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Abstract—Patients with ventricular assist devices still suffer
from high rates of adverse events. Since many of these
complications are linked to the flow field within the pump,
optimization of the device geometry is essential. To investi-
gate design aspects that influence the flow field, we developed
a centrifugal blood pump using industrial guidelines. We
then systematically varied selected design parameters and
investigated their effects on hemodynamics and hydraulic
performance using computational fluid dynamics. We anal-
ysed the flow fields based on Eulerian and Lagrangian
features, shear stress histograms and six indicators of
hemocompatibility. Within the investigated range of clear-
ance gaps (50–500 lm), number of impeller blades (4–7), and
semi-open versus closed shroud design, we found association
of potentially damaging shear stress conditions with larger
gap size and more blades. The extent of stagnation and
recirculation zones was reduced with lower numbers of
blades and a semi-open impeller, but it was increased with
smaller clearance. The Lagrangian hemolysis index, a metric
commonly applied to estimate blood damage, showed a
negative correlation with hydraulic efficiency and no corre-
lation with the Eulerian threshold-based metric.

Keywords—Computational fluid dynamics, Ventricular assist

device, Centrifugal blood pump, Impeller design, Blood

damage, Thrombosis, Hemolysis.

INTRODUCTION

Ventricular assist devices (VADs) are the main
treatment option for patients with end-stage heart
failure if heart transplantation is not possible. Even
though VADs are increasingly implanted as destina-
tion therapy, patients still suffer from high rates of
adverse events.17 Many of these, such as bleeding,
thrombosis and stroke, are thought to be closely re-
lated to the flow conditions within the VAD. These
flow conditions are determined to a large extent by the
pump design, which suggests that its optimization
would translate to fewer adverse events and improve
patients’ quality of life.

Among the existing pump types, turbodynamic
pumps are most widely used for VADs. Several
experimental and numerical frameworks have been
devised for their optimization. Studies such as those by
Wu et al.29,30 and Arvand et al.2 shed light on the
impact of different impeller designs and clearance gap
sizes, while others have focused on developing auto-
mated optimization frameworks.32,33 Yet, for design-
ers, it is important to gain insight into the impact of
single design parameters independently. Building on
the vast collective know-how on generic turbodynamic
pumps, Mozafari et al. systematically investigated the
impact of variations in geometry.18,22 The latter
study22 focused on hydrodynamic performance,
investigating the influence of geometry on a metric for
hemolysis.

Computational VAD design studies reporting on
hemocompatibility have typically focused on hemoly-
sis6,11,16,31 represented by a hemolysis index (HI),
which incorporates a weighted integration of shear
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stresses and exposure times. However, despite being
widely used, HI performs poorly in predicting experi-
mentally measured hemolysis values.27 Its value derives
from providing insight into the shear stress history as a
general indicator of potential damage to blood cellular
components, which may be of use for comparative
studies. Thrombus formation as another major aspect
of hemocompatibility is driven by multiple factors,
including platelet activation and slow blood flow
conditions. While an assessment of the latter is indeed
feasible, direct computational prediction of platelet
activation is currently not possible. Therefore, com-
putationally determinable surrogates have been sug-
gested to serve as alternatives.9,21 In general, views on
the best surrogate metric of hemocompatibility diverge
and validated models for predictions of measured
values remain a challenge. This may be one reason why
metrics applied for assessing blood damage differ
between studies on VAD geometry.

In this study, we provide a comprehensive investi-
gation of selected design parameters in view of their
hydrodynamic performance and hemodynamic char-
acteristics. Our geometry is based on an industrial
pump design guideline,12 starting from which we
investigate the effect of alterations in clearance gap,
number of blades, and shroud design. We use com-
putational fluid dynamics simulations that are vali-
dated experimentally regarding hydraulic performance
to assess the flow fields within the pump, as well as
Lagrangian particle tracks to characterize the stress
exposure of blood cellular components flowing
through the device. These analyses are further sup-
plemented by the classical HI and other metrics pro-
posed to correlate with platelet activation, thrombus
formation, or acquired von Willebrand disease. Col-
lectively, these results shed light on the impact of gap
size, blade number and shroud design on shear stress
exposure and flow stagnation, both of which were
shown to have implications in terms of blood damage
and thrombosis potential.

