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Abstract

Cardiovascular diseases (CVDs) remain the leading cause
of mortality worldwide and represent a major public health
challenge. Mechanical circulatory support (MCS) devices,
particularly blood pumps used in ventricular assist systems,
have become an important therapeutic option for patients with
advanced heart failure. Despite significant technological pro-
gress, the long-term performance of these devices remains
limited by hemocompatibility issues, including hemolysis,
thrombosis, and platelet activation. These complications arise
from the complex interactions between blood flow dynam-
ics, device geometry, and the properties of blood-contacting
biomaterials. This work presents an interdisciplinary analysis
combining a review of biomaterials used in blood-contacting
devices with a numerical investigation of hemodynamic con-
ditions in a rotary blood pump. To investigate the relation-
ship between flow conditions and potential blood damage,
computational fluid dynamics simulations based on the finite
volume method (FVM) were performed. The analysis included
pressure, velocity, wall shear stress, and power distributions
using the Casson non-Newtonian blood model and the k-w
SST turbulence model for a 3D two-blade rotor configuration.
The results indicate that the highest values of pressure, veloc-
ity, and wall shear stress occur near blade edges, where flow
acceleration and turbulence intensify, potentially increasing
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the risk of hemolysis and platelet activation. These find-

ings highlight the importance of integrating optimized rotor e e e e @ @ @

geometry, advanced biomaterial surfaces, and contact-free
bearing technologies, such as magnetic levitation, in the
design of next-generation blood pumps.
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a-C:H - Hydrogenated Amorphous Carbon
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BA — Bees Algorithm

CFD - Computational Fluid Dynamics
Co-Cr-Mo — Cobalt-Chromium-Molybdenum
CVD - Cardiovascular Disease

DLC — Diamond-Like Carbon

FDA — Food and Drug Administration

FVM — Finite Volume Method

GAs — Genetic Algorithms

LES — Large Eddy Simulation

LVAD — Left Ventricular Assist Device

MCS — Mechanical Circulatory Support
PCE — Polynomial Chaos Expansions

PCL — Polycaprolactone

PCU — Poly(carbonate-urea)urethane

PET — Polyethylene Terephthalate

PEU — Poly(ether urethane)

PHAs — Polyhydroxyalkanoates

PLA — Polylactic Acid

PTFE — Polytetrafluoroethylene

PU — Polyurethane

RANS - Reynolds-Averaged Navier—Stokes
SBES - Stress-Blended Eddy Simulation
SS — Stainless Steel

SST k-w — Shear Stress Transport k-omega
Ti — Titanium

UQ - Uncertainty Quantification

VAD - Ventricular Assist Devices

Introduction

Cardiovascular diseases (CVDs) remain the leading cause
of mortality worldwide and represent a major public health
challenge. In the European Union, CVDs account for more
than 30% of all annual deaths and affect over 60 million
individuals [1, 2]. According to the World Health Organiza-
tion, CVDs encompass a broad spectrum of disorders af-
fecting the heart and vascular system, including coronary
artery disease, cerebrovascular disease, peripheral arterial
disease, rheumatic and congenital heart conditions, as well
as venous thromboembolism such as deep vein thrombosis
and pulmonary embolism [3]. These conditions involve both
structural abnormalities and functional impairments of the
circulatory system and impose a significant clinical and
socioeconomic burden on healthcare systems.

The development and progression of cardiovascular dis-
eases are strongly influenced by modifiable lifestyle and
environmental factors. Among the most significant contribu-
tors are a sedentary lifestyle, tobacco use — including both
conventional and electronic cigarettes — excessive alcohol
consumption, unhealthy diets rich in salt and saturated fats,
chronic stress, and obesity [4, 5]. Numerous epidemiological
studies have demonstrated that lifestyle interventions can
significantly reduce the incidence of cardiovascular diseases
and their associated risk factors. In particular, dietary pat-
terns characterized by increased consumption of whole
grains, fruits, and vegetables have been associated with
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improved cardiovascular health and a lower prevalence of
hypertension, dyslipidemia, and metabolic disorders [6, 7].

