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1. Introduction

Hemolysis is an important index to measure the
performance of heart pump, more and more researchers ex-
plore the difference of hemolysis performance of artificial
heart pump with different structure. Ardakani, K. Y., et al.
[1] studied on three design parameters of artificial heart
pump, clearance distance, blade height and export position
relative to the blade, the larger height of the blade and the
smaller gap could cause higher hemolysis index value and
the gap has more obvious influence on hemolysis than the
height of the blade. Li H. Y., et al. [2] designed five types
of pumps with different blade thickness distributions from
leading edge to trailing edge, and used Reno mean Navier-
Stokes method to couple the k- sst turbulence model to in-
fluence the blade thickness, the thick blades near the leading
edge restrain the flow separation between the impeller

blades and improve the hydraulic efficiency at low flow rate.

The blade thickness near the trailing edge changes the inter-
action between the volute tongue. Wiegmann L., et al. [3]
studied the clearance, the number of impeller blades, and the
design range of semi-open and closed shroud, the degree of
stagnation and recirculation within the pump decreases, but
increases as the clearance decreases. Fuwen Liu et al. [4]
established a high rigid axis-solid interaction (FSI) model
for roller pump in order to optimize the structure and reduce
the degree of traction pulsation, and verified the accuracy of
the model by experiments, on this basis, two methods of op-
timizing pump rotor structure are proposed. Hosseini S.E.,
et al. [5] in order to investigate the effects of different geo-
metric and operational parameters of centrifugal heart pump
(CBP) impellers on pump performance, including the ef-
fects of temperature, Surface roughness and the addition of
inducer inducers, at the design point, the head pressure in-
creases as the temperature increases, and the head height de-
pends on the roughness of the impeller and decreases with
the increase of the Surface roughness. The effect of CBP
impeller Surface roughness is significant at high friction
loss. Although the inducer installed on the pump has no sig-
nificant effect on its overall performance, the wall shear
stress on the impeller decreases significantly. Li W.D., et al.
[6] optimized the structure of the diversion cone at the im-
peller inlet, effectively reducing hydraulic impact losses at

the inlet and enhancing anti-hemolytic performance. Wu
J.C., et al. [7] analyzed the influence of the gap between the
blade tip and the pump casing on the hydrodynamic perfor-
mance and blood damage in an artificial heart pump using
the CFD method. heir results demonstrated that a 100 um
gap achieved the lowest hemolysis levels. Ghadimi B., et al.
[8] employed metamodel-assisted genetic algorithm to sim-
ultaneously optimize the impeller and volute geometries of
a typical centrifugal blood pump. The results showed that
the blade inlet and outlet angle play a significant role in
pump efficiency and HI. Hence, one can reduce the blade
outlet angle to increase the pump efficiency and decrease
the HI. Yildizeli A., et al. [9] emphasized research into the
effects of design parameters for selected variations of pump
blades are studied, the effects of blade’s aspect ratio blade’s
camber angle, and the number of rotor blades were chosen
as design parameters, it was shown that the most dominant
parameter is the aspect ratio of the blade. The least influen-
tial parameter, camber angle, shows that the flat blade de-
sign performs better than the curved blade design examined
in this study. Xiao Y.P., et al. [10] employed CFD to inves-
tigate the impact of varying clearance dimensions on the he-
modynamic efficiency and hemolytic performance of a
blood pump. The study demonstrated that optimizing the
pump's clearance configuration significantly enhances over-
all pump performance. Wang C., et al. [11] utilized CFD to
analyze the effects of blade fillet design in an FDA standard
centrifugal blood pump on flow field characteristics and he-
molytic performance, the results demonstrated that imple-
menting fillet modifications on the impeller significantly en-
hances the pump's overall performance. He Y.C., et al. [12]
proposed an optimized integrated axial-flow blood pump as
the research subject. Using CFD, the team enhanced its ge-
ometric structure, demonstrating superior pressure head per-
formance in the novel design. Under optimal operating con-
ditions (rotational speed: 9000 r/min; flow rate: 6.24 L/min),
the optimized pump achieved: 16% increase in pressure
head compared to the original structure, 25% hydraulic ef-
ficiency, meeting physiological demands for most clinical
scenarios. Liu, et al. [13] employed a Lagrangian discrete
particle motion simulation method to numerically investi-
gate the effects of pump head, rotational speed, impeller out-
let angle, inlet angle, and blade number on thrombus
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formation in blood pumps. The results demonstrated that the
lowest thrombogenic risk was achieved with an impeller in-
let angle of 30°, outlet angle of 20° and 6 blades, providing
critical geometric optimization guidelines for semi-open im-
peller blood pumps and establishing a theoretical foundation
for subsequent in vitro experiments. Jansen, et al. [14] de-
veloped an adaptive blood pump with dynamically adjusta-
ble blade parameters (including outlet/inlet angles), demon-
strating superior performance versus conventional rigid
pumps: 47% increase in pressure head (1.5-9.5 I/min flow
range), 7.3% improvement in hydraulic efficiency.