MATERIALS AND METHODS

Baseline Pump Design

The impeller and the housing were designed
according to the industrial design guideline for cen-
trifugal pumps by Gülich.12 Starting with six input
parameters that describe the desired operating condi-
tions and impeller topology, the design process is
broken down into 21 steps, involving 65 equations and
look-up tables, which ultimately result in fully con-
strained geometries of the impeller and housing. De-

tails on this process are given in Supplementary
Material A.

The first three input parameters that describe the
desired operating conditions were maintained constant
for all designs performed in this study: Operating
rotational speed and pressure head were set to
3000 rpm and 100 mmHg, respectively. The design
flow rate as an input to the design guideline was iter-
atively increased until, for our baseline geometry, an
effective flow rate of 4–5 L/min was achieved in the
computational fluid dynamics (CFD) simulation. The
chosen speed and pressure head correspond to that of
the HVAD (Medtronic/Heartware, Minneapolis, MN,
USA), a clinically used VAD that produces a flow rate
of 5 L/min against a pressure head of 106 mmHg at
3000 rpm.5 The simulated effective flow rate in the
retained baseline geometry was 4.4 L/min.

The remaining three input parameters for the im-
peller topology, namely clearance gap size (defined as
the distance between the tip of the blades and the
housing), number of blades and shroud design, were
chosen based on the recommendations given in
Gülich.12 They are listed in Tables 1 and 2 under
‘‘Baseline’’. Figures 1a and 1b show the CAD draw-
ings of the resulting pump, featuring a priming volume
of 11 mL and an impeller with 32 mm diameter. Since
the character of this study is conceptual, the design
process was free of any constraints imposed by bearing
and actuation systems.

Design Variations

Starting with the baseline design as the initial con-
figuration, clearance gap size, number of blades, and
shroud type were varied independently (Table 1).
These variations resulted in a total of eight simulated
designs, including the baseline design. Table 2 shows
the combination of parameters for each variant.
Parameter ranges were chosen based on literature and
existing technology. For the size of clearance gap, we
selected a lower bound of 50 lm and an upper bound
of 500 lm based on the dimension of the smallest gaps
between impeller and housing of the HVAD28 and the
HM3 (HeartMate 3, Abbott/Thoratec, Abbott Park,
IL, USA),26 respectively. The number of blades was
varied from four as seen in a number of clinically used
VADs, including the HVAD and HM3, up to seven in
order to investigate the suggested range of five to seven
blades based on the specific speed of our pump
design.12 In the third variation, the influence of the
presence or absence of a top shroud was examined. A
semi-open design has a bottom shroud but no top
shroud (like the HVAD), whereas a closed design has
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both bottom and top shrouds (like the HM3). In both
designs, we kept the blade height constant. Therefore,
the housing of the closed design was slightly larger to
maintain the desired clearance gap, resulting in a 1.6%
increase of the priming volume.

Computational Fluid Dynamics Simulations

Computational fluid dynamic simulations were
carried out for the eight different designs to evaluate
their hydrodynamic performance and associated
hemodynamics. The geometries were imported into the
commercial CFD package StarCCM+ (Siemens,
Munich, Germany). Polyhedral grids were generated

using the same settings for all configurations, including
a 4-element boundary layer along the walls and a local
mesh refinement in the clearance gap, ensuring that it
contained a minimum of twelve cell layers. The resul-
tant grid sizes ranged between 4.7 and 7.6 million cells.

