing

Conversely, Legendre et al. [61] designed an artificial cardiovascular simulator to
mimic both the physiology and pathophysiology of the human cardiovascular system.
As with Gwak et al., the focus was to validate the simulator with the aim of making
it suitable for cardiovascular device testing. The developers used a set of transducers
to monitor pressure, temperature and flow. Despite the system showed acceptable re-
producibility and repeatability, data consistency and stability still needed to be assured.
Another experimental flow loop mimicking the cardiovascular system circuit was designed
by Vilchez-Monge et al. [67]: the simulated circuit contained the right side of the heart,
simulated arteries and veins. In order to monitor both pressure and flows, the authors
inserted an absolute pressure sensor with a response time of 1 ms and accuracy of ±2.5%
with respect to the FS voltage, and a flow meter with ±3% accuracy, with a measurement
range from 1 to 30 L·min−1.

Both sensors were controlled through an Arduino microprocessor, which allowed for
a feedback control capable of adjusting the circuit compliance. Additionally, there were
issues with the calibration of pressure magnitude, mainly triggered by the compliance
chamber valves; those components showed signs of wear and air leakage, which translated
into inadequate pressurization ranges and a badly behaved pressure head. The authors
claimed that the arterial pressure magnitude did not match with the provided values found
in the literature due to calibration inaccuracies.

7.4. The Design of a Reliable Implantable Circulatory Support Device by Yoshino

Conversely, Yoshino et al. [71] aimed at testing a centrifugal blood pump in order to
develop a reliable, implantable circulatory support device. In particular, they used the
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circulatory loop in Figure 4 with an electromagnetic flowmeter and a U-tube manometer to
measure pump flow and the difference between inflow and outflow pressures.
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The pump efficiency ξ has been evaluated through the ratio between the pump output
power and the input electrical power as follows:

ξ =
Pout

Pin
=

pout · Qout

Vin · Iin
(6)

where pout is the pump head pressure, Qout is the pump output flow, Vin is the input
voltage and Iin is the input current. The maximum ξ found was 14% at 2.2·103 rpm. Finally,
the authors used a Hall effect sensor to test the pump impeller stability, which was the
greatest study concern. A summary of the main sensors and measured quantities in
the above arterial simulators developed and realized according to the different clinician
practice and device testing studies is reported in Table 5, with some relevant functional and
metrological issues.

Table 5. Overview of clinician practice and device testing studies.

Sensors/Devices Measured
Quantities

Accuracy/
Measurement Range Functional and Metrological Issues Reference

Flexible contact
force sensor Force 3%

0–4.45 N

Measured force oscillated between 1.10 and
1.35 N. The maximum exerted force was 8.7%
less than the numerically simulated one. [55]

Pressure
transducer Pressure 1%

−50–300 mmHg
Measured pressure was between
0 and 0.85 mmHg.

Ultrasound
flowmeter Flow 4% The flow rate has been measured with two

pumps controlled with DC and AC motors.
Pressure was kept at 100 mmHg. Resistance
and compliance values were 1.2 mmHg·s·mL−1

and 1.1 mL·mmHg−1, respectively.

[60]Differential
pressure

transducer
Pressure 0.04%

53–262 mmHg
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Table 5. Cont.

Sensors/Devices Measured
Quantities

Accuracy/
Measurement Range Functional and Metrological Issues Reference

Pressure
transducer Pressure 1%

−50–300 mmHg The mean measured pressure was 95 mmHg.

[61]
Ultrasonic

flowmeter sensor Flow 4% The mean measured flow was 4.86 L·min−1.

Temperature
sensor Temperature 0.05%

−196–660 ◦C

A PT100 was employed as a temperature
transducer. Temperature was stabilized at
36.5 ± 0.5 ◦C.

Freescale absolute
pressure sensor Pressure 2.5% It provided a response after 1 ms.

[67]
Flowmeter Flow 3%

1–30 L·min−1

The artificial mixture employed in the
experimental set-up had a density of 1048.0 ±
4.2 kg·m−3 and a viscosity of 3.14 ± 0.02 cP.

U-tube
manometer Pressure

Not specified

It measured the difference between pressures in
correspondence with the pump input
and output. [71]

Electromagnetic
flowmeter Flow Maximum flow was 9 L·min−1.

