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1. Introduction

Nowadays, the long-term effects of cardiovascular
diseases remain the primary causes of death in
both developed and developing countries [1].
From atherosclerosis to heart failure, these diseases
affect millions of people worldwide. Traditional
methods often struggle to address the complexities
of cardiovascular pathologies, requiring advanced
medical intervention in the most severe cases.
Implantable mechanical circulatory support (MCS)
devices, such as ventricular assist devices (VADs),
extracorporeal membrane oxygenation (ECMO)
systems and total artificial hearts (TAHs), offer
solutions to sustain and improve the lives of
patients in these complex situations. These devices
are used when patients do not respond adequately
to drug therapies or when severe heart failure,
which occurs when the heart’s ability to pump
blood is compromised. Heart failure can result
from a variety of conditions, including coronary
artery disease, cardiomyopathies, chronic
hypertension, valvular degeneration, arrythmias
and congenital heart disease. In such cases, VAD
implantation becomes a lifesaving intervention.

VAD:s assist or replace the pumping function of the
heart, providing either a bridge to transplant or
long-term support.

Given the complexities of -cardiovascular
pathologies, ongoing advancements in MCS
innovation are essential to enhance treatment
efficacy and patient outcomes. When new
cardiovascular devices are developed, they must
undergo rigorous testing and validation before
entering the market, typically through in vitro tests
or animal studies, followed by clinical trials.
However, in vivo testing methods pose numerous
ethical challenges, hence nowadays the focus has
moved to implementing new in vitro
methodologies to reliably test medical devices [2].
In this context, traditional in vitro testing methods
such as Mechanical Mock Cardiovascular Loops
(M-MCL), which are physical models that enable
testing of actual devices by connecting them to the
circuit, are used. However, they are limited in their
versatility ~to  simulate various dynamic
cardiovascular conditions [3]. On the other hand,
purely numerical simulations (Numerical Mock
Circulatory Loops, N-MCL), struggle to accurately
model real-time interactions, but they guarantee
absolute reproducibility and flexibility [3]. These
limitations highlight the need for more advanced
and integrated approaches and Hybrid Mock



Circulatory loops (H-MCL) have emerged as a
promising alternative, as proposed by Ferrari et al.
[4]. These systems integrate mechanical and
numerical components through an interface that
enables real-time interaction between the two
sides. These mock loops combine the advantages of
both M-MCL and N-MCL, offering both enhanced
versatility and reliability. They facilitate the
simulation of a wide range of physiological
conditions and allow the integration of real
medical devices in the test bench, providing
reliable platforms for testing and validating of
cardiovascular devices. This thesis aims to enhance
the performance of an existing H-MCL by
implementing an automatic pump control and
optimizing the vacuum systems.

2. Materials and Methods

This work focused on the enhancement of an
existing H-MCL (Figure 1), already present in the
Artificial Organs Lab @ Laboratory of Biological
Structure Mechanics (AO-LaBS) of the Department
of  Chemistry, Materials, and Chemical
Engineering “Giulio Natta”. The work focused on
the improvement of the performance and
efficiency of the mechanical side of the test bench.

Figure 1: Hybrid Mock Circulatory Loop (H-MCL)
employed in this work.

The main part of the mechanical circuit is
composed by two cylindrical tanks, representing
respectively the Left Ventricle (LV) and the Aorta
(Ao). The chambers are connected through a
conduit where a prosthetic heart valve is placed.
Level and pressure sensors placed on top of them
send signals to the numerical part of the H-MCL,

allowing for the control of the pressure, thanks to
the work of the vacuum circuit and the
electrovalves which swiftly allow replication of the
pressures computed by the software.
The mechanical side of the test bench can be
divided into three parts:

= Electrical circuit;

* Hydraulic circuit;

=  Pneumatic circuit.

An overview of the complete layout of the H-MCL
at hand is illustrated in Figure 2.
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Figure 2: Overview of the different parts that make
up the H-MCL.

| SENSORS }»

The electrical circuit allows the connection
between the mechanical circuit and the numerical
one, which are put in communication thanks to the
Humusoft DAQ board (TB621), that connects the
physical circuit to the computer and allows to
control their functioning.
The Humusoft DAQ is divided into two different
boards:
= XI: controls the analog components, such
as the pressure and level sensors;
= X2: manages the components controlled
digitally, such as the solenoid valves.