The three-dimensional unsteady Reynolds-averaged
Navier–Stokes equations were solved using the k-x-
SST turbulence model and implicit second order tem-
poral discretization. Blood was modelled as a Newto-
nian fluid with a viscosity of 3.5 mPaÆs and a density of
1060 kg/m3. This simplification was considered
acceptable, as the non-Newtonian properties of blood,
such as shear-thinning, become negligible at high shear
rates (> 100 s21)20 such as those typically found in
VADs. The rotation of the impeller was implemented
as a rigid body motion with a set speed of 3000 rpm.
Pressure boundary conditions were set at the inlet and
outlet with a user-defined function such that a constant
static pressure head of 100 mmHg was kept between
inlet and outlet of the pump.

The simulations were carried out with a convergence
criterion of 1024 for the residual errors and a time step
of 5 9 1025 s, corresponding to less than 1� rotation
per time step at 3000 rpm. The simulations were run

FIGURE 1. (a) Side-view of the CAD model of cut-open housing and impeller design that served as baseline for the CFD simu-
lations, (b) top-view of the CAD model of baseline impeller and cut-open housing.

TABLE 1. Investigated geometry parameter values.

Parameter Value

Clearance gap size 50, 150, 300, 500 lm
Number of blades 4, 5, 6, 7

Shroud design Semi-open, closed

The clearance gap size, number of blades and shroud design were

investigated independently, varying one parameter at a time while

the others were maintained at their baseline value (marked in bold).

TABLE 2. Combinations of geometry parameters for each simulated design.

Variant

Clearance gap Number of blades Shroud design

I II Baseline III IV Baseline V VI Baseline VII

Clearance gap size (lm) 50 150 300 500 300 300 300 300 300 300

Number of blades 5 5 5 5 4 5 6 7 5 5

Shroud design semi-open semi-open semi-open semi-open semi-open semi-open semi-open semi-open semi-open closed

Only one parameter was varied at a time for each of the three parameters: clearance gap, number of blades and shroud design. The baseline

design is the same for each of the three variations. This resulted in a total of eight individual designs (including the baseline design) that were

evaluated in the CFD simulations.
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for five rotations after the flow rate had stabilized, and
only the fifth cycle was used for the analysis. Grid and
time step independence were confirmed for pressure,
velocity, and shear stresses as reported in Supplemen-
tary Material B.

To probe blood cell paths through the pump, we
implemented a Lagrangian particle tracking with pas-
sive advection. The particles had a diameter of 5 lm
and a density of 1125 kg/m3, which are representative
of the dimension and density of red blood cells. A total
of 6332 particles were seeded 4 mm downstream of the
inlet in a uniform spatial distribution during four
consecutive time steps.

Validation

To validate the numerical simulations, the hydraulic
performance of the baseline pump design was also
assessed experimentally. The baseline design was
complemented with features for motor shaft integra-
tion resulting in only slight geometric changes to the
bottom of the housing below the impeller, which was
assumed to have no impact on the fluid dynamics. This
design was then 3D-printed using photopolymeric re-
sin (FullCure 720, Objet-Stratasys Inc., Eden Prairie,
MN, USA) in a polyjet printer (Objet Eden 350 V,
Objet-Stratasys Inc.) with a layer thickness of 16 lm.
We investigated the surface roughness of the printed
material with a confocal laser microscope (VK-
X260 K, Keyence International, Mechelen, Belgium)
for different inclinations relative to the printing axis,
obtaining a mean Ra value of 5 lm. A brushless motor
(EC-max 40, 120 W, Maxon Motor AG, Sachseln,
Switzerland) was used for actuation. The impeller was
mounted directly on the motor shaft through press fit.
The 3D-printed pump was connected to the test
bench25 with two pressure-controlled fluid reservoirs,
and the resulting flow rate was measured at the pump
inlet as illustrated in Fig. 2. The pressure head over the
pump was measured with two in-line pressure sensors
(TruWave, Edwards Lifesciences, Irvine, CA, USA)
connected to the inlet and the outlet of the pump.

Analyses

Table 3 summarizes the metrics used to compare the
various design options in terms of hydrodynamic per-
formance and hemodynamic characteristics.

