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Objective: to propose and justify approaches for improving the classical hemodynamic test bench, widely used
to model the integration of mechanical circulatory support (MCS) systems. Materials and methods. The hemo-
dynamic test bench consisted of multiple containers and resistors simulating systemic and pulmonary circulation,
enabling the study of physiological conditions in heart failure (HF). The setup also included an auxiliary circulatory
support pump and a pulsatile flow generator. Results. A mathematical model of the cardiovascular system was
developed, capable of reproducing physiological states under conditions of pump-assisted circulation and pulsatile
flow. Comparative evaluation of experimental and modeling results highlighted the advantages and limitations
of different modeling methods. Conclusion. Based on these findings, strategies for further development of the
hemodynamic test bench, aimed at enhancing its ability to simulate the impact of mechanical circulatory support
on key hemodynamic parameters, were formulated and justified.
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INTRODUCTION

Modern transplantology increasingly depends on en-
gineering solutions designed to support the function of
vital organs, including the heart [1, 2]. One of the most
rapidly evolving fields involves the creation and optimi-
zation of mechanical circulatory support (MCS) systems,
encompassing both extracorporeal and implantable pul-
satile and continuous-flow pumps, as well as auxiliary
devices for generating pulsatile blood flow [2—6].

Despite significant technological progress, one of
the most critical stages in the development and clinical
translation of MCS systems remains preclinical modeling
and testing. Reproducing the physiological conditions
under which these systems operate requires a high degree
of precision, both in hydrodynamic performance and
systemic physiological response [7, 8]. Consequently,
continuous improvement of simulation platforms is es-
sential, not only to accommodate the characteristics of
novel devices, but also to integrate modern computatio-
nal and mathematical modeling approaches.

The objective of this study is to substantiate proposals
for the development of hemodynamic modeling comple-
xes, using as an example the hemodynamic test bench
designed and implemented at Shumakov National Me-
dical Research Center of Transplantology and Artificial
Organs [4, 5]. The work integrates the results of mode-
ling, validation, and optimization of MCS parameters
obtained by the authors, including a new technical device
for generating pulsating flow [9-11].

MATERIALS AND METHODS

The hemodynamic test bench comprises an aortic
(pulmonary artery) simulator, systemic and pulmonary
hydraulic resistance, atrial reservoirs, an axial pump re-
plicating the function of the left or right ventricles, an
artificial ventricle simulator equipped with a pneumatic
drive, and a sensor system for continuous monitoring of
pressure and flow parameters. A schematic representation
of the test bench configuration is presented in Fig. 1.

The physical component of the simulation complex —
the hemodynamic test bench — enables the reproduction
of' key modes of cardiovascular system function through
integration of mechanical and hydraulic elements. To en-
hance configurability, account for individual physiologi-
cal variability, and model complex interaction scenarios
with MCS devices, a mathematical model was develo-
ped. This model enables the prediction of hemodynamic
responses to variations in device parameters, including
those of the axial pump and pulsatile-flow generator
(PFG) [9, 10].

The structure of the mathematical model (Fig. 2)
consists of the following elements: left ventricle, left
atrium, aortic, peripheral, and venous compartments, as
well as coronary circulation, baroreceptor regulation,
oxygen debt compensation, heart rate control circuits,
and the aortic and mitral valves. In addition, the blocks
describing the operation of the continuous flow pump
and the pulsatile flow generator are highlighted with
dotted lines [11].
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Fig. 1. Schematic diagram of the hemodynamic test bench: 1,
arterial reservoir; 2, systemic hydraulic resistance; 3, arterial
or pulmonary pressure sensor; 4, venous reservoir; 5, conti-
nuous-flow pump simulating systemic or pulmonary circula-
tion; 6, reservoir simulating the pulmonary vein—left atrium
system; 7, atrial pressure sensor; 8, artificial heart ventricle;