The above mentioned optimization of heart pump
is mostly to study the effect of single parameter on hemoly-
sis performance, but less to multi-objective optimization.
There are many geometric parameters of the artificial heart
pump, and there is obvious interaction between them. The
single-objective optimization may decrease the hydraulic
performance of the artificial heart pump while optimizing
the hemolysis performance, therefore, it is necessary to pro-
pose a rapid and effective multi-objective optimization
method, which can simultaneously optimize the hydraulic
and hemolytic performance of heart pump.

This study investigates the influence of structural
parameters on hydraulic performance and hemolytic perfor-
mance in an artificial heart pump using CFD. By integrating
feature selection algorithms with the Response Surface
method, fitting relationships between significant structural
parameters and target functions (efficiency, head, and he-
molysis index) are established. A multi-objective optimiza-
tion of the artificial heart pump is implemented using the
NSGA-II algorithm to determine the optimal combination
of structural parameters.

2. Materials and Methods
2.1. Geometry

According to the normal physiological needs of the
human body, for adult patients, the heart pump needs to in-
crease the blood pressure by 100 mmHg while providing a
flow rate of 5-6 1/min [15]. Suppose the impeller speed, n =
6000 r/min, As shown in Fig. 1, the current design of VAD
is based on the geometry optimization of the previous pump
designed in our lab [16]. The experimental N/H calculated
for the previous model was 0.0386 g/100-1, which is quite
high for a heart pump. Design improvement suggestions
were made and implemented in the design reviewed in this
article.
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Fig. 1 Schematic diagram of the micro-axial heart pump
model

2.2. Numerical simulation

The flow in the heart pump was assumed to be
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incompressible, turbulent, and Newtonian. The physical
properties of the fluid were set to mimic human blood, with
a density of 1060 kg/m? and viscosity of 0.0036 kg/m?-s [17].
ANSYS Fluent was used for analysis, the damage index and
shear stress was defined by the user-defined functions.

The moving reference frame, or frozen rotor tech-
nique was used for hydraulic performance analysis. The
computational fluid domain was split into a rotational do-
main surrounding the impeller and the rest stationary do-
main. Interfaces were used to join these blocks. The turbu-
lent flow option of the shear stress transport (SST) k-
model was selected. The mass rate of flow at the inlet was
assumed to be 5 L/min (normal cardiac efficiency level).
The level of static pressure at the outlet was taken to be zero.
All other boundaries are treated as no-slip wall. The inlet
and outlet ports were extended to allow the incoming flow
to fully develop and reduce the influence of the outlet
boundary conditions. The boundary conditions and simula-
tion methods used in this paper are shown in Table 1.

