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Assessment of blood hemolysis during optimization 
of t he RotaFlow centrifugal pump impeller
A.P. Kuleshov, N.V. Grudinin, A.S. Buchnev, V.A. Elenkin, D.N.  Shilkin, V.K. Bogdanov
Shumakov National Medical Research Center of Transplantology and Artificial Organs, Moscow, 
Russian Federation

This study focuses on the evaluation of a modernized impeller for the RotaFlow centrifugal pump (Maquet, 
Germany), carried out as part of efforts to design a domestic counterpart. The proposed impeller features a 
combination of primary elongated blades, responsible for generating the majority of pressure, and secondary 
shortened blades. The investigation examined pump performance under extracorporeal membrane oxygenation 
(ECMO) therapy conditions at a pressure of 350 mmHg and flow rate of 5 L/min. Computational analyses were 
conducted to evaluate fluid flow parameters associated with hemolysis risk. The optimized impeller demonstrated 
a significant increase in low tangential stress zones (<10 Pa), reduced exposure time, and a lower hemolysis index. 
Comparative mathematical modeling and bench testing with donor blood confirmed the improved hemodynamic 
performance of the redesigned impeller over the original configuration.
Keywords: hemolysis index, centrifugal pump, tangential stresses, impeller.

Corresponding author: Arkady Kuleshov. Address: 1, Shchukinskaya str., Moscow, 123182, Russian Federation.
Phone: (915) 292-47-98. E-mail: ilovemylene@yandex.ru

INTRODUCTION
In vitro evaluation of centrifugal heads for extra-

corporeal membrane oxygenation (ECMO) systems is 
often conducted under left ventricular bypass (LVB) 
conditions. In such studies, standard hemolysis testing 
is carried out using a validated method designed for LVB 
applications, typically at a pressure of 100 ± 5 mm Hg 
and a flow rate of 5 L/min on a dedicated test bench [1, 
2].

In clinical practice, however, LV bypass pumps are 
frequently adapted for ECMO therapy. While these 
pumps are engineered to function within a specific flow 
and pressure range, they are often operated across a much 
broader spectrum of hemodynamic conditions, which 
results in a loss of efficiency.

A more effective strategy in this case is to develop 
centrifugal pump (CP) product lines, such as the Jarvik 
[3] or Excor [4] axial pump families. These lines incor-
porate pumps optimized for different flow and pressure 
ranges, enabling adaptation to various ECMO modes and 
oxygenators with different resistances.

However, it should be noted that implementing this 
strategy is very costly, and currently, CPs continue to 
serve as universal components for different ECMO 
operating modes. Under conditions requiring pressu-
res of 300–400 mmHg to overcome oxygenator resis-
tance and maintain flow rates of up to 5 L/min, pumps 
are often forced to operate outside their optimal range, 
which negatively impacts performance. This mismatch 
leads to a reduction in hydraulic efficiency, promoting 
the development of recirculation and turbulence zones, 

particularly at lower flow rates. To compensate, the rotor 
speed must increase, which in turn exerts a harmful ef-
fect on blood elements. Moreover, it is well established 
that the thrombogenic potential of ECMO systems is 
linked to mechanical stress, which triggers activation 
of biochemical cascades [5]. This is mainly associated 
with blood–surface interactions in the wall layer and the 
mechanical impact of the impeller blades.

Hastings et al. [6] demonstrated that the CP, along 
with tubing and connectors, plays a key role in thrombus 
formation within the ECMO circuit. For this reason, CPs 
used in ECMO are routinely tested under elevated pres-
sure conditions in vitro. For example, Li et al. [7] tested 
their device at 290 mmHg and 5 L/min, while patent 
studies of a Chinese CP model conducted at 350 mmHg 
and 5 L/min showed lower hemolysis rates compared to 
pumps tested under LVB test benches [8].

Methods of preliminary computer assessment of pa-
rameters [9, 10] are widely used for early evaluation 
of CPs. These approaches are particularly effective for 
assessing the risk of hemolysis, and are especially re-
levant when pumps must be tested under high-pressure 
operating conditions.