The two DAQ boards are powered at +5V, while
other components of the circuit are powered at
+24V. To avoid communication problems between
different elements, a new connection between the
+24V and +5V grounds was implemented. This
way, it was possible to create a common reference
ground for all the components.

In the Humusoft X1 board a +5V generator is
present. To avoid errors in the communication
between the other components powered at +5V
and the Humusoft X1 board, a new connection was
made between the DAQ board generator and the
+5V  block, where all these components are
connected.



2.1. Automatic pump control
implementation

The first part of the discussed work focused on the
enhancement of the hydraulic circuit of the MCL.
The hydraulic circuit is composed by two tanks
that simulates the LV and the Ao, the backflow
pump, that allows the flow rate of water between
the two tanks, and the tubes that connects all the
other components.

The role of the hydraulic circuit is to reproduce
flow rate and to permit the characterization of the
cardiac assist device used in the set-up; in
particular, the purpose of the back flow pump
during simple simulations of the cardiac cycle is to
deliver fluid from the Ao tank to the LV tank when
the water level in the chamber decreases due to the
flow of water from the LV to the Ao cylinder.
However, the addition of the assist devices creates
an additional flow rate in the direction of the Ao
tank, hence causing an excessive reduction of fluid
volume in the LV chamber and an excessive
increase in the Ao one.

Finding a way to change the direction of the
flowrate without having to manually adjust it,
hence improving the test bench versatility, was the
aim of this work.

Thus, a relay was integrated with the connection
between the pump and the computer.

The role of the relay was to change the flow
direction of the backflow pump to avoid the
excessive filling of water of the two tanks.

To enable automation, the relay was not only
connected to the pump, but also to the Humusoft
X1 board. This element switches the pump’s
rotation direction, thereby changing the flow
direction, based on the digital input received from
the X1.

2.2.Vacuum circuit calculations and
improvements

The second part of this project focused on the
pneumatic circuit of the H-MCL; its role is to vary
the pressure inside the tanks delivering
pressurized air inside them, to simulate the
pressure waveform of the cardiac cycle.

The experimental PV loop of the original circuit
was not able to follow the theoretical isovolumetric
relaxation, because the vacuum circuit was not able
to create vacuum fast enough. This behavior is
shown in Figure 3.
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Figure 3: Comparison between the theoretical PV
loop and the experimental one.

To solve this problem the first decision was to
change the old vacuum pump (ZL112-K15LOUT-
E26L-Q, SMC, Japan) with a new, more powerful
one (ZL112-K15LOUT-E26L-Q, SMC, Japan).
Secondly, the optimal vacuum chamber volume to
obtain the desired pressure drops was computed
and later, based on the obtained results a second
vacuum chamber was integrated to the circuit.
The computations started with the Ideal Gas Law
applied to the chosen control volume, illustrated
in Figure 4 (Equation (1)):

d vac
Voac Z;_t = RairTamp (Qinlu + Qinao — Qout) 1)

Where Vvac is the V of the vacuum chamber to be

. dP
determined, %

in the vacuum chamber over time, R, is the ideal
gas constant for air, Tems is the ambient temperature
in Kelvin, @y, and Q;y,, are the airflows entering

is the variation of the pressure

the vacuum chamber from the left ventricle and
from the aorta, and Q,,; is the airflow exiting the
vacuum chamber.
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Figure 4: Modeling for the vacuum chamber
volume calculations.

The airflow exiting the vacuum can be expressed
as a function of the vacuum pressure generated by
the vacuum pump (Equation (2)):

Qout = f (Pvac) (2)



Where f (p,q.) can be extracted directly from the
datasheet of the pump, where Vacuum Pressure —
Suction flow rate graph can be found (Figure 5).
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Figure 5: Vacuum pressure [kPa] — Suction flow
rate [l/min] relationship in the new vacuum
pump.