9, test VAD pump
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Fig. 2. Structural diagram of the mathematical model of the
cardiovascular system with mechanical circulatory support.
Abbreviations: LV, left ventricle; LA, left atrium; AO, aortic
section; P, peripheral circulation; V, venous section; C, co-
ronary vessels; B, baroreceptor regulation; O,, oxygen debt
regulation circuit; AV, aortic valve; MV, mitral valve; CFP,
continuous-flow pump; PFG, pulsatile-flow generator

The diagram shows, with dotted lines, the added ele-
ments of the system: the continuous-flow pump, pulsatile
flow generation devices, and a component simulating
the occurrence of negative pressure in the left ventricle.
Incorporating these modules — which represent the func-
tional characteristics of MCS devices — into the previous-
ly developed mathematical model of the cardiovascular
system makes it possible to account for their impact on
key hemodynamic parameters.

RESULTS

The results of flow modeling through the MCS system
obtained using the hemodynamic test bench are presen-
ted in Fig. 3.

For comparison, the results derived from the mathe-
matical model under identical experimental conditions
are shown in Fig. 4.

Analysis of the presented dependencies indicates that,
although the obtained results are both qualitatively and
quantitatively comparable, certain hydrodynamic pheno-
mena are not fully captured by the model. Specifically,
the lumped-parameter model fails to account for turbu-
lent flow formation during the transition from systole
to diastole and does not incorporate the non-Newtonian
properties of blood.

On the other hand, the existing hemodynamic test
bench cannot simulate specific physiological transitions,
such as a shift from a state of rest to a state of physical
exertion. Such constraints are typical of all bench-based
hemodynamic systems.

In light of these limitations, recent years have seen
increasing emphasis on the development of hybrid simu-
lation platforms, integrating both physical test benches
and computational mathematical models under a control
system [12—18].

The results of this study make it possible to outline
several proposals for optimizing the hemodynamic test
bench developed at the Laboratory of Biotechnical Sys-
tems, Shumakov National Medical Research Center of
Transplantology and Artificial Organs, with the overar-
ching goal of enhancing the efficiency of MCS systems.

The goal of improving the test bench is to create a
simulation test bench system that provides the ability to
model the state of the cardiovascular system, taking into
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Fig. 3. Pump flow characteristics under continuous-flow conditions (a) and with connection to a pulsator (b), obtained on a
hemodynamic stand. Interval = 1 s. Q, — pump flow rate (L/min)
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account heart failure, other pathologies, the level of phy-
sical activity, the presence of MCS systems, their charac-
teristics, and modes of operation. At the same time, as
shown by mathematical modeling results, it is essential
to take into account the mechanisms of neurohumoral
and baroreceptor regulation.

First of all, it is advisable to replace the existing ana-
log controller of the heart simulator with a digital, repro-
grammable real-time control module. At the same time, a
set of algorithms for controlling the heart simulator can
be pre-formed and tested on the mathematical model of
the cardiovascular system developed in this work.

Additionally, the test bench should include cont-
rollable hydrodynamic resistances with high-precision
pressure sensors. These components will enable closed-
loop feedback control to account for the mechanisms of
neurohumoral and baroreceptor regulation, similar to
what was implemented in the mathematical model of the
cardiovascular system developed in this work.

We recommend developing a pulsatile flow genera-
tor model with variable controlled pressure inside the
chamber. Such a device would permit real-time tuning
of generator parameters to reproduce blood flow that
closely match the physiological characteristics of indivi-
dual patients. Control signal parameters for the generator
would be predefined in the mathematical model of the
device.

The mathematical model described above can form
the core of a hybrid (semi-natural) simulation platform.
In this architecture the cardiovascular system’s bulk hy-
draulics are realized on the hemodynamic test bench,
while regulatory and adaptive mechanisms (baroreflex,
neurohumoral feedback, exercise responses, etc.) are si-
mulated in the computational module. Real-time measu-
rements of pressure, flow and other state variables from
the bench are streamed to the model, which computes
corrective control signals and returns them to the bench
to adjust resistances and chamber pressures.