Table 1
The simulation methods and boundary conditions
Numerical solution methods
Turbulence model SST k-w
The near-wall treatment Enhanced
Discrete scheme of convective Second-order upwind
term scheme
Scheme of pressure-velocity SIMPLE
coupling

Inlet Mass flow rate

Outlet Static pressure
Turbulence model SST k-w

2.3. Hemolysis estimation model

To estimate the hemolysis, a power-law model pre-
sented by Giersipen et.al could be considered [18]. The in-
duced mechanical blood damage (D) is directly related to
scalar shear stress and exposure time and can be shown in

Eq. (1)

D=Crt", (1)
where 7 is scalar shear stress, ¢ is exposure time, and C, a,
are experimental parameters. The constant value used is the
power law constants in this paper reported in reference [9],
C=3.62¢7, 0=2.416,3=0.785.

In Eq. (1), the scalar shear stress zis
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The transport equation [19] is obtained by defining
the linear hemolysis indicator D; = D'* and taking the total
derivative of the D; relative to time
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where V is the velocity vector, the source item o is the he-
molysis destruction rate in unit time

D,
dt

(4)

1

o =(3.62x107 )7 7. (5)

The transient Eulerian approach in which the com-
putation of blood damage along the pathlines is replaced by
volume integration of a damage function over the computa-
tional domain was implemented [20, 21]. This method elim-
inates the problems associated with particle tracking, such
as incomplete tracer particles. The linear damage generated
by the device is calculated using the equation:

- 1

D;=—|odv, (6)
0!

where Q is the volume flow rate. The hemolysis value was

obtained by exponential transform, i.e.

— 0.785

D=D; (7)
The numerical NIH level was calculated using
Eq. (8) [20]:
NIH = Hbx Dx100 , (8)
where Hb represents the hemoglobin content in the blood,
Hb =140 g/L.

3. Optimization Parameters

As shown in Fig. 2, the design of experiment
(DOE) method and the optimization algorithm were used.
The first step was to select the design variables according to
the importance lever of the design targets and variables to
the goals themselves. In the second step, the distance corre-
lation coefficient is the evaluation criterion to measure the
performance of the impeller by Optimized Space-filling De-
sign method (OSFD). In the third step, the efficiency of each
case was predicted by numerical simulation and they are se-
lected as optimization objectives. In the fourth step, the
mathematical relationships between objectives and design
variables were established by using Response Surface
model (RSM). In the last step, multi-objective genetic algo-
rithm was used to solve the mathematical functions, and the
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optimal combination of design parameters could be obtained.
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Fig. 2 Flow chat of optimization process

3.1. Design variables

The following parameters were selected as con-
trolled (Fig. 3): impeller length L, outlet impeller diameter
D>, blade angle £ at the impeller inlet, blade angle /3> at the
impeller outlet, blade thickness J, number of impeller blades
Z, and number of impeller blades Z>.
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Fig. 3 Optimization parameters
3.2. Optimization objectives

The pump head and efficiency are calculated as
follows:

2 2
- vy —v
P~ D 20
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prg 2g ©
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n="—p (10)

Besides, NIH level was calculated using Eq. (8),
where, p» and p; are the static pressures measured at the out-
let and inlet; v, and v; are the velocities at the outlet and inlet
g is the gravity; P is the input power of the pump.

gl

4. Results and Discussions
4.1. Mesh generation

The meshing tool ANSYS meshing generates a
grid, and the hexahedral structured grid is used for the inlet
section and outlet section. Due to the complex geometry of
impeller and diffuser blades, unstructured tetrahedral grids
with strong adaptability are selected in these domains. Be-
cause the blood flow in the impeller and diffuser belongs to
turbulent flow, to ensure the calculation accuracy, the hexa-
hedral grid boundary layer is divided on the wall of the im-
peller and diffuser to ensure that the y* value of the first grid
of the wall boundary layer is less than 1.

Table 2 shows the predicted pressure head, hydrau-
lic efficiency, and hemolysis index for grid sensitivity anal-
ysis of the simulation studies. Four sets of grids with differ-
ent grid numbers are given, it can be seen from the table that
the difference in heart pump head calculated by grid 3 and
grid 4 is 0.21 mmHg, the hydraulic efficiency is different by
0.11%, the maximum difference in hemolysis index is
0.0002, and the relative errors are all less than 0.5%. To save
computing resources and improve computing speed while
maintaining accuracy, this paper uses grid 3 as the grid scale
for subsequent research to carry out numerical simulation
calculations.