To find Qp,, and Q;y,,, the Ideal Gas Law was
computed for both LV and Ao tanks (Equation (3)
and Equation (4)):

arw _
Vair_tank at _RairTameinw (3)

dPao __
Vair_tank at _RairTameinaa (4)

Lastly, additional equations describing how the
pressure varies inside the LV and the Ao were
computed using sinusoidal functions (Equation
(5) and Equation (6)):

Py (t) = 08+ 10*sin (2t +2) + 109« 10*  (5)
Pyo(t) = 0.266 « 10* sin (21t + %) + 11.43  10* (6)

These functions are represented in Figure 6.
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Figure 6: Sinusoidal approximation of the LV and
AQ pressure waves.

A Simulink model was built to solve the
computations, and the final volume was chosen.

The results deriving from the simulation ran on
MATLAB can be seen in Figure 7.
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Figure 7: Vacuum pressure variations in a period
with different vacuum volumes for the ZL3M04 -
K15LOZ-EBGB pump.

Hence, it was decided to use a vacuum chamber
with a V of 0.4L to ensure that any potential
oscillations in the vacuum P would not
compromise our simulation.

3. Results

In this chapter, the results of the tests conducted to
evaluate the modifications apported to the H-MCL
are presented. Each section details the specific tests
performed respectively for the relay, the vacuum
circuit and the overall test bench. The aim of these
evaluations was to ensure that each modification
integrated correctly with the entire test bench.

3.1.Relay

To evaluate the correct functioning and
implementation of the relay, four tests were
performed. These tests aimed to ensure that the
relay functioned correctly and interacted
effectively with other components of the electrical
circuit, including the Humusoft X1 board, the
backflow pump, the level sensors and the
numerical model. The structure and the results of
these tests are discussed in the following
subsections:

1. Evaluation of the correct functioning of the
relay and its connection to the Humusoft
X1 board; a Simulink model that had the
role of switching the relay conditions (ON
or OFF) through a pulse wave was
employed for this test. The results are
shown in Figure 8.



Figure 8: Verification scope of the first test.

Analysis of how the relay reacted to the
connection with an external input (Rigol
DG811): the relay’s input was connected to
a waveform generator (Rigol DGS811),
which had the role of creating a pulse
wave based on which the relay had to
switch depending on the value. The results
are shown in Figure 9.

Figure 9: Safety scope used to see if
everything works properly.

Analysis of the connection between the
relay and the pump, when an external
input was connected: the test is similar to
the second one, but in this case the pump
was connected to the relay; the objective
was to see if the pump switched when the
relay did. The results are shown in Figure
10.
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Figure 10: Evaluation scope of this test.

Analysis of the connection between the
relay, the pump and the level sensors: this
test differed from the third one because the
switch of the relay was not controlled by a
pulse, but by the level of the LV tank (the
level had to be between 50 mm and 120
mm). The results are shown in Figure 11.

Figure 11: Evaluation scope, that shows how the
level changes in relationship to the activation and
deactivation of the relay.

3.2.Vacuum circuit

To evaluate the effect of the new vacuum chamber
on the global system tests were performed in two
different modalities:

=  Without the new vacuum chamber;

=  With the new vacuum chamber.
These tests were carried out for 4 different values
of heart rate (HR):

* 30 bpm (bradycardia);

* 60 bpm (physiological HR);

* 90 bpm (slight tachycardia and the HR of

patients that undergo VAD implantation);

* 120 bpm (tachycardia).
The PV loops resulting from these evaluations are
shown in Figure 12, Figure 13, Figure 14 and Figure
15.

Figure 12: PV loops of the test with the different
vacuum circuit layouts at 30 bpm: a) with the
additional vacuum chamber; b) vacuum circuit
without the additional vacuum chamber.
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Figure 13: PV loops of the test at 60 bpm: a) with
the additional vacuum chamber; b) without the
additional vacuum chamber.
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Figure 14: PV loops of the test at 90 bpm: a) with

the additional vacuum chamber; b) without the
additional vacuum chamber.
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Figure 15: PV loops of the test at 120 bpm: a) with
the additional vacuum chamber; b) without the
additional vacuum chamber.