Despite considerable progress in pharmacological treat-
ment and preventive strategies, many cardiovascular dis-
eases progress to advanced stages such as severe heart
failure. In such cases, conventional medical therapy may
no longer provide sufficient circulatory support, making the
use of mechanical circulatory support (MCS) systems nec-
essary. Although heart transplantation remains the gold
standard for the treatment of end-stage heart failure, its
widespread clinical application is limited by the persistent
shortage of suitable donor organs and strict eligibility criteria
[8-10]. Consequently, mechanical heart support systems
have emerged as an essential therapeutic alternative, serv-
ing as a bridge to transplantation, a bridge to recovery, or
as destination therapy for patients who are not eligible for
transplantation. Among MCS technologies, ventricular assist
devices (VADs) have undergone significant technological
evolution, transitioning from large pulsatile pumps to com-
pact continuous-flow systems characterized by improved
durability, efficiency, and reduced mechanical complexity
[11]. In recent years, particular attention has been directed
toward the development of highly miniaturized heart assist
pumps. These next-generation devices are designed to
enable minimally invasive implantation and to expand thera-
peutic options for patient populations that were previously
underserved, including pediatric patients and individuals
with smaller body sizes. Advances in microengineering, rotor
design, and biomaterials have facilitated the development of
ultra-compact pumps capable of being implanted via vascular
access rather than through highly invasive surgical proce-
dures [12, 13]. Such miniaturized ventricular assist devices
have the potential to significantly reduce surgical trauma,
improve patient recovery, and enable earlier intervention in
the progression of heart failure.

However, despite substantial progress in device design,
long-term performance of heart assist pumps remains chal-
lenged by complications such as thrombosis, hemolysis, and
device-induced blood damage. These adverse events are
strongly influenced by the interaction between blood flow
patterns, shear stresses generated by the rotor, and the
physicochemical properties of blood-contacting biomaterials
[14]. Therefore, optimizing rotor geometry, hemodynamic
performance, and surface properties is essential to improve
hemocompatibility and overall device reliability.

In this context, the present work aims to provide a review
of heart support systems with particular emphasis on rotor
design and biomaterials used in ventricular assist devices,
including emerging miniaturized pump technologies. Further-
more, the study investigates their performance and hemody-
namic characteristics using finite volume method analysis to
better understand the relationship between device geometry,
flow dynamics, and potential mechanisms of blood damage.

Mechanical Circulatory Support

Since the first successful implantation of a left ventricular
assist device (LVAD) in humans, performed by Michael De-
Bakey in 1963, followed by the first artificial heart implanta-
tion by Denton Cooley in 1969, continuous efforts have been
undertaken within the academic and clinical communities to
advance the design and performance of mechanical circula-
tory support systems [15]. Several strategies of mechanical
circulatory support (MCS) have been established to address
different clinical scenarios, including bridge to decision,
bridge to recovery, bridge to transplant, and destination
therapy, with each approach selected according to the pa-
tient’s specific condition and treatment goals [16-18]. Awide
range of cardiac assist devices is currently available on the
market, some of which are summarized in TABLE 1. These

systems are broadly classified into pulsatile, axial-flow, and
centrifugal-flow pumps.

Pulsatile Blood Pumps

Pulsatile pumps were the first type of mechanical circulatory
support devices developed to assist or replace the pumping
function of the failing heart [28]. These devices are designed
to mimic the physiological cardiac cycle by generating a pul-
satile blood flow, which resembles the natural pattern of
systole and diastole observed in the human cardiovascular
system. An example of a pulsatile pump is shown in FIG. 1.

FIG. 1. Example of a pulsatile mechanical circula-
tory support pump (source: Foundation of Cardiac
Surgery Development in Zabrze [29])

The main difference between pulsatile and centrifugal
pumps lies in the nature of the generated blood flow. Pulsatile
pumps reproduce the physiological rhythm of the heart rather
than providing a continuous flow. This flow pattern is consid-
ered beneficial for maintaining more natural hemodynamic
conditions and may reduce damage to blood components.
However, pulsatile pumps are typically relatively large and
mechanically complex devices. Their operation is also as-
sociated with increased noise compared to other types of
circulatory support systems, which may negatively affect pa-
tient comfort. Consequently, despite their physiological flow
characteristics, the large size and mechanical complexity
of pulsatile pumps have led to their gradual replacement in
modern clinical practice by smaller continuous-flow devices,
such as centrifugal and axial flow pumps [30].

Centrifugal Blood Pump

Centrifugal blood pumps typically consist of a disk-shaped
housing containing a rotating impeller. Blood enters the pump
through the inlet and flows toward the central region of the
impeller. The rotating impeller imparts kinetic energy to the
blood, generating a centrifugal force that drives the flow
radially outward toward the pump outlet and subsequently
into the aorta [31]. Key parameters in the design of such
devices include the dimensions of the inlet and outlet ports,
the overall pump size, and the geometry of the impeller. Par-
ticular attention is devoted to impeller design, including blade
angle, curvature, and thickness, as these features strongly
influence hemodynamic performance, hemocompatibility,
and overall device efficiency [17, 32].

