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ABSTRACT

Background: Cardiopulmonary bypass (CPB) plays a crucial role in cardiac surgery, with the pump being a key
component affecting both hemolysis and thrombosis. Centrifugal levitating pumps (CP) have demonstrated su-
periority over roller pumps due to reduced hemolysis, but thrombotic risk remains a concern. Nonetheless, there
exists a technological gap for newborn patients, with only two approved centrifugal pumps specifically tailored
for their needs. Consequently, pumps originally designed for adults are often employed as substitutes for pae-
diatric patients. However, the mismatch between pump characteristics and paediatric physiology can lead to
issues like blood dilution, increased shear stress, and suboptimal performance.

Methods: This study investigates the hemodynamics of an adult CP compared to a downscaled newborn CP
featuring a 40% reduction in priming volume. Computational fluid dynamics is used to assess differences in flow
characteristics, shear stresses, and stagnation zones, with implications for blood damage and thrombogenicity.
Results and conclusion: The newborn pump features notably shorter exposure times (45% lower than the adult
design), reduced peak stress values, and a 20% reduction in the volume of fluid exposed to stress levels exceeding
50 Pa, suggesting a potential decrease in the risk of blood damage. Additionally, its reduced extent of stagnation
zones (0.13 ml compared to 0.21 ml) indicates improved washout performance, thus lowering the risk of platelet
aggregation and thrombus formation. These findings suggest that using a paediatric pump instead of an adult

pump at typical flow rates for newborn patients may reduce the risk of blood damage.

1. Introduction

In cardiopulmonary bypass (CPB) the pump is the crucial component
for its implications on both hemolysis and thrombosis. Since the work by
Sasaki et al. [1], the superiority of centrifugal pumps (CP) over previous
roller pumps (RP) has been acknowledged, especially for tests prolonged
beyond usual CPB duration [2]. The advantages of CP over RP in pae-
diatric patients have been debated over many years since the work by
Morgan et al. [3], which proved reduced cellular damage with CP in
terms of lower haemolysis and maintenance of platelet and leukocyte
counts.

CP performances have been substantially further improved by taking
the advantage of magnetic levitation (ML) of the impeller. This tech-
nique avoids solid contact among the moving parts and reduces

associated blood damage, as shown in early animal experiments by
Taenaka et al. [4] and confirmed in manifold subsequent studies
demonstrating that ML adult pumps can substantially reduce hemolysis
[5-8].

The increasing use of mechanical circulatory support systems in
clinical practice has posed new questions on the interaction between
artificial devices and blood structure. Beyond hemolysis, the thrombotic
risk assessment, has emerged as a new benchmark [9]. Indeed, throm-
bosis was - and still is — a major concern in CP since thrombi tend to form
in specific locations where shear and temperature effects are magnified,
particularly close to metal shaft bearings and, to a minor extent, along
the upstream portion of the vanes. This phenomenon has been observed
in both clinical Extracorporeal Membrane Oxygenation (ECMO) circuits
and in-vitro flow loop studies with porcine whole blood [10].
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Thrombotic risk is enhanced by high shear stresses and exposure times
[11]. Conversely, it has been demonstrated that the reduction of the
recirculation ratio in a ML pump, obtained through small scale optimi-
zation, limits the thrombotic risk [12].

The effect of pump gaps design on hemolysis damage has been
investigated by Graefe et al. [13] through numerical simulation.
Mozafari et al. [14] showed how normalized hemolysis index is
inversely correlated with pump efficiency concerning the number of
blades and the outlet width. More extensively, Wiegmann et al. [15]
explored the controversial impacts of gaps, blades and shroud on pump
efficiency and hemolysis-thrombosis indicators. Accurate numerical
simulations have also been used by Berg et al. [16] to identify the lo-
cations of intense vortical structures, commonly associated with clot
formation. Bozzi et al. [17] showed how shear stress, shear rate, expo-
sure time and platelet activation are affected by the number of blades of
the pump. A multi-objective numerical optimization of blades and
volute geometry has been the goal pursued by Huang et al. [18] to
minimize the hemolysis index.