To verify the numerical simulation method in Ta-
ble 1, FDA centrifugal heart pump is used for verification in
this paper. CFD simulation calculation is carried out for the
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Table 2
Grid sensitivity analysis
Conditions Grid No. Grid, Mn Vmax P, mmHg 7, % NIH, g-(100 L)"!
1 2.57 0.85 107.3 72.7 0.0306
5 L/min, 6000 2 3.89 0.59 106.7 71.1 0.0343
rpm 3 4.27 0.26 106.4 71.2 0..0346
4 5.63 0.24 106.6 713 0.0348
Table 3 ar —o— l—‘lymmhc ekiel\c):' 0029
FDA’s benchmark heart pump operating conditions s —E s ead 0028 "
.. Mass flow rate, g Bl 105
Conditions L/min Pump speed, rpm 572 ooz |
1 2.58 2500 2 gl 3
2 2.58 3500 . o ales 2
3 4.68 3500 S 00252 log ]
4 6 2500 - =
5 6 3500 69:* 0024 |85
68 0023 -80

six working conditions in Table 3 and compared with the
experimental results provided in Ref. [22].

The comparison results of flow-head distribution
are shown in Fig. 4. It can be seen that the numerical simu-
lation results in this paper are relatively consistent with the
experimental data. The maximum relative error with the ex-
perimental data is less than 6%, indicating that the simula-
tion method used in this paper is acceptable.
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Fig. 4 FDA heart pump performance comparison
4.2. Multi-objective optimization

4.2.1. Effect of the main structural parameters of the im-
peller on the performance

Fig. 5 shows the efficiency increases with the im-
peller outlet diameter D, and the efficiency is highest when
the impeller outlet diameter D, reaches 17 mm, and then
decreases with the impeller outlet diameter, head and NIH
both increase with the impeller outlet diameter. Excessive
value of the impeller outlet diameter will increase the abso-
lute speed of the impeller outlet, impeller detachment, and
cardiac force and shear stress will increase, lead to in-
creased impact loss at the guide vane inlet, reduce the effi-
ciency of the heart pump, and improve the head and NIH.

Fig. 6 shows the efficiency increases with the im-
peller length, and the efficiency is highest when the impel-
ler length reaches 20 mm, and then decreases with the im-
peller length, head and N/H both decrease with the impeller
length. Excessive value of the impeller outlet diameter will
increase the absolute speed of the impeller outlet, impeller
detachment, and cardiac force and shear stress will increase,
lead to increased impact loss at the impeller inlet, reduce

15 16 17 18 19 20
Outlet impeller diameter (mm)

Fig. 5 Effect of the impeller outlet diameter on the perfor-
mance of the heart pump
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Fig. 7 Effect of the inlet impeller blade angles on the per-
formance of the heart pump

the efficiency of the heart pump, and improve the head and
NIH.

Fig. 7 shows the efficiency increases with increas-
ing inlet impeller angle when the inlet impeller angle is be-
tween 9° and 12.5°, the highest value is observed at the an-
gle of 12.5°. The NIH decreases with the angle, and the head
decreases with the increase of the angle. This indicates that
after the inlet impeller angle exceeds 12.5°, the increase of
the angle will aggravate the impact at the impeller entrance,
increase the overflow area of the blade inlet, increase the
hydraulic friction loss, and then reduce the efficiency, head
and increase the N/H.