Centrifugal blood pumps are relatively compact devices,
which is a highly desirable feature from the perspective of
patient comfort [32]. They also operate more quietly than
pulsatile pumps. Another advantage is the relatively simple
implantation procedure, which facilitates their broader clini-
cal application. In addition, centrifugal pumps are generally
less expensive than other types of mechanical circulatory
support devices [33].
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TABLE 1. Comparison of heart support systems, including rotor type and maximum flow rate

Maximum
Flow rate
[L/min]

Manufacturer

Rotor type

Additional information

Abbott, Thor-
atec, Pleas- Magnetically levi-
. : Approved for short-term use (up to
CentriM ton, CA, tated trifugal 10 . 23
entriiag | anton ated ceniriiiga 30 days): Supports LVAD, RVAD, or BiVAD | L2
Unitet States of pump
America)
Rotary blood Pediatric patients with end-stage congenital
Deltastream | Medos Mediz- pump with heart disease, cardiomyopathies, or fulmi-
DP3 diago- intechnik AG, combined char- 8 nant myocarditis; Patients with heart failure [24]
nal rotary Stolberg, Ger- | acteristics of an awaiting recovery; Patients with difficulty
pump many axial and a radial weaning from cardiopulmonary bypass;
design Patients awaiting heart transplantation
Medtronic, . .
) ) Provides extracorporeal circulatory support
. Inc., Minne- Mechanical bear- . . .
Bio-pump apolis. MN ina centrifugal 10 for periods suitable for cardiopulmonary [25]
BPX-80 _p o g g bypass (up to 6 hours); Indicated for short-
Unitet States of pump
. term extracorporeal support
America
Longer-term mechanical support (up to
~29 days); Enables patient ambulation
Abiomed, Ber- . during therapy; Integrated SmartAssist real- 19, 20,
Impella 5.5®| I Axial flow pump 5 %“ 9 . p'y d I [
lin, Germany time monitoring system; Approved support 22, 27]
duration: up to 14 days (FDA, USA); up to
30 days (CE, Europe)
HeartMate Abbott, Thor- Bridge to transplantation: short-term sup-
3™ Left Ven- | atec, Pleas- Fully levitated, port for patients awaiting heart transplan-
tricular As- anton, CA, self-centering 10 tation; Destination therapy: long-term or [21, 26]
sist Device | United States rotor permanent support for patients ineligible for
(LVAD) of America transplantation
Radial-fl
Medtronic, Inc., jvitl: m:;vnztgnp
HeartWare™ [ Mi lis, ) L .
e:VA;:e Nllr':jrjejﬁi?elj -r:y::}(;(:ﬁnzm; 10 Indication: end-stage heart failure [16]
| -
States P , usp
sion

Axial Flow Pump

Axial flow pumps are typically tubular devices that contain
a screw-shaped impeller positioned along the central axis of
the pump. During rotation, the impeller generates a continu-
ous axial flow, propelling blood through the device from the
left ventricle to the ascending aorta [32]. The main difference
between axial and centrifugal pumps lies in the direction of
blood flow within the device. In axial pumps, the flow direc-
tion remains largely unchanged as blood moves along the
axis of the impeller, whereas centrifugal pumps redirect the
flow radially outward.

Axial flow pumps are generally smaller than centrifugal
pumps. However, due to their compact design, they typically
operate at higher rotational speeds to achieve the desired
flow rates [34]. Their small size also facilitates a relatively
quick and straightforward implantation procedure. Moreo-
ver, axial pumps usually require lower power consumption
compared to centrifugal devices, which allows for the use
of smaller external power units and contributes to improved
patient comfort [35].

Challenges and Complications Associated with
Cardiac Assist Devices

Despite considerable progress in the development of
cardiac assist pumps, multiple challenges remain, including
clinical complications as well as issues related to material
properties and hemodynamics. Among clinical complica-
tions, infections remain one of the most common adverse
events, affecting approximately 18% to 59% of patients
[15, 36] and representing a major challenge in long-term
therapy. Another serious complication is stroke, which is one
of the leading causes of disability and mortality in patients
supported with cardiac assist devices [37].