More recently, ML technology has been applied in paediatric surgery,
resulting in improved clinical outcomes compared to standard CP, in
terms of both end-organ recovery and long-term survival rates [19,20].
However, only two pumps specifically designed for newborn applica-
tions are now commercially available (Pedivas® by Levitronix, Zurich,
Switzerland and Deltastream DP3 by MEDOS Medizintechnik AG, Stol-
berg, Germany) despite adult centrifugal blood pumps, while effective in
adults, pose challenges when applied to paediatric patients. The
mismatch between adult pump characteristics and paediatric physiology
results in suboptimal performance, significant hemodilution and in-
crease use of packed red blood cells, due to the high priming volume of
the CPB circuit. Moreover, using an adult-size centrifugal blood pump in
paediatric circuits also leads to higher shear stress and hemolysis [21]
along with increased platelet activation as recently demonstrated by
Fiusco et al. [22] in their comparison of the thrombogenicity of a pae-
diatric and an adult pump. To address these challenges, there is a
growing emphasis on the development of blood pumps specifically
tailored to the needs of neonatal and paediatric patients. These pumps
are designed with reduced volume capacities to minimize blood dilu-
tion, a critical factor in maintaining appropriate haematocrit levels in
small patients. Additionally, they are optimized to operate efficiently at
lower flow rates, ensuring compatibility with the lower cardiac outputs
typical of paediatric cases.

Due to the limited number of investigations on paediatric devices,
the effect of CP downscaling and its influence on device thrombogenicity
have been investigated in this paper. Specifically, computational fluid
dynamics (CFD) simulations were employed to compare the reliable
ECMOLife adult pump by Eurosets [7,23] with the newly designed
Eurosets newborn pump (New Born ECMOLife), which features a 40%
reduction in priming volume and has been tested at low flow rates on
healthy young swines resulting in good haemodynamic performance
[24]. To understand the fluid dynamics of the neonatal pump, we
simulated two operational conditions representing flow rates of 0.5
1/min and 1 1/min, while for the adult pump, we simulated its operation
at the most clinically relevant neonatal condition, i.e., 0.5 1/min flow
rate. To compare the risk of blood damage between adult and neonatal
pumps, we performed thorough qualitative and quantitative evaluations
of the flow fields measuring stagnation zones, investigating flow dis-
turbances, and quantifying areas with critical fluid stress values.

2. Materials and methods
2.1. Geometry and mesh

Eurosets pumps for adults and newborn patients have the same
design but different sizes. The adult pump has 3/8-inch inlet and outlet,

a six-blades impeller with an outer diameter of 49 mm and a priming
volume of 39 ml. The newborn Eurosets pump has 1/4-inch inlet and
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outlet, a six-blades impeller with an outer diameter of 41 mm and 22 ml
priming volume.

The geometrical model of the newborn pump was created with
ANSYS® SpaceClaim 22.2 (ANSYS Inc., Canonsburg, PA, USA) starting
from the CAD rendering provided by Eurosets S.r.l. The device consists
of four main components: impeller, upper housing, lower housing and
seal, that were combined in two components (housing and impeller) for
the subsequent meshing process (Fig. 1a). Two additional geometry
modifications were also introduced: (1) the impeller was raised by 2 mm
with respect to the rest condition to simulate the effective levitated
position measured experimentally and (2) inlet and outlet ducts were
extended by a length equal to 10 times the diameter of the inlet pipe, to
guarantee a developed flow, in agreement with the experimental setup,
used to measure pressure heads. To apply the sliding mesh approach, the
fluid domain was divided in two sub-volumes: the rotor, consisting of
the rotating fluid volume surrounding the impeller and the stator, i.e.,
the static fluid volume contained within the volute. The interface be-
tween the two fluid domains was placed halfway between the impeller
side and the volute wall.

The computational mesh adopted in this study was derived from a
previously published CFD analysis of the same adult Eurosets pump
[17], for which a comprehensive mesh convergence study was
conduct-ed. For the neonatal pump, the same meshing strategy was
applied after appropriate geometric rescaling to preserve the relative
element distribution and ensure consistency in numerical accuracy.
Hexahedral elements of 270 um size were used to discretize the lower
part of the pump, i.e., the bottom and the sides of the stator and rotor,
introducing at least five layers of elements into the smallest gaps
(Fig. 1b). The rest of the domain, excluding the region surrounding the
blades, was discretized with tetrahedral elements of size of approxi-
mately 270 um. Local mesh refinement was performed in proximity of
the blades using tetrahedral elements of size equal to 126 um, compa-
rable with the Taylor scale. The final grid contained 15.7 million cells.