As shown in Fig. 8, when the impeller outlet angle



is between 20° and 30°, the efficiency increases with the
increase of the outlet angle. When the blade outlet angle
exceeds 30°, the efficiency decreases with the increase of
the outlet angle. When the blade outlet angle is between 20°
and 45°, both the head and NIH increase with the increase
of the outlet angle. The increase of the blade outlet angle
can reduce the friction loss between the impeller and blood,
but it will increase the impact loss at the inlet of the guide
vane. According to the efficiency change trend, when the
outlet angle changes between 20° and 45°, the reduced fric-
tion loss is dominant, so the efficiency increases with the
increase of the outlet angle in this range. When the outlet
angle changes between 30° and 45°, the increased impact
loss is greater than the reduced friction loss, so the effi-
ciency decreases with the increase of the outlet angle. In-
creasing the blade outlet angle will increase the absolute ve-
locity at the impeller outlet, intensify the collision between
the high-speed flow at the impeller outlet and the low-speed
flow in the guide vane, cause flow turbulence, and lead to
an increase in the NIH value.
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Fig. 8 Effect of the outlet impeller blade angles on the per-
formance of the heart pump

Fig. 9 shows the efficiency increases with increas-
ing blade thickness when the thickness is between 0.5 mm
and 1.5 mm, when the blade thickness exceeds 1.25 mm,
the efficiency began to decrease. When the blade thickness
is between 0.5 mm and 1.25 mm, the efficiency increases
with the blade thickness. When the thickness exceeds 1.25
mm, the efficiency begins to decrease. With the blade thick-
ness between 1 mm and 1.5 mm, the pressure head de-
creases with the increase of the blade envelope angle. When
the thickness was between 0.5 mm and 1.5 mm, NIH de-
creased with increasing thickness. This shows that the blade
thickness is too large, although it will enhance the con-
straint of the impeller on the blood, reducing the flow sep-
aration and vortex phenomenon, it reduces the blood dam-
age, but the growth of the flow channel increases the hy-
draulic friction loss, reducing the efficiency and pressure
head.

Fig. 10 shows when the number of impellers is in-
creased, the pressure head of the heart pump is increased,
this is due to more blades providing greater fluid velocity
and energy conversion. However, when the number of
blades is too much, the impeller channel is narrowed, which
may increase the flow resistance of the fluid, resulting in
the decrease of the efficiency of the heart pump, because
there is an optimal value of the number of blades, which can
meet the requirements of the maximum efficiency of the
pump. In addition, with the increase of the number of blades,
the flow area of the passage increases, and the shear force
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Fig. 9 Effect of the outlet blade thickness on the perfor-
mance of the heart pump
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Fig. 10 Effect of the number of impeller blades on the per-
formance of the heart pump

of the blood increases when the impeller rotates at high
speed, which is easy to cause high NIH.

4.2.2. Optimize project

The response surface is an approximate estimation
model of the input and output parameters based on the data
group, the specific process is as follows: Firstly, a paramet-
ric three-dimensional model of the spiral maze pump is es-
tablished in CREO software. Secondly, the structural pa-
rameters of the model pump are identified and controlled
through the parametric function of ANSYS Workbench,
and the target function requiring output is set in the fluid
calculation module to establish the corresponding relation-
ship between the structural parameters and the target func-
tion. Thirdly, the required test sites were determined using
OSFD. The test sites are calculated one by one with RSM.
According to the test data obtained, the mathematical model
between structural parameters efficiency, hemolysis index
and head is fit in the response surface and optimization
module, that is, the optimization model based on the re-
sponse surface. On this basis, this model is calculated by
using the multi-objective genetic optimization algorithm to
obtain a series of solutions that meet the requirements, and
one of the solutions is selected as the final structural opti-
mization size according to the actual engineering needs.

4.2.3. Determine the optimization parameters

Because the hydraulic performance and hemolysis
index of heart pump involves 6 structural design parameters,
and there are interactions between the various parameters.
Table 4 shows the simplified structure design parameters
and their value range.