3.3.VAD implementation

To test the H-MCL integrated with a VAD, a
centrifugal pump (Terumo Sarns 3M Delphin,
Terumo, Japan) was connected to the two water
tanks creating a new hydraulic connection,
bypassing the aortic valve, as we can see in Figure
16.

Figure 16: Connection of the centrifugal pump to
the circuit, in order to replicate the VAD.

To evaluate the effects of the VAD to this new
system it was decided to perform some tests
simulating the cardiac conditions of a pathological
patient necessitating a cardiac support; hence, the
simulation was ran selecting 90 bpm for the HR
and 0.34 for the Contraction Fraction (CF).

The tests were performed with 5 different flow
rates of the centrifugal pump of the VAD, from 1
l/min (minimal assistance) to 5 I/min (worst case,
maximum assistance).

Having a centrifugal pump, it was necessary to
insert a flow probe (H9XL, Transonic systems Inc,
USA) downstream the pump to assess the value of
the flow rate; this way it was possible to make sure
to have the desired one.

The results are shown in Figure 17, Figure 18 and
Figure 19.
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Figure 17: PV loop (a) and the corresponding

pressure waves (b) of the test performed with 90
Bpm and CF =0.34, without the VAD.
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Figure 18: PV loop (a) and the corresponding
pressure waves (b) of the test performed with 1
1/min of flow rate in the VAD.
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Figure 19: PV loop (a) and the corresponding
pressure waves (b) of the test performed with 5
1/min of flow rate in the VAD.

4. Discussion

In this paragraph, a summary of the main results
of this thesis work will be provided.

The modifications made to the test bench aimed to
significantly improve the H-MCL’s ability to
replicate realistic hemodynamic conditions and
enhance the versatility of the simulator.

4.1.Backflow pump control automation

A key enhancement was the automation of the
backflow pump direction control through the
addition of a relay to the electrical circuit.
Previously, manual intervention was required to
invert the pump flow direction when one of the
two tanks reached excessive water levels. With the



new relay system, this process is now automated,
thanks to the integration between the level sensors,
the relay and the pump. This allows a seamless
adaptation for different cardiovascular device
testing scenarios, enhancing the test bench’s
flexibility and efficiency in simulating various
cardiovascular conditions. The tests performed to
evaluate the relay functioning clearly confirm the
effectiveness of this integration. The first test
(Figure 8) demonstrated that the new component
effectively switched on and off, altering the output
signal when the input signal coming from the
numerical model changed. The second test (Figure
9) verified relay’s functionality with an external
input signal coming from a waveform generator
(Rigol DG811), ensuring that the relays operation
was independent of the input signal source. The
third test (Figure 10) analyzed the connection
between the relay and the pump in the presence of
an external input. The positive outcome of this test
ensured that the pump, once connected to the
relay, would swiftly change flow direction when
the relay switched.

Finally, the Ilast test evaluated the overall
configuration of this new connection, including the
pump, the relay and the level sensors. Results
(Figure 10) confirmed that the relay could switch
the direction of the backflow pump when the water
level in the LV tank reached a predetermined
threshold value (lower than 50 mm or higher than
120 mm).

4.2 Electrical circuit

Moreover, significant improvements were made to
the electrical circuit. Optimizations in the circuit
connections were implemented, solving issues
related to defective connections and improving the
overall functionality and reliability.

Firstly, as the relay was integrated into the circuit,
new connections were added to completely
connect the backflow pump to the computer. This
integration deeply improved the versatility of the
H-MCL, which can now more easily accommodate
simulation needs of different cardiovascular
devices. Furthermore, this addition allows a
smoother testing of VADs devices, since it is now
possible to evaluate their performance without
having to continuously switch the backflow
pump’s direction manually once the fluid level
reaches the thresholds.

4.3Vacuum layout optimization

The vacuum circuit underwent rigorous
examination to address the main limitation of the
existing mock loop: the inaccurate replication of
the isovolumic relaxation phase due to the
insufficient negative pressure generated by the
employed vacuum pump, especially at higher
heart rates. Even if for lower frequencies, such as
30 bpm (Figure 12), the experimental waveform
almost perfectly followed the theoretical one, at
increased heart rates (Figure 14) this wasn’t the
case. To solve this issue, calculations were carried
out (as discussed in Chapter 2.1) and a new, more
performing vacuum pump was selected to be
integrated in the H-MCL in the future.