Another important complication is bleeding, the risk of
which is increased by the use of anticoagulant therapy,
commonly required in patients supported with mechanical
circulatory devices [15]. The need for anticoagulation arises
from the exposure of blood to elevated shear stresses
within the pump, which can lead to the degradation of von
Willebrand factor [15]. This glycoprotein plays a crucial
role in hemostasis, as it promotes platelet adhesion to
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thrombogenic surfaces as well as platelet-to-platelet cohe-
sion during thrombus formation [38]. Its degradation there-
fore results in impaired platelet function and contributes to
an increased risk of bleeding [15].

In contrast to bleeding complications, another significant
adverse event is thromboembolism, which may occur both
as a result of thrombus formation on the pump material and
within the patient’s circulatory system [17]. Such events
are extremely dangerous and pose a serious risk to both
patient health and survival. A dislodged thrombus traveling
through the bloodstream can lead to severe complications,
including stroke [17, 39]. Thrombus formation within the
pump itself can also markedly impair device performance
by disrupting blood flow. For this reason, anticoagulant
therapy is routinely administered.

Role of Biomaterials

Material requirements for blood-contacting
devices

Materials intended for use in cardiac assist pumps, as
blood-contacting biomaterials operating under significant
shear stress conditions, must meet a range of stringent
requirements. A key property of materials intended for
blood-contacting applications is hemocompatibility, which
refers to the manner in which a foreign material interacts
with blood while inducing minimal adverse effects [40].
A material is considered hemocompatible when it does
not significantly disrupt blood components, particularly
with respect to hemolysis [40]. Shear stress is one of the
primary factors contributing to the occurrence of hemolysis
[41]. Under physiological conditions, shear stress levels
within blood vessels remain relatively low and tightly regu-
lated. However, in cardiac assist devices, particularly in
rotary pumps, shear stress can reach significantly higher
values due to rapid flow acceleration and complex flow
patterns.

Typical wall shear stress values in the human vascu-
lature vary depending on vessel type and physiological
conditions. In large arteries, shear stress is generally re-
ported in the range of approximately 1.4-3.6 Pa, while in
arterioles it may reach higher values of about 2.0-7.2 Pa.
In contrast, venous shear stresses are significantly lower,
typically between 0.07 and 0.9 Pa. Under pathological
conditions, such as in stenotic vessels, shear stress can
increase substantially, reaching values on the order of 3.6
up to 45 Pa [42].

In comparison, mechanical circulatory support devices
are associated with markedly elevated shear stress levels.
Rotary centrifugal pumps typically generate stresses in
the range of approximately 50-320 Pa, whereas rotary
axial devices may produce even higher values, exceed-
ing 200 Pa in some cases. Positive displacement pumps
generally operate at intermediate levels, often reported
between about 10 and 50 Pa. These differences highlight
the significantly more extreme hemodynamic environment
present in blood-contacting medical devices compared to
physiological conditions [42].

Hemolysis results in impaired red blood cell function,
rendering them unable to effectively transport oxygen,
which constitutes a serious and potentially life-threatening
condition [41]. In general, hemocompatibility is assumed
when the level of hemolysis remains below 5% [40]. In ad-
dition to hemolysis, hemocompatibility is also associated
with reduced platelet activation, thrombosis, and inflam-
matory responses.

These materials must exhibit high biocompatibility,
which, according to Ratner, can be defined as “the ability of

a material to locally trigger and guide non-fibrotic wound
healing, reconstruction, and tissue integration” [43]. Ratner
also introduced the concept of biotolerability, defined as “the
ability of a material to reside in the body for long periods of
time with only low degrees of inflammatory reaction”, which
is crucial for ensuring the safety of biomaterials [43]. In ad-
dition, such materials must possess appropriate mechanical
properties and demonstrate resistance to long-term opera-
tion under repeated cyclic loading.

Material Classes for blood-contacting devices
Cardiac assist devices and their components are manu-
factured from a range of materials, including metals and
their alloys, ceramics, polymers, as well as animal-derived
tissues [32]. Material selection depends on the specific ap-
plication, and different material classes are often combined
to achieve the desired functional properties. A summary of
the major material classes used in cardiac assist systems
is presented in TABLE 2.

Among these material classes, metals - particularly tita-
nium and its alloys - play a critical role in the construction
of cardiac assist devices. Titanium and its alloys are widely
used in biomedical engineering across various applications,
including the fabrication of cardiac assist pumps. Despite
their excellent biocompatibility, these materials may, in
certain cases, promote increased blood coagulation [57].
A potential strategy to mitigate this limitation involves sur-
face modification. One approach, introduced in the 1980s,
involved powder sintering on blood-contacting surfaces
to promote endothelialization; however, the outcomes re-
ported in subsequent decades have been highly variable
and difficult to predict [57].