To gain better understanding of the relation
between design features and potential blood damage,
we investigated the flow fields qualitatively and quan-
titatively. To this end, we visualized the regions with
low velocities, potentially prone for platelet aggrega-
tion and thrombus formation,4 considered distur-
bances of the flow field, investigated the location of

zones with high shear stresses and compared his-
tograms of medium and high shear stresses and expo-
sure times along the Lagrangian particle tracks. We
also analysed six metrics proposed in literature to as-
sess blood damage potential that quantify Eulerian
and Lagrangian characteristics of the simulated flow
fields. Spanwise vorticity and hemolysis index (HI)
were integrated over all particle tracks. All other
metrics, Eulerian in nature, were computed at each
time step and averaged over the last rotation.

Central to most blood damage models are the fluid
shear stresses experienced by blood cells and plasma
proteins as they flow through the device. The scalar
shear stress, s, was calculated from the viscous shear
stress components, rij, according to Bludszuweit
et al.3:

s ¼ 1

6

X
rii � rjj
� �2þ

X
r2ij

� �1=2
ð1Þ

Reynolds stresses were not included in the scalar
shear stress since blood damage models available in
literature are based on viscous stresses only.27

HI was calculated as a power law of the scalar shear
stresses and exposure time10 (see corresponding equa-
tion in Table 3) using constants by Heuser and Opitz14

as presented before.27 Values of HI were integrated
along each particle track based on the recorded shear
stress histories, and were then averaged to derive the
total HI for blood flowing through the VAD. Varia-
tion in the number of seeded particles above 6332
(tested range 156–9498) did not result in significant
changes in the computed HI.

We further determined the overall volumes of fluid
in which fluid shear stress is above the threshold sus-
pected for von Willebrand factor (VWF) cleavage
(s> 9 Pa), platelet activation (s> 50 Pa) and hemol-

FIGURE 2. 3D-printed baseline pump design on the motor
platform, connected to the test bench25 for experimental val-
idation.
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ysis (s> 150 Pa),9 respectively. Enhanced VWF
cleavage and the successive loss of its high molecular
weight multimers is believed to be one of the main
causes for bleeding complications in VAD patients.23

Areas of very low wall shear stress (WSS) on the rotor
surface (WSS< 1 Pa) were derived to assess the
potential risk of platelet deposition.15 The Lagrangian
spanwise vorticity index (SPWVI) was shown numeri-
cally to correlate well with the platelet activation sta-
tus.21 This correlation was originally reported for
prosthetic heart valves, but since the principles behind
shear stress-induced effects on blood components are
comparable for blood pumps, an application in this
field seems reasonable.24

To test for association between blood damage in-
dices suggested in literature, we calculated the non-

parametric rank correlation coefficients (Spearman’s
rho) using the IBM SPSS Statistics 23 software (IBM
Corporation, Armonk, USA). P-values below 0.05
were considered indicative of statistical significance.
We checked visually for the absence of non-monotonic
relations.

RESULTS

The influence of design parameter variation on
pump flow rate and hydraulic efficiency is shown in
Fig. 3. The pump flow rate ranged between 3.2 and
5.7 L/min, and the hydraulic efficiency between 38 and
53%. With 4.4 L/min of flow at 100 mmHg, the
baseline geometry achieved an efficiency of 47%. The
variation of the clearance gap led to the most sub-
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FIGURE 3. Computed flow rate and hydraulic efficiency plotted for variations of clearance gap size, number of blades and shroud
design. The baseline configuration is marked by filled symbols. When one parameter was varied, the remaining two parameters
were kept at baseline value. Note that the vertical axes depicting flow rate and efficiency have ranges of 3–6 L/min and 35–55%,
respectively.

FIGURE 4. Effect of change in clearance gap size (50–500 lm), number of blades (4–7), and shroud design (semi-open or closed)
on hemocompatibility indicators. Hemocompatibility indicators are grouped into three categories according to their suspected
implications: (1) Hemolysis indicators are HI and Is>150Pa. (2) Thrombosis potential is indicated by Is>50Pa, rotor surface with IWSS<1Pa

and SPWVI. (3) Bleeding potential due to VWF cleavage is assessed with Is>9Pa. All indices are normalized by their respective values
in the baseline configuration. Numerical values are listed in Supplementary Material C. Dashed frames indicate baseline config-
uration.
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stantial effects, followed by the change in shroud de-
sign.