8. Experimental Set-Ups in Pulse Pressure Studies and Biomechanics

Arterial simulators are definitely a crucial tool also used to investigate biomechanics,
i.e., the study of mechanical laws that involve all the hemodynamic quantities in the
cardiovascular system, and model its functioning. This application could be really difficult
and critical for the study of in vivo systems. Such branch of scientific research has been
carried out since the 1970s and exponentially developed in the last years. Today, the
milestones of biodynamics and biomechanics studies are undoubtedly represented by Y.C.
Fung’s books, which created a strong impulse to study in vitro the cardiovascular system
by providing valuable information about the physical principles of circulation [108,109], as
well as the mathematical models that characterize blood flow and vessel mechanics [110].

8.1. Fronek’s In Vitro Investigation on Pulse Pressure Waves

In 1976 both Lou and Fronek, working with different approaches, studied pulse
pressure waves in elastic tubes in order to investigate the relationship subsisting between
pressure and vessel elasticity. In particular, Fronek, with the help of Fung [73], developed
an experimental set-up, reported in Figure 5, for the in vitro investigation of blood vessel
deformation by measuring both longitudinal and circumferential diameter variations.

The latter measurement was possible due to using a video dimension analyzer (VDA),
which used a video signal from a TV camera and provided a determined DC voltage accord-
ing to the distance variation between two points chosen in the image. The experiment could
be conducted both in vivo on real vessels and in vitro with an excised specimen. The wall
thickness was determined through a microscope. In this way, the authors found a relation-
ship between stress and strain (longitudinal and circumferential) with regard to changes in
the vessel inner pressure. In this system, the vessel was connected to a microsyringe that
was able to generate a variation in intraluminal pressure between 0 and 250 mmHg, which
was measured with a low-compliance pressure transducer. The authors claimed in their
study that this was a far more physiological way of retrieving vessels’ mechanical proper-
ties with respect to contact methods that were used until this study. In fact, the advantage
of noncontact methods for conducting deformation measurements is due to the lack of
mechanical interference (insertion error) caused by the contact measurement instrument
element that touches the vessel, therefore interfering in its free movement during pulses.
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This issue was highlighted in a more recent study [8] as well, since the LVDT core weight
interfered with the vessel movement and affected the radial displacement measurement.
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8.2. Lou’s Experimental Apparatus for the Determination of Pressure Wave Velocity

On the other hand, Lou [74] developed an experimental apparatus with the goal of
determining the velocity of a sinusoidal pressure wave at different frequencies, phases
and amplitudes. In such a system, a screw pump provided a pulseless and adjustable
flow in a hydraulic circuit it was embedded with. Moreover, the sinusoidal pressure
variation was supplied by a piston pump. The tube displacement was measured in two
locations with a noncontact method based on capacitive sensors that were sensitive to
5 µm-diameter variations. By knowing the distance between transducers, such a set-up
allowed for measuring pulse velocity. Unfortunately, the main concern was the accuracy
assessment of the experimental set-up, since the main errors were related to the different
components used for the data-retrieving process and to the pulse reflections from the tube’s
end that could not be eliminated by the reflection minimizer employed.

8.3. Horsten’s Investigation of Wave Propagation in Viscoelastic Tubes

Another study by Horsten et al. [75] focused its attention on the propagation of pres-
sure pulse waves in tubes showing a viscoelastic behavior: to this aim, their experimental
set-up was composed of a rigidly supported elastic tube (simulating the artery), a pressure
vessel and a magnetic valve. In order to carry out the experiment without nonlinear effects,
the authors had to use small velocities and pressure disturbances. The latter were measured
through a catheter-tip manometer, whereas the tube diameter variations were collected
through a photonic sensor. The authors managed to determine the pulse amplitude, width
and velocity with uncertainties at a 95% confidence level of ±2%, ±4% and ±1%, respec-
tively. In a similar way to [8], the transmural pressure was adjusted by means of the fluid
height in the reservoir. From the relationship between the pressure and cross-sectional area,
the compliance was retrieved with 4% accuracy. The main issues were related to: (a) the
influence of the tube’s rigid support that prevented an axial-symmetric expansion and
affected the pulse propagation in an unknown way and (b) the positioning of the photonic
sensor with respect to the pressure transducer, which was really critical and affected the
accuracy of the measurements.

8.4. The Introduction of Computer-Aided Simulators for the Study of Vessel Biomechanical Behavior

Some years later, Humphrey et al. [76] introduced a new system which had the great
advantage of being computer aided. In a section of their work, they pointed out that
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none of the devices built up until then were completely under computer control. The
main advantages of using a computer include the performance flexibility of many different
protocols, higher reproducibility, the minimization of human error and simplification of
the experimental execution. This issue was highlighted in 2009 by Zannoli et al. [77] as
well, who claimed that computer systems could overcome, through software programs and
mathematical functions, the problems related to the difficulty in reproducing nonlinear
cardiovascular responses that led to very expensive mechanical apparatuses.