When analyzing mechanical effects, such parameters 
include shear stress (SN), denoted as τ, which, at a steady 
fluid velocity υ, changes linearly with distance (y) from 
the wall, regardless of the nature of movement [11] (1):

	 .	 (1)

The effect of shear stress (τ) is most pronounced near 
surfaces in direct contact with blood. On these surfaces, 
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Fig. 1. Reconstructed 3D model of the RotaFlow pump (Ma-
quet, Germany)

Fig. 2. Impeller blade profiles of the original (a) and modi-
fied (b) RotaFlow pump designs

a b

regions with different shear stress levels develop, directly 
influencing the formed elements of blood. Importantly, 
shear stress is closely linked to exposure time of blood 
to the mechanical components of the system: the lon-
ger the duration of contact, the higher the probability 
of hemolysis.

Erythrocytes can often withstand very high transient 
loads if the time spent passing through the pump is mi-
nimal. However, under relatively low shear stress con-
ditions, prolonged stagnation within the pump can lead 
to hemoglobin release. This phenomenon is particularly 
relevant when pumps are operated outside their intended 
design range, especially at low flow rates.

A recent study by Gross-Hardt et al. [12] highlighted 
this problem. The authors examined ECMO pumps ope-
rating at flow rates of 0.5–1.5 L/min. Pumps originally 
designed for adults and children weighing >6 kg (with 
a flow capacity of 0.5–8.0 L/min) were applied in new-
borns weighing 3–6 kg, at flow rates as low as 0.3–0.5 L/
min. The results demonstrated increased internal recir-
culation, elevated shear stress, and consequently higher 
levels of hemolysis.

As rotational speed increases, interactions between 
blood cells intensify, a phenomenon that, under turbulent 
flow conditions, is described by Reynolds stress [11] (2):

	 .	 (2)

This effect further contributes to hemolysis, undersco-
ring the need to limit pump rotation speed in ECMO 
applications.

A reduction in the index of hemolysis (IH) under 
ECMO conditions has been reported by studies of the 
RotaFlow pump (Maquet, Germany) [11], which served 
as the basis for the present research and modernization. 
The proposed optimization method focuses on redesi-
gning the impeller to enhance pump efficiency while 
lowering rotational speed. Such an approach is espe-
cially relevant when adapting pumps for ECMO. This 
can reduce hemolysis and improve pump performance 
under high loads.

The optimized design aims to reduce both specific 
energy consumption and exposure time, leading to a 
measurable improvement in the calculated IH. Validation 
of the concept was carried out under ECMO conditions 
using both computational modeling and in vitro bench 
testing.

MATERIALS AND METHODS
A computer model of the RotaFlow centrifugal pump 

(Maquet, Germany) was developed. At the initial stage, 
the pump components were scanned using a 3DMakerpro 
Seal 3D scanner (China), which enabled the creation of 
accurate sketches and three-dimensional (3D) models of 
all parts with a precision of 0.1 mm. The final assembly 
was rendered in the SolidWorks PhotoView 360 graphics 

module, where the appropriate materials and textures 
were applied. The resulting model, shown in Fig. 1, re-
plicates the mass and dimensional characteristics of the 
original pump.

The mass of the parts generated from SolidWorks 
materials corresponded closely to those of the original 
RotaFlow pump, with a total deviation of 0.5 ± 0.1 g. 
The redesigned impeller blade, compared with the ori-
ginal, is shown in Fig. 2. It consists of a rotor equipped 
with a primary elongated blade and a secondary shor-
tened blade. The blade profile was defined with specific 
geometric parameters to reduce flow restriction while 
simultaneously increasing pressure generation during 
rotation. The shortened blade shares the same profile as 
the primary blade but has a length equal to one-third of 
the main blade.

The model was developed for numerical analysis of 
fluid flow. A 3D design was created for both the original 
impeller and the modified variant. The reference rotor, 
shown in Fig. 2, a, served as the base model, while the 
new impeller design, shown in Fig. 2, b, was evaluated 
relative to it. Among several design iterations, the selec-
ted impeller proved to be the most effective and optimal 
for the intended application.