Table 4
Range of design parameters

Dimensions Initial value Range
Impeller length L, mm 20 15-26
Outlet impeller diameter D2, 18 15-20
mm
Inlet impeller blade angles £, 10 9-20
Outlet impeller blade angles 30 20-45
p.°
Blade thickness 8, mm 0.5 0.5-1.5
Number of impeller blades Z1 2 2-4

To remove the parameters that had less influence
on the external characteristics of heart pump, a sensitivity
analysis of the parameters was performed to select the de-
sign parameters to be optimized. In this paper, the Parame-
ters Correlation module of ANSYS Workbench was used to
obtain the sensitivity distribution of each design parameter
to the optimized target. The module uses the Spearman Cor-
relation Coefficient method to perform the parameter sen-
sitivity analysis. This method can be used to measure the
strength of the associations between the variables. The
larger the absolute value means that the greater the input
parameters influence the output parameters, and the posi-
tive value indicates that the output parameters are positively
correlated with the input parameters. The correlation coef-
ficient of this method is defined as shown in Eq. (11) [12,
13]

; an

where R; and S; are the value rank of the observed values i,
respectively, R and S are the average grades of variables
x and y, respectively, N is the total number of observed val-
ues, and d; = Ri—S; is the rank difference of pairs of variables
in two columns.

Fig. 11 shows the results of the sensitivity analysis
of each design parameter on the head, efficiency and he-
molysis index of the heart pump. As can be seen from Fig.
10, The outlet impeller diameter is the most sensitive to the
head, efficiency and hemolysis index of the pump, while
the impeller length is very low sensitive to the efficiency,
only —0.012, so the effect of the impeller length on the
pump efficiency can be ignored. The number of impeller
blade has the lower sensitivity on efficiency and head of the
pump, only —0.022 and 0.019. Considering that this study
focuses on improving the efficiency of the model pump, the
impeller length and the number of blade are determined in
the subsequent optimization process. Based on the above
results, the four parameters of outlet blade angles f,, inlet
impeller blade angles £, outlet impeller diameter D, and
blade thickness & were selected as the main parameter var-
iables for optimization.

4.2.4. Sample library construction and fitting optimization

In this paper, the RSM is selected to build the
proxy model fitting optimization model, according to which
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Fig. 11 Analysis on sensitivity of design parameters: a — ef-
ficiency, b — head, ¢ — hemolysis index of the heart

pump

the required heart pump sample points can be calculated by
numerical simulation. The sample library construction of
the fitted model was performed using Box-Behnken design,
and Box-Behnken design enabling efficient estimation of
first and second order coefficients in the RSM. Table 5
shows the three-level of the structural parameters.

The performance results of the numerical calcula-
tion of the 30 sample points and the heart pump in Table 6
are obtained by Design Expert software.

4.2.5. Response surface test

The data in Table 7 are processed using Design-
Expert software and the variance analysis results for sample
points are shown in Table 5. It can be seen that the fitted



model Signal-to-noise ratio of the head is greater than 4.0,
the model Prob > F'is less than 0.0001, the regression de-
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Table 6
Sample point design and numerical results