In any case, the device developed by Humphrey is very complex in its structure;
in fact, it allows for the performing of different experiments on elastic tubes or excised
artery specimens: it allowed tensioning and compression, as well as torsion (three ad hoc
actuators were employed) in order to test and study the vessel biomechanical behavior.
In a similar way to [73], they employed a VDA system in order to record vessel diameter
variation according to the pressure wave propagation induced by a peristaltic pump. The
latter, together with the actuators, were computer controlled throughout the experimental
procedures. A summary of the main sensors and the measured quantities of the arterial
simulators developed and realized according to the different biomechanics studies is
reported in Table 6 with some relevant functional and metrological issues.

Table 6. Overview of biomechanics studies.

Sensors/Devices Measured
Quantities

Accuracy/
Measurement Range Functional and Metrological Issues Reference

Pressure
transducer Pressure

Not specified

Intraluminal pressure was recorded. The
measured values were between
13 kPa and 17 kPa.

[73]

Force transducer Force The force related to the vessel elongation
was measured.

Video dimension
analyzer (VDA)

Vessel
deformation 0–90 mm

Both radial and longitudinal deformation of the
vessel were monitored. Through the
stress–strain relationship, the incremental
elastic modulus was obtained for each
specimen (1.13 ± 0.18 MPa and
1.02 ± 0.13 MPa, respectively).

Microscope Vessel wall
thickness Not specified

The average wall thickness was measured at
eight sites on vessel slices under an optical
microscope with ×400 magnification.

Flowmeter Flow Not specified
A screw pump provided an almost pulseless
water steady flow. The maximum flow value
measured was 4.24 L·min−1.

[74]

Pressure
transducer Pressure 0–1.86 N·cm−2 The maximum pressure inside the circuit was

18.6 kPa.

Capacitive
transducer Displacement ~6%

Sensitivity was able to detect 5 µm-diameter
changes. Transducers were located at a known
distance along the tube and the measured
transit time was 80 ± 1 ms. Pulse wave velocity
(PWV) was also estimated for different wave
frequencies. The mean velocity was 11.5 m·s−1.

Catheter-tip
manometer Pressure 1%

−50–300 mmHg

The manometer influence on wave propagation
was neglected by the authors. The transmural
pressure was set at 2.4 kPa to avoid tube
collapse. The overpressure was 50 kPa. Pulse
pressure propagated at 3.2 m·s−1.

[75]



Metrology 2022, 2 380

Table 6. Cont.

Sensors/Devices Measured
Quantities

Accuracy/
Measurement Range Functional and Metrological Issues Reference

Photonic sensor Diameter
variation Not specified

The tube diameter was 18 mm. The diameter
variations were assessed to be less than 2%. To
assure repeatability and accuracy,
10 experiments were carried out. From the
mean values obtained, they determined pulse
amplitude (accuracy of ±2%), pulse width
(accuracy of ±4%) and wave velocity (accuracy
of ±1%). All accuracies were estimated with a
95% confidence level.

Micrometer Tube diameter 0.04%
0–25 mm

This parameter was measured in order to
retrieve a relationship between the pressure
and cross-section. From the pressure-area
relationship, there was a compliance of
(3.1 ± 0.1)·10−8 m2·Pa−1.

Linear variable
differential
transformer

(LVDT)

Length 0.2% The overall length variation of the specimen
was measured with a resolution of 0.1 mm.

[76]

Pressure
transducer Pressure 0–150 mmHg Resolution of about 0.65 mmHg.

Axial load cell Force 0.1% Resolution of about 5·10−3 N (0.5 gf).

Torque transducer Torque

Not specified

Resolution of about 1.72·10−4 Nm (1.75 gf-cm).

CCD cameras Diameter
variation

VDA provided noncontact information on the
specimen deformation in the central region
with a resolution of 0.02 mm.

Tipped catheter Pressure 0.4%

For repeatability, measurements were carried
out ten times at two different distances from the
tube inlet. The peak-measured pressure was
6217 ± 23 Pa and 6805 ± 18 Pa, respectively,
with a repeatability standard deviation lower
than 0.5%. The pressure data were acquired
with a sampling rate of 500 Hz.

[78]
Ultrasound flow

probes Flow 4%

Assuming a flat velocity profile, the authors
used these quantities to estimate the mean
velocity at each tube site. The flow sample
volume was 40 mL. The flow data were
acquired with a sampling rate of 500 Hz.