Moreover, tests showed improvements in
replicating theoretical pressure waves upon the
addition of a second vacuum chamber, carefully
selected based on thorough considerations and
calculations, integrated in the circuit. However,
this solution only enhanced replication of the PV
loop for the first few cycles. After as little as 60
seconds, the simulator returned to behaving
similarly to when it had a single vacuum chamber.
Hence, the new vacuum layout, once fully
implemented with the addition of the new pump,
will surely guarantee an improved replication of
the theoretical pressure waveforms, clearly
improving the isovolumic relaxation reproduction.
However, as of right now, the test bench is not
capable of fully following the pressure waveform,
thus not ensuring perfect simulations of cardiac
dynamics.

4.4 VAD testing

The final part of the work at hand regarded the
evaluation of the behavior of the test bench when
connected with a VAD. Multiple tests were carried
out (as discussed in Chapter 3.3) and the resulting
pressure waves confirmed the capability of the H-
MCL to recreate the same trends that
physiologically take place when the device is
implanted in patients.

Although the vacuum circuit employed didn’t
guarantee a perfect replication of the theoretical
pressure behavior, results (Figure 17, Figure 17 and
Figure 18) still clearly showed that increasing the
centrifugal pump flowrate implied a decrease in
the load on the heart. This finding is significant, as
it validates the mock loop’s effectiveness in



simulating the intended therapeutic benefits of the
examined device.

5. Conclusions

In conclusion, all of the changes made to the test
bench during this work collectively enhance the
simulator’s overall versatility and reliability,
highlighting the MCL’s advancement as a possible
platform for cardiovascular device testing and
validation.

The successful implementation of the automated
backflow pump adds new versatility to the
simulator, with new capabilities for testing a
variety of cardiovascular devices. In addition, the
new vacuum layout significantly improves
reliability and accurately replicates the isovolumic
relaxation phase for more precise hemodynamic
simulations. These enhancements contribute to a
more accurate control of hemodynamic
parameters, but more modifications are needed to
ensure consistent and reliable operation during
testing sessions.

6. Future Developments

Looking ahead, further enhancements are needed
to address the limitations identified in our current
work. The implementation of the new improved
vacuum layout is essential to achieve sufficient
negative pressure during the ventricular relaxation
phase, to ensure accurate simulation of the
isovolumetric relaxation phase. This modification
will deeply improve the performance of the H-
MCL, especially at higher frequencies and for
longer periods of time (i.e., not just the first few
cycles).

Additionally, optimizing the simulator to replicate
higher heart rates will expand its applicability,
particularly for simulations of pediatric patients,
which are characterized by increased cardiac
frequencies.

Indeed, pediatric patients present a challenge due
to their significantly higher heart rates compared
to adults, often exceeding 120 bpm [5]. A more
robust vacuum system capable of maintaining the
required negative pressures during rapid cardiac
cycles is essential to accurately simulate pediatric
cardiac dynamics.

Traditionally, separate test benches have been
developed for pediatric medical device evaluation
[6], resulting in fragmented testing approaches and
increased resource expenditures. Enhancing the

presented mock loop to be able to replicate
pediatric physiology will create a single versatile
test bench capable of simulating both pediatric and
adult patients’ cardiovascular conditions. This
integrated approach not only streamlines the
testing process but also optimizes resource
utilization, allowing a broader range of
cardiovascular  devices to be evaluated
comprehensively.

In summary, the future development of the
presented H-MCL will focus on overcoming the
current limitations of reproducing high heart rates
and achieving sufficient negative pressures for
numerous cycles, to make the test bench suitable
for pediatric simulations. By enhancing the
vacuum system and optimizing simulator
performance, the goal is to develop a versatile and
reliable platform for comprehensive
cardiovascular device testing. This enhanced
capability not only benefits adult cardiovascular
research and device validation but also addresses
critical gaps in pediatric cardiovascular research
and testing methodologies.
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