A schematic overview of the proposed hybrid ap-
proach is shown in Fig. 5: solid lines denote fluid flows,
and dotted lines indicate control signals from the com-
puter part and back. A closely related concept has been
previously discussed [19].

The following algorithm was developed to govern the
operation of the proposed simulation test bench:

1) The model and test bench parameters are configured
to simulate heart failure conditions;

2) The flow-pressure characteristics of the MCS device
under investigation are entered into the model;

3) The test bench parameters are adjusted so that recor-
ded pressures and flow rates correspond to clinical
data;

4) It is then connected to a pulsatile flow generator
(PFG);
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Fig. 4. Flow profiles through the pump under continuous-flow conditions (a) and with pulsator connection (b), obtained using
a mathematical model. Interval = 1 s. Q, — pump capacity (L/min)
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Fig. 5. Structural diagram of the proposed hybrid (semi-natural) simulation test bench
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5) Experimental phase: A series of experiments is per-
formed in which the parameters of the PFG, such as
opening/closing pressures and hydraulic resistance,
are systematically varied,

6) The resulting data are approximated and analyzed to
determine the optimal pressure parameters within the
PFG chamber and the maximum effective resistance
of the generator and related elements;

7) The test bench settings are then adjusted in accordance
with the identified optimal values;

8) A series of verification tests is conducted.

The core component of a next-generation computer
model integrated into such a hybrid (semi-natural) simu-
lation stand should be an intelligent analysis and control
system capable of automatically analyzing hemodynamic
data, recognizing the cardiovascular functional state of
the system, and adaptively regulating the MCS parame-
ters in real time. Such a computer model can be built on
the basis of, for example, a multilayer neural networks
and machine learning algorithms.

The following research directions should be identified

as priority tasks for which the proposed hybrid modeling
stand can be used:
1. Investigation of the rotor speed modulation algo-
rithms aimed at increasing pulse pressure.
Investigation of the rotor speed modulation algo-
rithms designed to ensure adaptive response to phy-
sical exertion and other conditions.
Study of the parameters of pulsatile-flow generation
devices and their optimization.
Thus, the mathematical modeling of the cardiovascu-
lar system, incorporating the functional characteristics of
MCS systems, enables the exploration of both existing
and next-generation designs of continuous-flow pumps
and pulsatile-flow generators. It also provides a frame-
work for assessing the influence of various operational
modes of these devices on the cardiovascular system
under different conditions.

DISCUSSION

A comparison of results obtained from the hemo-
dynamic test bench and from the mathematical model
shows the need for a hybrid approach to more accu-
rately characterize interactions between MCS devices
and the cardiovascular system. Such an approach makes
it possible to capture device-specific effects observed
on the physical bench while simultaneously introdu-
cing physiologically meaningful feedback into the hy-
draulic system. Integrating physical and computational
components within a single hybrid complex enables a
closed-loop control architecture in which real-time data
from the bench are streamed to the mathematical mo-
del, processed, and returned as control commands. This
arrangement significantly broadens the functionality of
the test bench and ensures a high level of physiological
reliability of the experiments.

2.

90

A review of the literature further corroborates the
growing interest in the creation of hybrid simulation
platforms among researchers in this field.

CONCLUSION

The development of hybrid simulation complexes
marks a major advancement in the engineering support
of extracorporeal circulation systems. The integration
of a physical hemodynamic test bench with an adaptive
mathematical model provides a new level of precision
and flexibility in the testing, tuning, and validation of
MCS systems.

Of particular relevance is the implementation of in-
telligent control algorithms enabling the personalization
of MCS parameters. Furthermore, such systems can sim-
plify and accelerate the preclinical evaluation of novel
extracorporeal circulation systems.

Hybrid simulation complexes represent the foundati-
on of a new generation of engineering medicine tools —
systems that are intelligent, adaptive, and patient-cen-
tered.
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