2.2. Fluid dynamics simulations

The flow field was resolved using the finite volume solver ANSYS®
Fluent 22.2 (ANSYS Inc., Canonsburg, PA, USA). The three-dimensional
unsteady Navier-Stokes equations were solved with a Direct Numerical
Simulation (DNS) approach without any turbulence model. This was
possible since the accuracy in the discretization adopted here was
coherent with indications in Moin and Mahesh [25] and similarly to
centrifugal pump simulations by Berg et al. [16] and Bozzi et al. [17]. In
CPs the domain scales are close to large vessels and the expected ve-
locities are much larger than the physiological ones, hence
non-linearities in the rheological model do not give a significant
contribution [26,27]. The blood was then assumed to behave like a
Newtonian fluid with density 1060 kg m™ and dynamic viscosity 0.003
Paes. The numerical solution was obtained using the SIMPLE algorithm
for pressure-velocity coupling and an implicit second-order temporal
and spatial discretization. A convergence criterion of 10> was set for the
residual errors of continuity and momentum equations. The time step
was set equal to the time required for a 2° rotation of the impeller. The
rotation of the impeller was implemented as a rigid body motion, using a
sliding mesh approach. A mass flow rate was imposed at the inlet pump
and a zero-pressure gradient was prescribed at the outlet. Simulations
were run for three complete rotations of the impeller to achieve a sta-
tionary periodic solution, and the fourth cycle was used for the analysis.

To characterize the fluid dynamics of the neonatal pump, two
operating points (NB_WP1 and NB_WP2) were simulated, corresponding
to flow rates of 0.5 L/min and 1.0 L/min, respectively. These values
represent typical clinical conditions encountered in neonatal extracor-
poreal circulation, as reported by Meyer et al. [28]. Based on the flow
rate-rotational speed curves, the corresponding rotor speeds were set to
2500 rpm and 3500 rpm, respectively. For comparison, the adult pump
was simulated only at the most clinically relevant neonatal operating
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Fig. 1. Details of the pump geometry and mesh: a) 3D CAD drawing of the newborn pump showing the housing (violet) and the impeller (beige); b) mesh of the rotor
region: i) lateral surface, hexahedral cells 270 pm; ii) bottom gap, 5 layers hexahedral cells 270 pm; iii) lateral gap, 5 layers hexahedral cells 270 pm; iv) blades

region, tetrahedral cells 126 pm; v) impeller, tetrahedral cells 270 pm.

point, i.e., 0.5 L/min (A_WP1), with a corresponding rotor speed of 2280
rpm. In all cases, the mass flow rate was imposed at the inlet pump and a
zero-pressure gradient was pre-scribed at the outlet, assuming fully
developed flow conditions. Regarding initial conditions, a zero-velocity
field was imposed across the domain. Simulations were run for three full
impeller rotations to ensure convergence to a periodic steady-state
regime. Data from the fourth rotation were then used for the quantita-
tive analyses.

Simulations were run on a Server Rack FUJITSU PRIMERGY
RX300S7 equipped with an Intel® Xeon® Gold 6148 processor with 40
computational cores (clock frequency of 2.40 GHz, shared RAM of 96
GB). The CPU time was about 7 days for each simulation.

Results were compared in terms of flow fields, stagnation zones and
fluid stress levels. Stagnation zones, which represent potential risk of
thrombus formation, were defined as regions with velocity magnitude
lower than 0.5 m/s according to Wiegmann et al. [15]. The risk of
shear-mediated platelet activation was assessed by evaluating wall shear
stress and the scalar stress o, calculated using the formula proposed by
Bludszuweit [29]:

1 N 1 1/2
o= (E(Tﬁ - Tjj) + 5’1’5) (].)

where each value of 7; represents a component of the deviatoric part of
the total stress tensor, while the isotropic part of the full stress tensor has
a null contribution.

Since platelet activation depends on both the magnitude and dura-
tion of shear stress exposure [30,31], and no universally accepted
threshold exists, we presented the full volumetric distribution of scalar
shear stress and focused on two threshold values (50 Pa and 100 Pa) to
enable a quantitative comparison between the two pumps. In addition,
we visualized areas with wall shear stress exceeding 100 Pa and volumes
of fluid above this threshold to highlight the most critical regions within
the flow field.