Relative changes in hemocompatibility indicators
are shown in Fig. 4. In this figure, all indices are nor-
malized by their respective value in the baseline
geometry to allow for a direct comparison of the rel-

ative impact of the various design variations. The
numerical data, without normalization to the baseline
geometry, is listed in Supplementary Material C.
Fractions of fluid volume with shear stress values
above a threshold, Is >150Pa, Is >50Pa and Is >9Pa, were

FIGURE 5. Visualization of the effects of change in clearance gap size from 50 to 500 lm. (a) Localization and extent of areas of
high shear stress (s>150 Pa). (b) Regions with low velocities (v< 0.5 m/s) along the meridional section of the flow channels inside
the pump. The velocity threshold of 0.5 m/s was chosen for best visual representation of possible stagnation zones. (c) Flow
structures represented by streamlines seeded with a randomized distribution in the clearance gap above one of the blades. (d)
Histograms of the exposure times to shear stresses above 50 and 150 Pa. With the 50 lm clearance gap, 1049 (16.8%) and 364
(5.8%) of the seeded particles experienced SS above 50 and 150 Pa, respectively, compared to 2560 (40.2%) and 669 (10.5%) with
the 500 lm gap.

TABLE 4. Spearman’s rank correlation coefficients for the hydrodynamic and hemocompatibility metrics obtained by CFD
simulations.

g Qleak Is>150Pa Is>50Pa Is>9Pa IWSS<1Pa HI SPWVI

g r 1

p-value .

Qleak r 20.48 1

p-value 0.233 .

Is>150Pa r 20.24 20.36 1

p-value 0.570 0.385 .

Is>50Pa r 20.31 0.50 20.64 1

p-value 0.456 0.207 0.086 .

Is>9Pa r 20.52 0.26 0.02 0.64 1

p-value 0.183 0.531 0.955 0.086 .

IWSS<1Pa r 0.69 20.29 20.14 0.14 0.21 1

p-value 0.058 0.493 0.736 0.736 0.610 .

HI r 20.71* 0.62 20.12 0.74* 0.60 20.24 1

p-value 0.047 0.102 0.779 0.037 0.120 0.570 .

SPWVI r 20.50 0.21 0.43 0.21 0.86** 0.19 0.41 1

p-value 0.207 0.610 0.289 0.610 0.007 0.651 0.320 .

Statistically significant correlations are highlighted with bold case.

r: rank correlation coefficient, g: hydraulic efficiency, Qleak: leakage flow rate, s: scalar shear stress, Is>150Pa, Is>50Pa and Is>9Pa: fraction of

fluid volume with scalar shear stresses above 150, 50 and 9 Pa, respectively, WSS: wall shear stress, IWSS>1Pa: relative area of the impeller

surface exposed to WSS above 1 Pa, HI: hemolysis index, SPWVI: spanwise vorticity index.

* p< 0.05, ** p<0.01.
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in the range of 0.006–0.049%, 1.1–2.2%, and 14.4–
16.6% of the total fluid volume, respectively.

Table 4 shows Spearman’s rank correlation coeffi-
cients (r) between all derived metrics of pump perfor-
mance and hemocompatibility. Strong positive
correlations were found between HI and Is>50Pa

(r = 0.74, p = 0.037), and between SPWVI and Is>9Pa

(r = 0.86, p = 0.007). A strong negative relation was
observed between HI and efficiency (r = 20.71,
p = 0.047). None of the other correlations were found
to be significant.

Clearance Gap Size

From the smallest clearance gap of 50 lm to the
largest one of 500 lm, the flow rate decreased by 43%
and the efficiency decreased by 28% (Fig. 3). Although
the flow rate steadily declined from 5.7 L/min to 3.2 L/
min, the efficiency remained constant at 53% for the
two smaller gaps (50 and 150 lm), and only declined
for larger ones, reducing to 38% for a gap of 500 lm.