termination coefficient R>= 0.9971 and the corrected re- Hydrau- Pres-
gression determination coefficient Raq? = 0.9932, the fit of lic sure NIH,
the sample point model can be considered reliable. The sig- Noj Al B CHD Effi- Head, | g-(100L)"
nal to noise ratio of the hydraulic efficiency model is also ciency mmHg
greater than 4.0, the model Prob > F is less than 0.0001, l |-1|-1]0]0 0.70 66.02 0.022
and the difference between the regression determination co- 2 |1 ]-1]10710 0.72 75.25 0.0225
efficient R? and the corrected regression determination co- 3 |-1]1]0]0 0.71 102.35 0.0265
efficient Raq? is less than 0.2. The fitted hydraulic efficiency 4 1111100 0.71 103.21 0.0235
model can also be used for optimization design. > 1010 -1)- 0.69 100.23 0.0231
6 0 0 1 ] -1 0.75 90.25 0.0271
4.3. Multi-objective optimization model and solution 7104101111 0.71 86.42 0.0263
8 0 0 1 1 0.72 88 0.0242
Fig. 12 shows the influence of the four structural 9 10411010 0.73 87.21 0.0255
parameters of 4, B, C, and D on the performance of the 100 1 010 0.69 86.3 0.0233
heart pump. According to the curve, the parameter C, the 1110111010 0.72 90.5 0.0236
pump £tot > (S P : 20 [1]0]0] o7 9125 | 0.0275
outlet impeller blade angles, is more obvious on the hydrau-
. . 131]-1101(-1]0 0.69 84.21 0.0261
lic efficiency of the heart pump than the other three param-
. . 14 | 1 0|-1]10 0.69 94.16 0.0228
eters. However, the parameter outlet impeller diameter 4,
inlet impeller blade angles B, and blade thickness D all have 1501101110 0.72 92.35 0.0236
obvious effects on the head of the pump. The regression 6] 1101110 0.71 99.9 0.0254
equation between the head stage of the pump H, hydraulic 17101010 - 0.74 100 0.0263
efficiency #, hemolysis index N/H and the structural param- 1810101011 0.72 102.3 0.0272
eters Ds (4) 19 | 0 0] 0]-1 0.69 101.7 0.0266
’ 20 | O 010 1 0.73 94.2 0.0257
Table 5 21 0 |-1]-1]10 0.71 98.6 0.0234
Test the level and coding of each structural parameter 220111110 0.72 86.52 0.0275
23 1 0 | -1 1 0 0.74 88.32 0.0288
Factors Three-level 24 1 0 1 1 0 0.73 104.3 0.0265
-1 0 1 25 -1 1 0 | 0] -1 0.69 97.7 0.0277
A: Outlet impeller diameter Dz, 15 18 20 26 1 1 101]0]-1 0.68 100.2 0.0232
mm 27 | -1 1 0| 0 1 0.72 72.56 0.0238
B: Inlet impeller blade angles f1, ° 10 15 20 28 1 101071 0.73 105.32 0.031
C: Outlet impeller blade angles /5, 20 30 45 291010 ]-1]60 0.71 95.65 0.0285
° 301 0 0 1 0 0.72 99.2 0.0246
D Blade thickness J, mm 0.25 0.5 1
Table 7
Variance analysis of Model sample point
Project Mean square ) Rug? Signal .noise
fitted model Fitting deviation error term ratio
Pressure Head 9379.02 0.0516 4.6¢° 0.9971 0.9932 90.7384
Hydraulic Efficiency 6.018¢ 0.0079 2.2¢° 0.9583 0.8813 94.1096
NIH 4.237¢* 0.0063 4.8 0.9932 0.9846 92.0231

b1 (B), p2 (C), 6 (D) is established as follows:

n=F =0436+0.1534+1.898¢ "B +
+0.0123C -1.721e "D —6.425¢ > AB —
—4.839¢ ™ AC —1.599¢™* AD —0.025BC +
+1.112¢°BD—0.372¢*CD - 0.362¢ 4> -

—2.482¢7°B* +0.476C* —1.599D* (12)

b

H =F, =350.735-7.3524-3.056 8 —
—123.56C -32.35D+0.0394B +
+0.7124AC+0.3514D—0.176 BC +
+1.12BD—0.357CD +0.126 4* +

+6.721e B* +22.653C* —12.63D* (13)

bl

NIH = F, =0.0894-3.583¢ 7 4~
~3.683¢ B —-0.0593C —0.0238D —
~1.264¢7° AB +7.586¢° AC +
+0.125¢° 4D -2.893¢°BC +
+2.397¢°BD —5.238¢°CD +1.556e° 4> +

+5.126e°B* +7.012¢7C* +3.235¢7*D*.  (14)

The optimization test objective constraints and optimi-
zation objectives are as follows Eq. (15). According to the
relationship between the centrifugal pump performance and
structural parameters Egs. (12)-(14), the set of structural pa-
rameters that meet the head of 96.3 mmHg and the maxi-
mum hydraulic efficiency, the minimum hemolysis index
NIH are found by Design-Expert software within the con-
straint range of the structural variables. The optimized struc-
ture parameters are obtained as follows: The outlet impeller
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Fig. 12 Effect of the test parameters on the performance pa-
rameters of the heart pump: a — efficiency, b — pres-
sure head, ¢ — hemolysis index

blade angles is f>=30°, the outlet impeller diameter is
D, =20 mm, the outlet impeller blade angles is f;=12.5°,
and the blade thickness is 6 = 1 mm.