2.3. Validation

To validate the numerical results, the hydraulic performance of the
adult and neonatal pumps was experimentally assessed using a mock
loop (Fig. 2) in accordance with ISO 18242:2016 [32]. A blood analog
was prepared using a distilled water—glycerol mixture, consisting of
37.5% by volume of 99.5% pure glycerol, resulting in a fluid with a
dynamic viscosity of 0.003 Pa-s. The mixture was then placed in a rigid
polycarbonate reservoir with a total volume of 4500 mL, connected to a

Manometer ‘

'y

RESERVOIR

Water
bath
A J
NEW BORN
CENTRIFUGAL
PUMP

ECMOLIFE

SYSTEM
CONSOLE

Fig. 2. Experimental mock loop used for the characterization of the pumps.

circuit using either 3/8” or 1/4” inner diameter PVC medical tubing for
the adult and newborn pumps, respectively. To change the flow resis-
tance, the hydraulic afterload was adjusted by partially constricting the
outlet tubing. Flow rates were measured using an in-line ultrasonic flow
probe (EMTEC SONO), while pressure differential across the pump was
acquired via a pressure transducer (KIMO CP115-A0). All experiments
were conducted at 37°C using a thermoregulated water bath (Thermo
Electron Corporation).

3. Results
3.1. Validation

Fig. 3 shows the characteristic curves of the adult pump (a) and the
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Fig. 3. Characteristic curves of the adult (a) and newborn (b) pumps. The graphs illustrate the relationship between pressure head and flow rate at various rota-

tional speeds.

Newborn pump (b), while Table 1 summarizes the experimental and
numerical results for head generation. The comparison indicates that the
simulations reliably predict head generation across all cases, with rela-
tive percentage errors ranging from 2% for the adult pump to 5% for the
newborn pump at the operating flow rate of 0.5 1/min.

3.2. Flow field

Fig. 4 depicts contour maps of relative velocity magnitude (with
respect to the rotating coordinate system) for both the adult pump
(A_WP1) and the newborn pump at the two distinct operating points
(NB_WP1 and NB_WP2). Observable flow features include low velocities
in the inlet pipe and small gaps between the rotor and stationary
housing, with velocity increasing in the outermost part of the volute due
to the propulsive action of the blades. Blood entering from the inlet
accelerates radially along the blades under centrifugal force, reaching
maximum speed at the trailing edges of the blades before exiting
through the tangential outlet.

Comparing the newborn and adult pumps at the same operating
point reveals lower blood velocity in the suction line of the adult pump
due to its larger inlet pipe diameter. However, the volute exhibits higher
speeds and larger vortexes in the adult pump, despite its lower rotational
speed. This discrepancy arises from the adult pump’s larger rotor radius
and blade size, which provide greater fluid propulsion. Additionally, the
washout hole of the neonatal pump facilitates faster fluid movement,
promoting increased recirculation.

Comparing the two operating conditions of the newborn pump il-
lustrates that higher rotor speed enhances blood recirculation in the
small gaps between the rotor and stationary housing.

Table 1
Pump characteristics and comparison of experimental and numerical results.

Adult pump (A) Newborn Pump (NB)

WP1 WP1 Wwp2
Fluid volume [ml] 39 22 22
Rotor diameter [mm] 49 41 41
Speed [rpm] 2280 2500 3500
Flow rate [l/min] 0.5 0.5 1
Numerical head generation [mmHg] 126 122 242
Experimental head generation [mmHg] 128 128 253
Difference [%] 2% 5% 4%

3.3. Flow stagnation

Fig. 5 illustrates flow stagnation zones, where the risk of platelet
aggregation and thrombus formation arises due to blood cell stasis.
These regions are notably observed in the small gaps between the rotor
and stationary housing, the washout hole, and at both the pump outlet
and inlet. Both the adult and newborn pumps exhibit similar distribu-
tions of stagnation zones, but the extent is significantly greater in the
adult pump: 0.21 ml compared to 0.13 ml (Table 2). This discrepancy
primarily stems from the larger volume of fluid within the adult pump,
coupled with the lower rotational speed of the rotor, resulting in
decreased velocities in regions not directly affected by the propulsive
action of the blades. Regarding the newborn pump, as the flow rate
increases from 0.5 L/min to 1 L/min, stagnation zones reduce and
become confined primarily to the inlet duct.