101

Heart transplantation and assist ed circulation

Computational fluid dynamics (CFD) analysis
Numerical simulation of flow through the two pumps 

was performed using ANSYS Fluent 14.2. The flow dis-
tribution was obtained by solving the Navier–Stokes 
equations on an unstructured finite-volume grid. Bounda-
ry conditions were defined with zero pressure at the inlet 
and a fixed outlet pressure of 350 mm Hg. A flow rate 
of 5 L/min was achieved by adjusting the rotor speed.

Pump walls were assumed to be rigid with a surface 
roughness of 5 μm, consistent with die-casting quality. 
Blood was modeled as an incompressible Newtonian 
fluid with a density of 1060 kg/m3 and a viscosity of 
0.003763 Pa·s [13]. To solve the governing equations, 
the s-w turbulence model was applied, as it provides high 
efficiency and accuracy for near-wall flow conditions. 
A convergence criterion of 10–5 was used.

The computational mesh employed a minimum ele-
ment size of 50 μm (tetrahedrons), which allowed calcu-
lations to be performed with minimal time and software 
costs.

Hemolysis index assessment
An important aspect of flow-induced blood damage 

is hemolysis, defined as the release of hemoglobin into 
plasma resulting from erythrocyte membrane damage. 
The two primary factors contributing to hemolysis are 
the shear stress generated by the pump and the duration 
of exposure of blood cells within the flow.

For engineering applications, the power-law equation 
proposed by Giersiepen et al. remains a widely used 
tool for estimating the amount of released hemoglobin 
(ΔHb, expressed as a concentration relative to baseline 
hemoglobin, Hb). This model incorporates both exposure 
time and shear stress acting on red blood cells (3) [14]. 
Although it is well established that this equation tends to 
overestimate hemolysis and does not fully reproduce in 
vivo conditions, it continues to be applied successfully.

	 ,	 (3)

where τ is the shear stress acting on the blood, expressed 
in Pa, and t is the time of interaction of the blood within 
the shear field, expressed in seconds, and the relative 
increase in plasma hemoglobin is normalized in the range 
of 0–1. Different researchers have obtained empirical 
constants (A, α, β) by regression analysis of experimental 
hemolysis data. Two formulas obtained from different 
sources were used to solve the problems.

The first model applied was the well-known formu-
lation by Thamsen and Affeld [15], which uses an Euler-
based numerical approach to hemolysis prediction. The 
corresponding empirical coefficients are: A = 3.62·10–7, 
α = 0.785, and β = 2.416. The second model was that of 
Heuser and Opitz [16], which defines a different set of 
coefficients: A = 1.8·10–6, α = 0.785, β = 1.991. Both mo-
dels were used to calculate the index of hemolysis (IH).

Following Thamsen et al. [15], the HI is defined as 
the integral of hemolysis productivity over the entire 
computational domain, normalized to the mass flow 
rate of intact blood entering the pump. Thus, we obtain 
a productivity term for hemolysis that includes shear 
stress and the cumulative damage carried over from the 
previous time step [15].

	 ,	 (4)

This equation reflects the nonlinear dependence of 
blood damage on exposure time (t) and served as the 
basis for determining the probable HI.

To evaluate the potential traumatic effect on blood 
flowing inside the pumps, shear stress was calculated 
on all surfaces in contact with blood. In addition, the 
exposure time of blood elements – defined as the resi-
dence time of blood within the pump from entry at the 
inlet to exit – was assessed. Different criteria have been 
proposed in the literature for the maximum permissible 
shear stress value for red blood cells.

Two key parameters influence blood trauma: shear 
stress and exposure time. An empirical curve developed 
by Leverett and Hellums [17] describes the relationship 
between these parameters. This curve is widely used to 
distinguish between two regimes of blood damage: one 
dominated by surface-induced hemolysis due to direct 
contact with pump walls, and the other by shear-induced 
hemolysis in the bulk flow.