According to the literature, increased surface roughness
may enhance biocompatibility by promoting cell adhesion
and supporting cellular proliferation [15]. This concept
has been implemented in the HeartMate LVAD family,
where textured surfaces were designed to facilitate bio-
logical integration [57]. Another surface modification strat-
egy, classified as a biological approach, involves coating
pump components with heparin to reduce the risk of co-
agulation [15]. Heparin is a well-established anticoagulant
widely used during surgical procedures to prevent clot
formation [58].

Polymers constitute another important class of materi-
als used in blood pump components. Polyethylene tere-
phthalate (PET) and polytetrafluoroethylene (PTFE) are
commonly employed in the fabrication of cannulas, with
polyurethanes being used for pump housing construction
as well as elastomeric structural components [59]. Their
widespread use is primarily attributed to their flexibility
and mechanical strength, which are essential for long-term
operation under physiological conditions.

Numerical Simulations (FVM)
Recent research on modeling centrifugal blood pumps
demonstrates substantial progress in areas such as com-
putational fluid dynamics (CFD — Computational Fluid Dy-
namics), turbulence modeling, hemolysis prediction, and
geometric optimization. Modern simulations typically employ
incompressible Navier—Stokes equations, which describe
the motion of viscous fluids, together with turbulence models
from the RANS family (Reynolds-Averaged Navier—Stokes).
Among these, the SST k—w model (Shear Stress Transport
k—omega) is widely used because it provides improved
accuracy in near-wall regions compared with traditional
k— models [60].

In recent years, high-fidelity modeling strategies have
become increasingly common. Approaches such as LES
(Large Eddy Simulation) and hybrid methods like SBES
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TABLE 2. Major material classes used in cardiac assist devices and their key properties

Key roles in cardiac

Material class . Key strengths Key limitations References
assist systems
Mechanical heart
! High strength, lon release,
Metals valves, LVAD i . L
. . processable via AM, corrosion, limited [44, 45]
(Ti, S8, Co-Cr-Mo) housings, stents, forging, machinin hemocompatibilit
pacemaker leads 9ing, 9 P y
Flex fatigue Long-term
Polyurethanes Blood sacs, polymer resistance e?asticit biode radition stress [46, 47, 48]
(PU, PEU, PCU) valves ’ v I N Y
tunable structure cracking, calcification
Cardiac patches, Biocompatibility, Mechanical strength
Biodegradable polymers P P y s J
vascular grafts, processable, limits, immune response [49, 50, 51]
(PCL, PLA, PHAs) . o
engineered valves shape control variability
Composite/ Conductive scaffolds, Enhanced electrical, Complexity, long-term [52, 53]
nanocomposites patch reinforcement mechanical behavior behavior uncertain '
Natural biomaterials . Low mechanical
o Cardiac patches, . . . .
(collagen, fibrin, , , High biocompatibility strength, maturation [51]
) , engineered myocardium
alginate, silk) challenges
Improved Microcracks, potential
Carbon-based coatings Mechanical valves, hemoch))m atibilit thrombo eF;\icit [54, 55]
(DLC, a-C:H) VAD components parttbity: . 9 Y ’
low friction in long-term
Soft elastomers L ,
. . Biomimetic deformation, . .
(silicone, hot-vulcanized Valves , Durability constraints [56]
rubber) reduced thrombosis

(Stress-Blended Eddy Simulation) allow researchers to
capture unsteady, three-dimensional flow structures and
to more accurately predict shear-related blood damage.
However, these methods require significantly greater com-
putational resources, which limits their routine use in design
optimization workflows [60].

Modeling of blood damage in rotary blood pumps is still
largely based on empirical hemolysis models, although
complementary tensor-based stress metrics are increas-
ingly used to provide alternative estimates of red blood
cell trauma [61]. Recent studies have begun to narrow
the gap between computational fluid dynamics and actual
biological responses by linking simulated shear-stress
environments to platelet activation and subsequent func-
tional impairments. These findings demonstrate that CFD
can be a meaningful tool for predicting platelet injury in
mechanically assisted circulation, such as ventricular as-
sist devices [62].

At the same time, the field emphasizes the importance
of standardized validation procedures. This includes the
use of U. S. Food and Drug Administration (FDA) reference
geometries—benchmark pump and nozzle models devel-
oped by the FDA - as well as multi-laboratory comparison
studies. Such inter-laboratory efforts have revealed that
numerical results may vary significantly depending on the
computational setup, mesh strategy, and solver implemen-
tation, underscoring the need for harmonized validation
frameworks [63, 64].