3.4. Fluid stresses

Fluid stresses are represented in Fig. 6 and Fig. 7, showing respec-
tively wall shear stress (WSS) and scalar stress across various regions of
the pumps. Table 2 reports fluid dynamics parameters associated with
blood damage and thrombus formation.

In all the simulations, the maximum shear stress occurs at the trailing
edges of the blades (Fig. 6, first line), where the fluid experiences the
highest velocity gradients. The peak WSS is equal to 482 Pa in the adult
pump, 334 Pa in the newborn pump under the same working condition
and 533 Pa in the newborn pump at a flow rate of 1 I/min.

To highlight the most critical regions with regards to blood damage,
surface areas with wall shear stress exceeding 100 Pa were visualized
and quantified (Fig. 6, second and bottom lines). These areas exhibit a
similar distribution in both the adult and newborn pumps, primarily
located at the trailing edges of the blades, along the side walls of the
rotor, and on the volute wall. In the adult pump, surface areas charac-
terized by WSS above 100 Pa measure 16 cm?, whereas in the newborn
pump at the same operating condition, it measures 11 cm? A larger
critical area is evident in the adult pump, particularly along the blade
tips of the rotor, as depicted in Fig. 6. In the newborn pump, the wall
area with shear stress above 100 Pa triples from 11 cm? to 39 cm? when
the flow rate doubles.

Contour maps of scalar stress in the rotor plane reveal that stress
levels are elevated at the suction side of blades, due to the presence of
vortex structures within the impeller wake (Fig. 7, top line). In the adult
pump, larger gaps result in more pronounced flow disturbances along
the fluid path, leading to higher values of scalar stress compared to the
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Fig. 4. Contour maps of velocity magnitude [m/s] (a) and velocity vectors (b): comparison between A_WP1 (adult pump at working point WP1), NB_WP1 (newborn
pump at working point WP1) and NB_WP2 (newborn pump at working point WP2). The square shown in the contour maps indicates the region where the velocity

vectors are visualized.

A_WP1 NB_WP1

NB_WP2

Fig. 5. Stagnation zones: comparison between A_WP1 (adult pump at working point WP1), NB_WP1 (newborn pump at working point WP1) and NB_WP2 (newborn

pump at working point WP2).

Table 2
Blood damage related fluid dynamics parameters.
Adult Pump Newborn
A) Pump (NB)
WP1 WP1 WP2
Eulerian integral time scale V/Q [s] 4.7 2.6 1.2
Fluid volume with velocity magnitude below 0.5  0.21 0.13  0.11
m/s [ml]
Area of wall shear stress above 100 Pa [cm?] 16 11 39
Maximum wall shear stress [Pa] 482 334 533
Maximum scalar stress [Pa] 395 254 437
Fluid volume with scalar stress above 50 Pa [ml] 0.47 0.37 0.83
Fluid volume with scalar stress above 100 Pa [ml] 0.08 0.05 0.34

newborn pump.

Fig. 8 presents the volumetric histograms of the scalar stress of the
adult and newborn pumps, specifically focusing on values above 10 Pa.
The distributions show that in the adult pump, larger volumes of fluid
are exposed to scalar stresses above 50 Pa, amounting to 0.5 ml,
compared to 0.4 ml in the newborn pump. When considering the
threshold value of 100 Pa, the difference becomes larger, with the
newborn pump exhibiting 40% less volume above this value.

4. Discussion

This study aimed to evaluate and compare the fluid dynamics of a
centrifugal pump specifically designed for newborns with a standard
adult centrifugal pump operating under pediatric CPB conditions, i.e., at
low flow rates. Through computational fluid dynamics, we investigated
parameters known to influence blood damage and thrombogenicity -
namely, shear stress exposure, blood residence time, and the presence of



S. Bozzi et al.

A_WP1

Rotor Wall Shear Stress (WSS)

0 60

Medical Engineering and Physics 145 (2025) 104422

NB_WP1 NB_WP2

LK R

120 180 240 300
WSS [Pa]

Rotor WSS > 100 Pa

Stator WSS > 100 Pa

Fig. 6. Contour maps of wall shear stress (WSS) on the rotor surface (top row) and surface area of the rotor (middle row) and the housing (bottom row) with WSS
above 100 Pa: comparison between A_WP1 (adult pump at working point WP1), NB_.WP1 (newborn pump at working point WP1) and NB_WP2 (newborn pump at

working point WP2).

stagnation zones.