Leverett and colleagues conducted experiments with 
concentric cylinder viscometers to investigate the com-
bined effects of surface interaction, centrifugal forces, 
mixing, cell collisions, and viscous heating. The study 
confirmed that contact between red blood cells and solid 
surfaces significantly exacerbates blood trauma. Further-
more, they established a critical shear stress threshold of 
150 Pa for concentric cylinder systems.

According to [16], the critical shear stress value is 
also 150 Pa, while other studies report higher thresholds 
of up to 250 Pa [18]. Importantly, zones of elevated shear 
stress may occupy only a small portion of the surface 
and be associated with very short erythrocyte exposure 
times. Therefore, to numerically determine the HI, the 
calculated average shear stress was used, determined 
along an average erythrocyte trajectory. By combining 
shear stress and exposure time, the models yielded an 
estimate of the expected average HI, expressed as the 
percentage increase in plasma free hemoglobin relative 
to the total hemoglobin content.

Creation of a bench sample
Based on preliminary computer simulations, 3D mo-

dels of two centrifugal pump (CP) samples were created 
and exported to STL format. Using these files, physical 
parts of the mock-up were fabricated on a Formlabs 3B+ 
medical 3D printer (USA) by stereolithography (SLA). 
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Fig.  3. Experimental photopolymer pump models with the 
original and modified rotor designs

This process employed a biocompatible, sterilizable sur-
gical photopolymer, achieving a dimensional accuracy 
of 25 μm.

The fittings and blades were printed on a Stereotech 
Fiber 5D printer using the 5D Spiral Full method with 
PLA plastic. These elements were subsequently polished 
to achieve a smooth surface finish.

A 4-pole magnet, a 10 steel closing ring, and a cus-
tom-made support ball made of durable Al2O3 aluminum 
oxide (corundum, alundum) were integrated into the as-
sembly unit. Prototype pumps with both the original and 
modified rotors, prepared for bench testing, are shown 
in Fig. 3. The CP housing is equipped with an outlet 
fitting with an internal diameter of 3/8 inch. The impeller 
is driven by an external motor via a magnetic coupling.

Experimental tests were conducted on the developed 
CP, which was fitted with a single ball-bearing hybrid 
impeller and operated using a magnetic coupling. The 
drive system employed an Ex-Stream system motor 
(Biosoft-M, Russia), manufactured in accordance with 
the specifications described in this invention.

The Rotaflow pump prototypes weighed 61.3 ± 1.0 g 
with a priming volume of 32 ± 1 ml and were capable of 
delivering blood flow rates exceeding 10 L/min at normal 
rotation speeds between 1000 and 5000 rpm.

In vitro hemolysis testing
In vitro hemolysis was evaluated using a donor blood 

circulation circuit in accordance with the protocol re-
commended by the American Society for Testing and 
Materials (ASTM F1841-19). Each test was carried out 
on a bench setup containing 450 ml of donor blood (he-
matocrit: 38%, hemoglobin: 127 g/L). To assess the he-
molytic performance of the two pumps, four hemolysis 
tests were conducted at a flow rate of 5.0 ± 0.2 L/min 
under two pressure conditions: 350 ± 5 mmHg and 100 ± 

5 mmHg. The blood reservoir was immersed in a water 
bath at 37 °C to maintain a constant blood temperature.

Volumetric flow rate was measured using a Transonic 
T410 ultrasonic flowmeter. Inlet and outlet pressures 
were monitored with BBraun sensors. Citrated blood 
had a hematocrit level of 40 ± 2%.

The measurement procedure for free hemoglobin con-
centration followed the method described in [1]. Both the 
normalized index of hemolysis (NIH) and the modified 
index of hemolysis (MIH) were calculated as outlined 
in the same reference.

RESULTS
Distribution of shear stress on pump walls

To evaluate the distribution of shear stress, it was di-
vided into three levels depending on the expected impact 
on blood cells: 1) shear stress <10 Pa – corresponds to 
physiological shear stress; 2) shear stress 10–100 Pa – 
may induce formation of high-molecular-weight com-
pounds, degradation of von Willebrand factor (VWF), 
and platelet activation; 3) shear stress >100 Pa – re-
presents non-physiological shear stress, associated with 
damage to blood components. An example of shear stress 
distribution within the pumps are illustrated in Figs. 4 
and 5.