Geometric design parameters have a strong impact
on the hemocompatibility of rotary blood pumps. Numeri-
cal investigations show that increasing the impeller radial
gap—the clearance between the rotating impeller and the

stationary pump housing—reduces local shear stresses
and consequently lowers hemolysis, leading to improved
overall pump performance [65]. Similarly, studies of hy-
drodynamic bearings indicate that enlarging the bearing
gap decreases the hemolytic load in pumps equipped with
semi-open impellers, where part of the impeller surface is
exposed to the flow [66].

Further improvements in blood compatibility are achieved
through designs that use magnetic levitation (MagLev).
In these systems, the impeller is suspended and driven
by magnetic fields, eliminating mechanical contact and
minimizing shear exposure. This approach has been suc-
cessfully demonstrated in prototype cone-shaped MagLev
pumps, which show reduced blood trauma compared with
mechanically supported designs [67]. Advanced pump-de-
sigh methodologies increasingly integrate computational
fluid dynamics with multi-objective optimization frameworks.
Approaches that combine genetic algorithms (GAs) with
neural-network-based surrogate models enable simulta-
neous refinement of both impeller and housing geometry,
improving hydraulic efficiency while reducing hemolysis
[68]. Heuristic optimization strategies, such as the Bees
Algorithm (BA), have also been shown to produce beneficial
modifications to impeller side-wall clearances. These ad-
justments reduce wall-induced shear stresses and enhance
overall pump performance [69].

Experimental investigations further confirm the clinical
importance of minimizing shear-induced blood damage
across different modes of circulatory support, demonstrat-
ing that design-driven reductions in shear exposure trans-
late into measurable improvements in blood compatibility
[70]. Arapidly expanding research direction in blood-pump
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modeling involves uncertainty quantification (UQ — Uncer-
tainty Quantification). Stochastic simulations of the FDA
benchmark pump—a standardized reference geometry
developed by the U.S. Food and Drug Administration—show
that predicted shear stresses and hemolysis levels are highly
sensitive to modeling assumptions, including parameter
choices and boundary-condition definitions [71].

Further developments in probabilistic CFD demon-
strate that pump performance can vary substantially un-
der uncertain operating or physiological conditions [72].
In addition, polynomial chaos expansions (PCE) provide
an efficient mathematical framework for propagating un-
certainty through hemolysis and blood-damage models,
reducing computational cost while maintaining predictive
accuracy [73]. Recent experimental studies highlight that
biological variability, particularly inter-donor differences
in erythrocyte (red blood cell) fragility, has a significant
impact on measured hemolysis. These findings underscore
the importance of incorporating UQ into modeling work-
flows to ensure reliable and clinically meaningful predic-
tions [74].

In summary, contemporary research demonstrates sub-
stantial advances in CFD-based analysis of centrifugal
blood pumps, including improved turbulence modeling,
integration of optimization algorithms, and expanded un-
certainty assessment. Nevertheless, important challenges
remain—most notably the limited ability of current models
to capture complex biological mechanisms such as platelet
activation, as well as the ongoing need for standardized
validation procedures. Addressing these gaps represents
a promising path toward the development of safer and
more efficient rotary blood-contacting devices.

Materials and Methods

FVM 3D Model of the 2-Degree Blood Rotor

The purpose of these simulations was to evaluate the dis-
tributions of pressure, blood velocity, wall shear stresses,
and power values (derived from the momentum diagram
and corresponding calculations) for the selected Casson
blood model [75, 76] and the chosen k-w SST turbulence
model [77, 78] applied to the 2-degree blood rotor. The
finite-volume polyhedral mesh was developed with the
following parameters: 941 277 cells, 4 341 022 nodes,
maximum skewness - 0.4685, maximum aspect ratio - 6.31
and minimum orthogonal quality - 0.2856. The last three
values represent the worst-case mesh quality parameters,
occurring in only a few cells of the finite volume method
(FVM) mesh, primarily in non-critical regions of the com-
putational domain. Overall, the average mesh quality is
very high, ensuring reliable and accurate simulations. The
computational mesh was selected after performing a mesh
convergence analysis, leading to the choice of a mesh with
six inflation layers for enhanced accuracy. FIG. 2 illustrates
the developed FVM mesh of the computational domain,
highlighting its main components.

