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A B S T R A C T

Background: Pediatric heart failure patients weighing less than 30 kg are prioritized for small axial 
flow blood pumps due to their smaller body size. This study aims to optimize the blade design of 
pediatric axial flow blood pumps by conducting orthogonal experiments on blade parameters and 
integrating hydraulic experiments with hemodynamic numerical simulations, so as to improve the 
hydraulic performance of pediatric blood pumps while reducing blood damage.
Methods: This study employs a combination of computational fluid dynamics (CFD) and orthog
onal experimentation to optimize six key parameters of the impeller blade. The optimal blade 
parameter model is determined through range analysis. The hydraulic performance of the opti
mized model is evaluated via in vitro experiments, which provide pressure and flow data. 
Additionally, hemodynamic performance is assessed using CFD, with key evaluation indices 
including flow field characteristics, pressure distribution, and shear stress distribution within the 
axial flow pump.
Results: From an orthogonal experiment, six blade parameters were found to influence blood 
pump pressure head: the distance between the starting surface of the blade and the hub (W), blade 
height (h), blade length (L), blade wrapping angle (α), blade outlet angle (β), and blade inlet angle 
(γ). The approximately linear pressure-flow curve of the optimized axial blood pump meets design 
requirements at a pump speed of 10000 rpm, achieving a pressure head of 50.8 mmHg and a flow 
rate of 3L/min. Computational fluid dynamics analysis reveals a smooth flow field with a low 
maximum reflux rate of 0.16 % in sections I, II, and III. Pressure is evenly distributed, with a 
maximum of approximately 104Pa in the inner wall of the impeller area, working face of the 
impeller blade, and guide tail blade. There are no high shear stress areas, with shear stress below 
200Pa accounting for approximately 95.08 % and areas exceeding 300Pa accounting for roughly 
1.56 %.
Conclusions: This study investigates the correlation between blade parameters and hydraulic 
performance in axial flow pumps used for blood pumping. The results of both flow field analysis 
and experimental studies, conducted using orthogonal experiments, demonstrate that the opti
mized blood pump exhibits enhanced performance in reducing both reflux rate and shear stress. 

* Corresponding author. Department of Cardiac Surgery, Children’s Hospital, Zhejiang University School of Medicine, National Clinical Research 
Center for Child Health, Hangzhou, China.

** Corresponding author.
*** Corresponding author.

E-mail addresses: gukaiyun@zju.edu.cn (K. Gu), yangky7@163.com (K. Yang), linru.008@163.com (R. Lin). 

Contents lists available at ScienceDirect

Heliyon

journal homepage: www.cell.com/heliyon

https://doi.org/10.1016/j.heliyon.2025.e42502
Received 4 May 2023; Received in revised form 27 November 2024; Accepted 5 February 2025  

Heliyon 11 (2025) e42502 

Available online 6 February 2025 
2405-8440/© 2025 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 

mailto:gukaiyun@zju.edu.cn
mailto:yangky7@163.com
mailto:linru.008@163.com
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2025.e42502
https://doi.org/10.1016/j.heliyon.2025.e42502
http://creativecommons.org/licenses/by-nc-nd/4.0/


These findings provide valuable insights for the design optimization of pediatric ventricular assist 
devices.

1. Introduction

Heart failure (HF) is a complex clinical syndrome associated with abnormalities in cardiac structure or function [1,2]. The main 
causes of HF in children are congenital malformations and cardiomyopathy, as reported by the World Health Organization in 2009. In 
the US, 11,000–14,000 children are hospitalized annually due to HF, with a mortality rate of 7 % [3]. The incidence of HF in children is 
0.87/100,000 in the United Kingdom and Ireland [4] and 7.4/100,000 in Taiwan [5]. Unfortunately, one third of children with HF die 
or require transplantation within one year of diagnosis.

Pediatric use of ventricular assist devices (VADs) as a bridge to transplantation (BTT) is increasing [6]. The Pediatric Heart 
Transplant Study reported that VAD support resulted in 17 % mortality and 76 % transplantation [7]. Positive outcomes, including 
survival on the device, bridge to transplantation, and recovery, were observed in 82 % of pediatric patients at 6 months [8,9]. 
Currently, one-third of pediatric heart transplantations involve VAD support, which has garnered significant attention. The Berlin 
Heart EXCOR pediatric VAD is approved by the Food and Drug Administration for BTT in children. Kaplan-Meier post-transplantation 
survival did not differ between EXCOR cohort and without pretransplant mechanical circulatory support cohort [10]. The Infant Jarvik 
2015 device may be considered a suitable option for implantation in patients weighing less than 8 kg, owing to its inherent stability and 
ability to sustain optimal patient hemodynamics [11] and has been shown to be effective in inducing recovery in those with dilated 
cardiomyopathy [12].