High shear stress was primarily observed at the trai-
ling edges of the impeller blades and within the casing 
surface gaps. In  the modified model, blood flow was 
more uniform, resulting in lower shear stress at the in-
let. However, shear stress remained elevated along the 
blade edges. A significant difference was noted in the 
upper and lower gaps: the original model showed more 
extensive high-shear stress (red) zones at the gap inlet. 
These differences were evident under both standard LVB 
conditions (100 mmHg, 5 L/min) and ECMO conditions 
(350 mmHg, 5 L/min).

In LVB mode, most of the blood in both pumps was 
exposed to shear stress levels below 10 Pa. The main 
differences emerged in the distribution of zones up to 
100 Pa and above. The modified impeller reduced loa-
ding in the gap regions and operated at a lower rotational 
speed, thereby reducing the pressure level above 100 Pa 
(Fig. 6, a). As expected, under ECMO conditions the 
percentage distribution shifted for both models compared 
to LVB mode. The overall area of high-shear stress zones 
increased significantly, although the relative difference 
between the models remained consistent (Fig. 6, b).

Average exposure time of blood in the modified and 
original designs was 0.22 s and 0.26 s, respectively, un-
der operating conditions (350 mmHg, 5 L/min). At lower 
loading conditions (100 mmHg, 5 L/min), the exposure 
times were 0.24 s for the modified design and 0.31 s for 
the original design.

Under ECMO pressure conditions, the number of 
recirculation trajectories was lower than under LVB 
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Fig. 4. Variation of tangential stress (TS) on the rotor surface for the modified (M) and original (O) impeller designs

conditions, resulting in a slight reduction of the average 
trajectory time despite identical flow rates. Since both 
pumps had nearly comparable priming volume, the mo-
dified model provided more effective flushing.

Analysis of mathematical and experimental 
hemolysis

The modified impeller design demonstrated a con-
sistently lower potential IH compared to the original 

Fig. 5. Variation of tangential stress (TS) on the surface of the hull for the modified (M) and original (O) impeller designs

Fig. 6. Percentage distribution of tangential stress (TS) zones across three ranges in LVB mode (a) and ECMO mode (b)

a b
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Rotaflow RC. At a hydraulic point of 100 mmHg and 5 L/
min, the predicted IH was 1.21 × 10–4 for the modified 
model versus 1.77 × 10–4 for the original. Under ECMO 
conditions (350 mmHg, 5 L/min), the IH was 7.93 × 10–4 
and 8.35 × 10–4, respectively.

These predictions aligned with the experimentally 
measured NIH and MIH. At 100 mmHg and 5 L/min, the 
NIH was 0.00084 g/100 L for the modified model versus 
0.00093 g/100 L for the original. Under ECMO loading 
conditions (350 mmHg, 5 L/min), the NIH values were 
0.00254 g/100 L and 0.00276 g/100 L, respectively. The 
comparative parameters of both models are summarized 
in Table.

DISCUSSION
The dynamics of the IH generated by the centrifugal 

pump with the new rotor demonstrate excellent perfor-
mance under clinically relevant ECMO support condi-
tions. Both wall shear stresses and hemolysis characte-
ristics were evaluated. Computational analyses showed 
that the average shear stress of the modified model was 
consistently lower than those of the original Rotaflow 
pump under identical operating conditions. This reduc-
tion is attributed to the unique impeller design, which 
achieves the required performance at a lower rotational 
speed.

Shear stress analysis further confirmed that the IH 
level of the modified model was lower compared to the 
Rotaflow pump. Since the numerically calculated IH 
depends on both exposure time and shear stress, and 
given that both pumps have nearly identical priming vo-
lumes, the shorter exposure time of the modified model 
indicates improved washability under the same operating 
conditions.

Therefore, the design of Model M, characterized by 
reduced shear stress, is expected to lower hemolysis. This 
assumption, based on IH assessment methods [18, 19], 
was validated by the experimentally measured NIH and 
MIH values for both pumps.