The optimization mathematical model was estab-
lished with maximizing efficiency and head and minimizing
NIH value as the optimization objectives:

minF =[~F,~F, F]
s.t.[4,B,C.D]
A4e[15,20]

B €[10,20]

C e[20,45]
De[0,25,1]

(15)
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According to Fig. 13, the theoretical calculated val-
ues of the original model and the optimized model are quite
close to the CFD simulation values, which demonstrates the
effectiveness of the adopted response surface method opti-
mization method combined with the NSGA algorithm.
Compared with the original model, the head of the opti-
mized model is 96.3 mmHg, which increased compared
with the original model, and just met the normal physiolog-
ical needs of human body, the hydraulic efficiency increased
by 3%, and the hemolytic value NIH decreased by 27%, the
optimization degree was high. Compared with the new heart
pump developed in literature [23], the N/H value of the op-
timized model was 0.0172 g/100-L in the same working
conditions, which is much lower than the hemolysis value
of the new heart pump in literature [23], proving the effec-
tiveness of the optimized method in this paper.

W Not optimized (Head) O Optimized (Head)
@ Not optimized (Efficiency) O Optimized (Efficiency)

80 A Not optimized (NIH) Optimized (NIH)

0.032 105

10.03 100
0028 {95
0.026 {90
0.024 185

0.022 {80

NIH/g: (100L)"1
Pressure Head (mmHg)

Hydraulic efficiency (%)

0.02 75

0.018 {70

0.016 ‘65

Flow rate (L/min)

Fig. 13 Performance comparison between the optimized
model and the original model

5. Conclusions

1. The influence of the structural parameters of
heart pump on their performance was analyzed by CFD, and
four significant parameters were selected as design variables
by single target feature selection method, namely outlet im-
peller diameter D, inlet impeller blade angles S, outlet im-
peller blade angles f, and blade thickness o.

2. By the Box-Behnken test design method and the
CFD numerical simulation, the test sample point and the
corresponding performance parameters were obtained. Us-
ing Design-Expert software, the results of variance analysis
showed that the regression models fit well, It can be used to
guide the design space.

3. To solve the regression equation by the NSGA-
multi-objective algorithm, Best outlet structure parameters
of selected heart pump: £, = 30°, D, =20 mm, S = 12.5°,
0 = 1 mm. Performance parameters of the heart pump under
working condition: efficiency is 74.5%, the head is 96.3
mmHg, the hemolytic value is 0.0172 g-(100L)"!, the hy-
draulic efficiency and hemolysis values are better to the
original model.
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MULTI-OBJECTIVE OPTIMIZATION AND DESIGN
OF HYDRAULIC AND HEMOLY SIS PERFORMANCE
OF MICRO-AXIAL HEART PUMP

Summary

In order to optimize the hydraulic performance of
the heart pump and reduce blood damage, the effects of the
main structural parameters on efficiency, head and hemoly-
sis values was studied by CFD, outlet impeller diameter, in-
let impeller blade angles, outlet impeller blade angles and
blade thickness were selected as design variables using
OFSD method, the efficiency, head, and hemolytic perfor-
mance of the pump were taken as objective functions, the
response surface method is used to fit the multivariate re-
gression model of design variables and objective functions.
Finally, the multi-objective optimization is carried out with
NSGA-II genetic algorithm, one of the qualified structural
parameter combinations was selected according to actual
needs as the final solution of the optimization. The outlet
impeller blade angles is £, = 30°, the outlet impeller diame-
ter is D> = 20 mm, the outlet impeller blade angles is
F1=12.5° and the blade thickness is 6 = 1 mm. Efficiency
is 74.5%, head is 96.3 mmHg, the hemolytic value is
0.0172 g-(100L)™". The study results can provide a reference
for the structural optimization of heart pumps.

Keywords: heart pump, structural optimization, RSM,
OSFD, multi-objective optimization, NSGA.
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