Our results highlight several important differences between the two
pump designs. The adult pump, due to its larger internal volume and
wider gaps, generates more prominent flow disturbances and larger
vortical structures. Besides the negative impact of the larger gaps, the
adult pump exhibits higher flow velocities at the blade trailing edge-
s—and consequently along the adjacent volute walls—due to its larger
blade radius, despite operating at a lower rotational speed than the
neonatal pump. These regions of elevated wall shear stress are known to
correlate with increased risk of platelet activation and hemolysis, as
discussed in previous literature [18,22,29].

In terms of scalar stress distributions, the fluid volume exposed to
high stresses (i.e. > 50 Pa) is 25% higher in the adult pump. When
considering a more severe threshold value of 100 Pa, the discrepancy
increases further, with the adult pump exposing 70% more fluid volume
to such stresses. Notably, residence time in the adult pump is also
significantly longer—about 80% higher—indicating prolonged exposure
of blood cells to mechanical stresses. Since both shear magnitude and
duration are known contributors to hemolysis and thrombogenic risk,
these findings suggest a potentially greater blood-damaging profile of
the adult design. These differences are further exacerbated by the fact
that the newborn pump has 38% fewer stagnation zones resulting in
improved washout performance.

These findings align with prior observations by Wiegmann et al.
[15], who reported that larger gaps within pump geometries can

exacerbate flow disturbances and increase both vorticity and blood
residence time. Additionally, the well-established relationship between
elevated shear exposure and blood trauma, as documented in Fraser
et al. and Thamsen et al. [31,33], supports our interpretation that the
newborn-specific design, which minimizes these effects, may offer su-
perior hemocompatibility. The improved washout performance
observed in the newborn pump also resonates with literature empha-
sizing the importance of minimizing flow stasis to reduce thrombotic
risk, given its role in Virchow’s triad.

Clinically, the results underline the importance of using pumps
specifically tailored for neonatal physiology rather than downscaling
adult devices. The newborn pump demonstrates significantly lower re-
gions of stasis, reduced high-stress exposure, and shorter blood resi-
dence times—factors that collectively suggest a lower risk of thrombus
formation and blood damage. In neonatal patients, who are particularly
vulnerable to complications from extracorporeal support, improving
pump biocompatibility is critical. Our findings provide strong compu-
tational evidence in support of adopting neonatal-specific centrifugal
pump designs in clinical practice.

5. Conclusion

The computational fluid dynamics analysis provided valuable in-
sights into the hemodynamics of the adult and newborn pumps, high-
lighting differences in fluid dynamics features and their implications for
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A_WP1 NB_WP1 NB_WP2

Scalar Stress (SS)

SS > 100 Pa

Fig. 7. Contour maps of scalar stress (top line) and volumes of fluid with scalar stress above 100 Pa (bottom line): comparison between A_ WP1 (adult pump at
working point WP1), NB_WP1 (newborn pump at working point WP1) and NB_WP2 (newborn pump at working point WP2). Arrows point to the areas on the suction
side of the blades where elevated stress levels are observed.
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Fig. 8. Volumetric histograms of scalar stress above 10 Pa: comparison between adult and newborn pump at working point WP1.

clinical application. Overall, the newborn pump, in addition to having a shorter exposure times, lower peak values of stresses and smaller vol-
reduced priming volume, also exhibits advantageous fluid dynamics umes of fluid with critical values of stresses, suggesting a potentially
features which support its application in paediatric cardiopulmonary reduced risk of blood damage. Moreover, the better washout perfor-
bypass procedures instead of the adult pump. It demonstrates notably mance reduces the risk of platelet aggregation and thrombus formation.
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The improved hemodynamic performance of the newborn pump may
translate into a lower risk of thrombus formation and hemolysis, which
are critical concerns in neonatal patients requiring mechanical circula-
tory support. These improvements could contribute to enhanced
biocompatibility and safety of the pump, potentially extending the
duration of support and reducing complications. From a surgical
perspective, the neonatal pump’s design optimizations may be readily
implemented into current extracorporeal life support systems with
minimal adaptation, supporting its integration into existing clinical
workflows.

Further research and validation studies are warranted to compre-
hensively assess the performance and thrombogenicity of the neonatal
pump in clinical settings. Future studies should also include direct cross-
comparisons with other existing neonatal devices to robustly contextu-
alize and benchmark the proposed design within the current techno-
logical landscape.
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