Figure 5a depicts the fluid volume exposed to high
shear stresses (SS), which in Fig. 4 was shown to be
minimal for medium gap sizes (150, 300 lm). Yet, HI
steadily increased with increasing gap size. In contrast,
smaller gaps led to larger regions of low speeds
(< 0.5 m/s, Fig. 5b). SPWVI was lowest for medium-

sized gaps (Fig. 4). Larger clearance gaps induced
significant flow disturbances on the suction side of the
blade as shown by streamlines seeded just above a
blade, whereas for the small clearance gap (50 lm)
streamlines seeded at the same position were almost
undisturbed (Fig. 5c). The number of particles exposed
to medium (> 50 Pa) and high (> 150 Pa) SS
increased substantially for the large gap (Fig. 5d). In
contrast, large gaps reduced the maximum SS that
particles were exposed to (Supplementary Material D).

Number of Blades

Increasing the blade number from four to seven
increased the pump flow rate from 4.0 to 4.6 L/min
(+ 15%), but did not affect efficiency (variation
within ± 1%, Fig. 3). The values of Is>50Pa and Is>9Pa

increased marginally with an increasing number of
blades (Fig. 4). In contrast to Is >50Pa, the thrombosis
indicators IWSS<1Pa and SPWVI increased to 3.5-fold
and 1.9-fold when the blade count was increased from
4 to 7. Stagnation zones with low velocity (Fig. 6b)
increased with the number of blades and aggregated
for higher blade numbers at the suction side of the
blades. Exposure times to medium and high SS were
almost unaffected, with a slight shift towards longer
exposure to medium stresses for seven blades (Fig. 6c).

FIGURE 6. Visualization of the effects of change in the number of blades from 4 to 7. (a) Areas of high shear stress (s> 150 Pa). (b)
Regions with low velocities (< 0.5 m/s) along the meridional section of the flow channels inside the pump. The velocity threshold
of 0.5 m/s was chosen for best visual representation of possible stagnation zones. (c) Histograms of the exposure times to shear
stresses above 50 Pa and 150 Pa. With 4 blades, 2552 (40.3%) and 557 (8.8%) of the seeded particles experienced SS above 50 and
150 Pa, respectively, compared to 2835 (44.8%) and 651 (10.3%) with 7 blades.
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Shroud design

Compared to the semi-open impeller, the closed
impeller yielded higher hydraulic efficiency and flow
rate (Fig. 3). In the semi-open design, high SS occurred
in the clearance gap, a behavior that was effectively
suppressed by the closed design (Fig. 7a). The closed
design also reduced the size of the low-velocity zones
near the blades (Fig. 7b), but gave rise to stagnation
zones at the corner edges where blades and shroud

meet. The closed impeller radically reduced the amount
of fluid exposed to SS above 150 Pa, but moderately
increased the amount of fluid exposed to mid-range SS
above 50 Pa, and more than tripled the value of low
WSS IWSS<1 (Fig. 4). Similarly, substantially fewer
particles were exposed to high SS for the closed design,
while simultaneously, exposure time to medium SS
increased (Fig. 7c).

Validation

We compared simulated and measured pump per-
formance with the baseline geometry, finding good
agreement between the two modalities. For a speed of
3000 rpm and a pressure head of 100 mmHg, the
simulated flow rate was 4.4 vs. 4.9 L/min in the
experiments, which corresponds to a difference of
10.3%. Figure 8 shows the experimental measurements
of the relation between pressure head and flow rate at a
rotational speed of 3000 rpm. A curve shape that is
typical for radial pumps can be observed, flatter at low
and steeper at high flow rates. The difference between
experimentally measured and simulated flow rates is
high in the low flow region (< 5 L/min) with 19.7%
root mean square error compared to only 2.4% in the
high flow region (> 5 L/min).