Atmospheric pressure was applied at both the inlet and
outlet of the upper and lower sections of the simulated
system. The rotor operated at a speed of 5000 rpm, utilizing
the k-w SST turbulence model. Morphological parameter
values influence blood density; however, in most cases, it
is assumed to be a constant value of 1060 kg-m~=[79-81].
This simplification is valid in simulations of healthy indi-
viduals, as significant variations in blood density typically
occur only in cases of pathological conditions. A stationary
wall with no-slip shear conditions was applied to the fluid
domains represented by the cylinder. The solution meth-
ods chosen for the simulation included: pressure-velocity

coupling with a coupled spatial discretization scheme and
transient formulation using second-order implicit scheme,
gradient least-square cell-based method, second-order
pressure scheme and second-order upwind momentum
scheme. The simulation was divided into 100 000-time
steps, employing an adaptive time-stepping method due
to the requirement for very small time-step sizes at the
initial simulation stages. Computations were performed on
a PC equipped with an Intel® Core™ i7-3770 CPU (3.40
GHz) and 32 GB of RAM.

FIG. 2. (a) FVM mesh of the computational domain,
(b) enlarged view of the six-layer cell structure near
the cylinder walls and rotor blades, and (c) FVM
mesh of the rotor
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Results and Discussions

Results of FVM 3D Model of the 2-Degree Blood
Rotor

The results shown in FIG. 3 illustrate the distributions of
contour pressure, wall shear stress vectors, velocity con-
tours, and velocity streamlines. The maximum values of
pressure (1,050 kPa), wall shear stress (49.6 kPa), and
velocity (98.3 m/s) occurred at the leading edges of the
rotor blades. These peaks were confined to small regions
of strong flow deceleration and do not represent the overall
operating conditions within the pump. The spatially aver-
aged shear stress in the rotor region was 210 Pa, which
aligns with reported values for micro-scale rotary pumps

(150-500 Pa, with local peaks up to 700-900 Pa) [82-84].

A comparable pattern of moderate bulk shear stresses @ @ @ @ ® o ®

and confined high-shear regions has been reported for the
FDA benchmark blood pump, indicating that such localized
maxima are characteristic of rotary pump flow fields rather
than deviations from expected performance.

The maximum pressure corresponds to a localized
stagnation zone, while the global pressure rise across the
device remains low and consistent with micro-pump data
at 5000 rpm [85]. A similar distinction between localized
blade-surface peaks and global pressure rise is also ob-
served in the FDA benchmark blood pump, where stagna-
tion-zone pressures substantially exceed the device-level
pressure head.
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FIG. 3. Distributions of a) pressure contour on the rotor blades, b) shear stress vectors on the rotor blades
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Using the computed torque of 0.1461 mNm, the hy-
drodynamic rotor power was 0.0765 W. This value re-
flects only the mechanical power transferred to the fluid
and falls within the expected range for miniature rotary
pumps, whose mechanical power typically lies between 0.2
and 0.6 W and whose hydraulic output remains very low
(0.01-0.03 W) [84-86]. The magnitude and distribution of
mechanical power are consistent with the loss-dominated
power balance reported for small-scale pumps and with
CFD analyses of the FDA benchmark device. Further-
more, the 2-degree blood rotor generates a vortex that
forms around and above the blade surfaces, continuously
circulating around the rotor.

Discussion of FVM 3D Model of the 2-Degree
Blood Rotor

The results presented in FIG. 3 are consistent with findings
in the literature [82-88] on computational fluid dynam-
ics (CFD) simulations of high-speed blood rotor pumps.
The regions of highest pressure, velocity, and wall shear
stress were located near the blade edges, where the flow
undergoes rapid acceleration followed by abrupt decel-
eration. Such localized extremes are characteristic of
high-speed rotary blood pumps and arise from strong
shear layers and small-scale turbulent structures forming
around the leading edges. The peak wall shear stress of
49.6 kPa reflects these confined conditions and does not
represent the shear environment experienced by the bulk
flow. Experimental measurements in micro-scale pumps
typically show shear stresses of 150-500 Pa, with oc-
casional localized peaks reaching 700-900 Pa [82-84],
whereas CFD studies of high-speed impellers demonstrate
that blade-surface maxima may exceed these values by
more than an order of magnitude [86, 88]. The spatially
averaged shear stress of 210 Pa obtained in this study
is therefore consistent with both physiological limits and
device-scale observations.