Calculations and tests on two CP prototypes demons-
trated that hydrodynamic performance can be modestly 
improved without a complete redesign of the CP. This 
means that with this modification, the rotor speed can 
be reduced by 70–100 rpm, resulting in a 3–5% increase 
in hydraulic efficiency. This improvement is attributed 
to the enhanced flushing effect of the six blades, which 
more effectively flushes the flow from the central axial 
zone and thereby reduce exposure time. Shorter exposure 
time limits the duration of stress imposed on blood cells 
as they traverse the pump cavity.

The data obtained allow preliminary conclusions to 
be drawn regarding the quality of the modified design. 
It was observed that as impeller speed increases, the area 
of red blood cell exposure above 150 Pa also expands. 
Under ECMO conditions, these high-shear regions occu-
py up to 50% of the total flow area, inevitably increasing 
hemolysis. Nevertheless, shear stress distribution in the 
modified model proved more optimal compared to the 
original design.

The largest high-shear regions were located at the 
entrances to the gaps between the impeller and the ca-
sing (Fig. 5). In  these zones, red blood cells reached 
maximum velocity and flow density and experienced 
strong turbulence from intense interactions with pump 
walls. The highest shear stress recorded in ECMO mode 
reached 504 Pa and 462 Pa, respectively.

The hemolysis values obtained in the experiments can 
be considered overestimated, as the tests were carried 
out on photopolymer prototypes whose relatively high 
surface roughness significantly influenced the results. 
However, the observed dynamics of hemolysis remain 
informative, and at this preliminary stage they support 
the relevance of the proposed modifications. The modi-
fied CP demonstrated good and predictable performance, 
and the results of laboratory experiments correlated well 
with the calculated data.

Table
Hemolysis parameters of models with original (O) and modified (M) rotors

Operating conditions Pressure 100 mmHg, flow rate 
5 L/min

Pressure 350 mmHg, flow rate 
5 L/min

О М О М
Impeller rotation speed, rpm 2155 2080 3560 3475
Maximum tangential stress (TS), Pa 250 238 504 462
Average TS, Pa 38 31 78 66
Average exposure time, s 0.31 0.24 0.26 0.22
Index of hemolysis (IH) growth model [15], ×10–4 9.46 4.47 46.84 27.45
IH growth model [16], ×10–4 10.00 5.47 36.53 23.00
IH model [18], based on coefficient from [15], ×10–3 3.41 2.20 20.15 14.02
IH model [18], based on coefficient from [16], ×10–3 3.48 2.45 15.05 11.10
NIH, g/100 L 0.00093 0.00084 0.00276 0.00254
MIH 0.1845 0.1677 0.5535 0.532
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CONCLUSION
Computational fluid dynamics (CFD) analysis in 

computer-aided design systems is becoming a key tool 
for evaluating medical device designs. However, this 
tool has inherent limitations. Shear stress distributions 
calculated in centrifugal pumps are useful for prelimi-
nary assessment and serve as important indicators of 
potential hemolysis. However, conclusions drawn from 
CFD analysis must also incorporate the exposure time 
of blood cells at the given shear stress level.

When designing ECMO pumps, two critical fac-
tors must be considered: minimizing blood trauma and 
maintaining a low priming volume, which is especially 
important in pediatric applications. The flow path must 
therefore include smooth transitions and a highly effici-
ent impeller capable of operating at minimal rotational 
speeds and relatively low flow rates, as required for cen-
trifugal systems. Achieving high efficiency under these 
conditions is challenging, and operating pumps across 
their entire pressure–flow range is not rational. Signifi-
cant deviations from the optimal operating point inevita-
bly reduce hydraulic efficiency and alter flow dynamics.

The proposed invention represents a new technical 
solution within the class of implantable blood pumps. 
It  is industrially applicable, as the pump components 
have been specifically designed for manufacturability, 
including molding processes and simplified assembly 
and bonding methods.

It can be concluded that the transition to a rotor with 
three long and three short blades offers clear advantages. 
Nevertheless, the development of a full product line of 
pumps, capable of covering the necessary range of flows 
and pressures for different patients remains a priority.

The authors declare no conflict of interest.
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