FIGURE 7. Visualization of the effect of a semi-open vs. closed shroud design. (a) Areas of high shear stress (s> 150 Pa). (b)
Regions with low velocities (v< 0.5 m/s) along the meridional section of the flow channels inside the pump. The speed threshold of
0.5 m/s was chosen for best visual representation of possible stagnation zones. (c) Histograms of the exposure times to shear
stresses above 50 and 150 Pa. With the semi-open design, 2435 (38.5%) and 611 (9.7%) of the seeded particles experienced SS
above 50 and 150 Pa, respectively, compared to 2111 (33.0%) and 171 (2.7%) with the closed design.
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FIGURE 8. Experimental measurements and simulation re-
sults of the hydraulic performance of the baseline design at a
rotational speed of 3000 rpm.
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DISCUSSION

In this study, we performed systematic variations of
design parameters in a centrifugal blood pump. Using
CFD, we analysed their effects on the flow field and
multiple metrics of hydraulic performance. Exposure
to elevated shear stress and exposure duration have
been shown to damage and/or activate the cellular
components of blood including erythrocytes, throm-
bocytes9 and leukocytes.7 According to Virchow’s triad
of thrombus formation, zones of low flow require
attention. Despite the evidence for flow induced blood
damage, validated models for predictions of measured
values of damage remain a challenge. While indices
such as the numerically derived hemolysis index often
provide an integrated view on specific flow features,
they should not be interpreted as predictors of mea-
sured blood damage. We, therefore, use them here in
combination with detailed analysis of the flow fields
and particle tracks to shed light on the influence of
each independent design variation on the extent of cell
exposure to potentially damaging or activating hemo-
dynamic environments.

In the choice of clearance gap size, designers face
conflicting requirements: Aiming for high hydraulic
efficiency calls for small gaps, whereas minimization
of maximum SS and suspected washout performance
would suggest larger gaps. In our geometries, smaller
gap sizes indeed increased the maximum SS (Supple-
mentary Material D). However, firstly, the total fluid
volumes exposed to high SS (Is>150Pa) were compa-
rable for 50 and 500 lm gaps (Fig. 4) and, secondly,
smaller gaps induced cell screening, an effect also
observed experimentally by Antaki et al.,1 such that
only half as many particles effectively experienced
these high SS in the 50 lm gap compared to the
500 lm gap (5.8% vs. 10.5% of the tracks, Fig. 5d).
Larger gaps on the other hand gave rise to substantial
flow disturbances in the fluid path (Fig. 5c), increas-
ing SS and vorticity. As a result, volumes exposed to
medium SS (Is>50Pa) generally increased with gap
size. These medium SS volumes, with sizes two to
three orders of magnitude larger than those with SS
above 150 Pa, affected about 40% of the particles in
the 500 lm gap setup vs. only 17% in the 50 lm gap
configuration (Fig. 5d). Increased vorticity content in
the main particle paths is reflected by the increase in
SPWVI with the largest gap size. Combined, the no-
ted changes in SS histories led to lower HI in smaller
gaps, which is consistent with previous results.11 In
contrast, Wu et al.31 reported minimal HI at 100 lm
compared to clearance gaps of 50 and 200 lm. Dif-
ferent to our study, they studied the effect of gap size

prescribing a constant flow rate. While a well vali-
dated metric of hemolysis remains to be established,
all qualitative and quantitative indicators investigated
here suggest that by minimizing the number of cells
exposed to high and medium stresses, smaller gaps
may be expected to yield lower hemolysis than larger
ones. This is also consistent with experimental
observations.16 SS> 50 Pa and higher SPWVI have
been proposed as indicators of platelet activation.
However, whether the noted reduction in Is>50Pa and
SPWVI (Fig. 4) in the 50 lm gap compared to the
500 lm gap geometry do translate into reduced acti-
vation remains to be demonstrated. One major
drawback of the smaller gaps is certainly the close to
three-fold increase in regions of low WSS and flow
separation with low velocities on the pressure side of
the blades. Strategies to avoid stagnation regions
should thus be devised in accordance to the retained
gap size. The gap size also affected the location of
potential flow stagnation regions, shifting from the
pressure side in the 50 lm to centrally in the vanes in
the 500 lm gap (Fig. 5b).