A qualitative comparison with the FDA benchmark blood
pump further supports the plausibility of the obtained val-
ues [89, 90]. The FDA pump exhibits bulk shear stresses
of a few hundred pascals and localized wall-shear peaks in
the kilopascal range near the cutwater and blade—housing
interaction zones. The model shown in the present paper
reproduces the same pattern: a physiologically relevant
spatially averaged shear stress (210 Pa) and a confined
high-shear region at the blade leading edge. The mag-
nitude of the localized peak is therefore consistent with
established CFD benchmarks for rotary blood pumps.
Although the absolute values differ due to the much smaller
geometric scale and higher rotational speed of the present
micro-pump model, the underlying flow mechanisms pro-
ducing localized peaks are the same as those observed
in the FDA benchmark device.

The maximum pressure of 1,050 kPa similarly cor-
responds to a confined stagnation region. In contrast,
the overall pressure rise across the pump remains low,
matching the characteristic performance of miniature ro-
tary devices, which typically generate 5-30 kPa and ap-
proximately 10 kPa at 5000 rpm [84, 85]. This behavior
is also consistent with the FDA benchmark pump, where
stagnation-zone pressures substantially exceed the global
pressure head. This distinction between localized and
global pressure behavior is well documented in both ex-
perimental and computational analyses of small-scale
blood pumps.

The hydrodynamic rotor power of 0.0765 W represents
only the mechanical energy imparted to the fluid. Miniature
rotary pumps are known to operate with low hydraulic ef-
ficiency, as most of the mechanical power is dissipated

through viscous shear in narrow gaps, recirculation zones,
tip-clearance leakage, and bearing losses. Reported me-
chanical power levels for devices of similar size and speed
are on the order of 0.5 W, while their hydraulic output re-
mains even two orders of magnitude lower (0.01-0.03 W)
[85, 86]. The agreement between the simulated power
and literature data, together with the qualitative consist-
ency with the FDA benchmark pump, supports the physi-
cal realism of the model and confirms that the corrected
torque value yields a credible estimate of rotor power for
a micro-scale pump operating at 5000 rpm.

The observed velocity (98.3 m:s™) and vortex formation
around the rotor blades are well-supported by research
on blood flow dynamics. Vortex formation is a common
phenomenon in high-speed rotors, contributing to efficient
fluid mixing and flow stabilization.

Conclusions and Future Perspectives

Cardiac assist devices, including pulsatile, centrifugal,
and axial flow pumps, differ in their operating principles;
however, all designs face common challenges related to
hemocompatibility, flow-induced stresses, and material
performance. Hemocompatibility remains the central chal-
lenge in the development of rotary blood pumps and is de-
termined by the combined effects of biomaterial properties
and flow conditions within the device. The FVM-based 3D
rotor model confirms that the highest values of pressure,
velocity, and shear stress occur near blade edges, where
flow acceleration and turbulence intensify. These regions
represent the most critical zones for hemolysis and platelet
activation.

Although titanium alloys and advanced ceramics remain
the primary structural materials for blood pump compo-
nents due to their favorable mechanical properties, their
surfaces often require modification to improve blood com-
patibility. The numerical results demonstrate that even with
optimized rotor geometry, localized shear stress hotspots
persist, highlighting the importance of surface engineering
strategies that minimize adverse blood—material interac-
tions. Among currently investigated surface modification
approaches, MPC-based coatings, diamond-like carbon
(DLC), and zwitterionic materials demonstrate particularly
promising antithrombotic properties. In the context of the
identified high-shear regions within the rotor, such coatings
may significantly reduce platelet activation and thrombus
formation associated with high-speed blood flow.

The performed CFD analysis also confirms that the
geometry of rotor blades, clearances, and bearing regions
strongly influences pump performance and hemolysis risk.
Increasing rotor speed results in higher torque and power
values, while vortical flow structures generated around the
blades contribute to flow mixing and stabilization. These
findings support the need for integrated design strategies
combining computational fluid dynamics, experimental
validation, and multiparametric optimization. Bearing
technology represents another key factor affecting device
performance. Magnetic levitation systems, characteristic
of third-generation blood pumps, eliminate mechanical
contact and therefore reduce friction, heat generation,
and additional shear stress within the device.

Future developments in blood pump design may increas-
ingly rely on biomimetic approaches, including endotheliali-
zation and biologically inspired surface chemistries. When
combined with optimized flow geometries that promote
stable, low-shear hemodynamic conditions, such strategies
may significantly improve the hemocompatibility of blood-
contacting devices and reduce the reliance on synthetic
antithrombotic coatings.
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