Digital caliper
Wall thickness

Not specified

Experiments were carried out on four tubes
with 4, 8, 12 and 16 mm diameters and a wall
thickness in the range 0.1–0.2 mm. Wave speed
was determined through the pressure-velocity
(PU) loop method, with an overall accuracy of
12%, and compliance (per unit length) was
obtained as a ratio between the cross-sectional
area and pressure, at a hydrostatic pressure
of 3.1 kPa.

External
diameter

Invasive pressure
sensor Pressure 0.25%

Data acquired at a sampling frequency of 1 kHz.
The pressure range of the simulator was
71.0–113.0 mmHg in the simulated ascending
aorta and 86.0–140.9 mmHg in the simulated
radial artery. From pressure waveforms, the
PWV was estimated as 5.9 m·s−1.

[80]
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Table 6. Cont.

Sensors/Devices Measured
Quantities

Accuracy/
Measurement Range Functional and Metrological Issues Reference

Ultrasound
sensor Flow 10%

Data acquired at a sampling frequency of 100
Hz. The simulated cardiac output was set at 2.9
L min−1, which is 55% with respect to real
cardiac output (5.3 L·min−1).

Laser sensor Distance 0.1%
100–300 mm

The device was employed to measure the linear
displacement of a piston used to generate
pressure waves in the circuit.

9. Conclusions

The present work reviewed the most common arterial simulators that exist in the
scientific literature from a metrological and functional perspective as to highlight the
design issues, experimental set-up characteristics, types of sensors applied to measure
the main cardiovascular quantities and, finally, the difficulties and drawbacks found in
the set-up arrangements and the corresponding measurements. The aim is to provide
an overview for researchers who are working in the cardiovascular field to help them in
implementing and metrologically improving the existing cardiovascular phantoms as well
as the accuracy in studying hemodynamic phenomena. Although many studies have been
proposed in the literature, some general considerations can be deduced. Firstly, it can be
noticed that the experimental systems often needed an elastic tube to simulate arteries with
different characteristics, a pump as an actuator to produce pressure waves or desired flow
rates (e.g., syringe pumps, peristaltic pump, piston pump according to the application) and
a hydraulic circuit with a solution (e.g., distilled water or a mixture of water and glycerin
to obtain different levels of viscosities).

Secondly, with regard to the sensors in the simulators, the main measurement methods
are subdivided by contact or noncontact methods according to the presence of physical
contact between the sensor and the system under test. In many studies, the arterial
simulators were equipped with optical or ultrasound measurement systems to measure
flow velocity or radial displacements, respectively. Most of the experimental arrangements
are equipped with pressure transducers (mainly catheter-tip transducers and differential
transducers), privileging intrusive techniques for pressure measurements, whereas the flow
was commonly measured through ultrasonic or electromagnetic transit-time flowmeters.
In the field of flow studies, particle image velocimetry (PIV) techniques are very common
for flow velocity measurements, whereas for biomechanics studies, many authors adopted
video dimension analyzers (VDA) to assess the specimen variations.

With regard to specific issues derived from the method employed in the measurement
protocols, difficulties were found in using PIV for refractive index mismatch. Furthermore,
some studies pointed out shortcomings in the agreement between simulated and exper-
imental results because of a difficult retrieval or the monitoring of mechanical quantity
variations such as inner diameters, wall thickness and Young’s modulus, as well as an
improper assessment of boundary conditions. Globally, the sources of main uncertainty
were due to an improper physical model used to describe the interaction between mechani-
cal/geometrical set-up characteristics and pressure waves or flows resulting in a wrong
experimental set-up design or dimensioning. Many studies highlighted that, together
with the further investigation of physical models implied, future developments could be
related to a wider employment of noncontact measurement methods, therefore reducing
the minimum insertion errors that mainly affect flow and pressure measurements. In fact,
such errors can be a burden when the study focuses on physical quantities which are highly
dependent on the measurement method applied, especially when they are retrieved from
an indirect measurement (e.g., PWV, transit time, etc.). Finally, other error typologies which
may perturb the measured quantities, especially for noncontact measurement methods,
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are produced by (a) limited bandwidth, (b) resolution defects, (c) nonlinearity effects and
(d) noise interference, as well as devices that have the inability to detect the lowest quantity
of variation under analysis. Future developments should take all these errors into account
when designing and setting up novel simulators with metrological characteristics, making
them as suitable as possible to allow for an in-depth analysis of cardiovascular phenomena.
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