Compared to gap size variations, varying the num-
ber of blades had more blunted effects. While there was
a clear increase in volumes exposed to high SS with 7
blades compared to 4, SS histograms were almost
unaffected, showing for 7 blades only a slight shift
towards longer exposure times to medium stresses
(Fig. 6c). Consistent with these marginal changes in SS
exposures, HI was also marginally affected. The
SPWVI increased with the number of blades, as did the
regions of potential flow stagnations (IWSS<1Pa, Fig. 4)
due to flow separation at each blade (Fig. 6b). Col-
lectively, the decreased SS, vorticity indices and extent
of potential stagnation zones point to fewer blades as
being advantageous in terms of potential hemocom-
patibility. However, it should be noted that for fewer
than 5 blades this comes at the cost of a decrease in
pump flow rate.

In contrast to the above, shroud design variations
yielded conflicting observations. Compared to the
semi-open design, a closed shroud drastically reduced
exposure to high SS but increased exposure time to
medium SS (Fig. 7c). The number of particles affected
by medium SS was one order of magnitude larger than
to the peak SS. HI was slightly lower for the semi-open
configuration reflecting the opposite evolution of
exposures to high and medium SS. However, without
further data, no conclusion can be drawn on the inte-
grated effect of these two changes on net hemolysis.
Both platelet activation indicators suggested slightly
preferable behaviour for the semi-open shroud. The
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semi-open compared to the closed design resulted in a
smaller overall area of low WSS.

Overall, statistical analysis revealed that high effi-
ciency correlates with low HI (r = 20.71, p = 0.047).
Indeed, more efficient pumps have fewer recirculation
zones, flow disturbances and lower leakage flow, all of
which contribute to higher shear stresses or longer
exposure times and thereby higher HI. This finding is
consistent with the experimental data of Mozafari
et al.22 Lack of correlation between HI and Is>150Pa

(r = 20.12, p = 0.78) highlights that in the considered
geometries, peak SS only reflects a small part of par-
ticles’ SS histories, which are dominated by medium
stresses as indicated by the correlation of HI and
Is>50Pa (r = .74, p = .037) and the areas under the
histograms in Fig. 5d. The two metrics that have been
suggested to indicate platelet activation, Is>50Pa and
SPWVI, did not correlate (r = 0.21, p = 0.61) in our
study.

The computational approach employed in this study
has limitations. First and foremost, all design varia-
tions were tested against a constant pressure head. The
consideration of pulsatile conditions would be an
important next step, acknowledging not only the
physiological pulsations in the cardiovascular system,
but also VAD-inherent features such as washout
algorithms as in the HM3.19 Secondly, while the blood
damage indicators used in this study are widely em-
ployed in cardiovascular modelling, they remain
explorative. They substantially simplify complex bio-
logical mechanisms 8,27 and often perform poorly when
evaluated against experimental data.27 We, therefore,
used them here to probe integrated flow characteristics
rather then as predictors of measured blood damage.
Quantification of true hemolysis or platelet activation
potentials requires further investigation. Further ef-
fects, such as the interaction between blood and the
pump material are also critical for thrombogenesis 13

and hemocompatibility. Biological advances in its
understanding and modelling could significantly en-
hance the predictive power of CFD models. Finally, we
investigated an approach presented recently, which
links SPWVI to platelet activation.21 We applied this
metric to Lagrangian tracks of particles with properties
similar to erythrocytes (diameter 5 lm, density
1125 kg/m3) rather than platelets (1 lm, simulated as
massless) as used in the original work. Even though
this might slightly alter the flow paths, the major
characteristics of the tracks are expected to remain
unaffected. However, the SPWVI lacks a thorough
experimental validation. Thus, the prediction of pla-
telet activation remains challenging and requires fur-
ther investigation.

ELECTRONIC SUPPLEMENTARY MATERIAL

The online version of this article (
https://doi.org/10.1007/s10439-017-1951-0) contains
supplementary material, which is available to autho-
rized users.
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