Advancements in technology have improved the performance of VADs, leading to increased focus on the computational fluid 
dynamics (CFD) analysis in related research. For instance, Li et al. used computational fluid dynamics to investigate the impact of blade 
number, angle, and thickness on the pressure head, hemolysis, and platelet activation of a centrifugal blood pump [13]. Wiegmann 
et al. systematically varied the design parameters of a centrifugal blood pump and analyzed the effects of these changes on flow field 
and hydraulic performance using CFD [14]. Similarly, Tompkins et al. optimized the fluid structure and analyzed the hydraulic 
performance of a magnetic levitation rotary blood pump designed for pediatrics using CFD [15]. Bozi et al. employed CFD to study the 
blood compatibility of axial flow pumps with two impeller designs, analyzing pressure and velocity vector distribution in the axial flow 
pump and predicting platelet activation caused by abnormal shear stress history [16]. Thamsen et al. combined CFD with particle 
image velocimetry to study the flow field of HeartMate3 [17], while Chang et al. employed CFD to study the mechanical and hemolytic 
properties of four different commercial axial flow pumps [18]. Antaki et al. used reduced-order formulas to allow rapid optimization of 
key design parameters; then rigorous CFD and FEA simulations were carried out to develop children’s blood pumps [19]. Kannojiya 
et al. used computational fluid dynamics software to conduct a three-dimensional study of an impeller with three curved and helical 
blades within a certain range of rotational speed and flow rate [20]. They found that the helical blades avoided mixing of different 
blood flows, thereby reducing eddy current losses. Ghadimi et al. combined metamodel assisted genetic algorithm with CFD to 
optimize the impeller and volute geometries of a typical centrifugal blood pump [21]. The above studies have explored the perfor
mance and optimization methods of VADs. This study adopts a new design optimization method for pediatric blood pump.

For the design of blood pumps, the structural parameters of the impeller are crucial to the performance of the blood pump [12,22,
23]. Designers need to obtain the best combination of blade parameters through numerical calculations and experiments. However, 
during the impeller optimization process, it is a huge workload to study the influence of specific parameters on the performance of the 
blood pump by changing one parameter of the blade at a time. As a multi-factor and multi-objective optimization design method, 
orthogonal experiment method is applied to the optimization design of pumps, which effectively solves the problem of long model test 
period [24–26]. Chen designed an orthogonal experiment for the hydraulic levitation structure of the blood pump to study the effects 
of groove width ratio, groove depth, gap and other parameters on the blood compatibility of the blood pump [27]; Huo optimized 
different blade parameters of the magnetic levitation centrifugal pump through orthogonal experimental methods, which greatly 
reduced the turbulence intensity of the blood pump and significantly improved the hydraulic and hemolytic performance of the blood 
pump [28]. Based on the single-factor experimental results, Feng selected three structural parameters and used the orthogonal 
experimental method to conduct simulation calculations on different parameter schemes in order to achieve the optimal design of the 
rolling blood pump structure [29]. However, due to the unique physiological characteristics of children, such as smaller heart and 
chest volumes and higher blood compatibility requirements compared with adults, the design of pediatric blood pumps is more 
challenging.

This study optimizes the ventricular assist device (VAD) for children under 30 kg using an axial flow structure. Six impeller blade 
parameters are optimized using CFD and orthogonal experiments. The resulting model is evaluated for hydraulic performance through 
in vitro experiments and hemodynamic performance using CFD to determine flow field, pressure distribution, and shear stress 
distribution.

2. Materials and method

2.1. Baseline blood pump design

The baseline blood pump is designed for children under 30 kg, limiting its overall size. Combined with the advice of clinicians, 3L/ 
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min and 40 mmHg is selected as the design work point of the blood pump. The outer diameter of the baseline pump is 12.1 mm and the 
length is 40 mm. Fig. 1A is a schematic diagram of the overall dimensions of the blood pump. Fig. 1B shows the schematic diagram of 
the pump impeller and key blade parameters, including an outer diameter of 11 mm, length of 24 mm, and three blades designed using 
streamline methods. To enhance the blood pump’s performance, it’s essential to optimize the impeller design, the core component.

2.2. Mesh details and sensitivity analysis

The calculation model consists of three sections with two static and dynamic interfaces each: the static guide head, guide tail area, 
and rotating impeller area. We used an unstructured grid with a boundary layer at the fluid-solid interface and higher grid density near 
the blade to obtain accurate local velocity gradients. After performing a grid independence analysis (Table 1), we selected a grid setting 
of 10 million to balance computational accuracy and resources (Fig. 2).

2.3. CFD analysis

The hydraulic and hemolytic performance of all blood pump models was evaluated using CFD simulations. The CFD simulations 
were conducted with the commercial software Ansys Fluent, solving the incompressible Navier-Stokes equations (1) and (2) using the 
SIMPLE method.

The N-S equation is as follows: 

∇u=0 (1) 
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Where the blood velocity (u), pressure (p), dynamic viscosity (μ), blood density (ρ), and volume force field (F) play crucial roles in 
understanding the mechanics of blood flow.

In this study, the SST k-ω turbulence model was employed to deal with y+ may exceed 1 at some locations, and the turbulence and 
momentum were solved using the second-order upwind method to ensure high accuracy in the calculations. The transport equations 
(3) and (4) expressions of the SST k-ω model are presented below. 
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Where the turbulent kinetic energy (k), time(t), Turbulent kinetic energy generated by laminar velocity gradient (Gk), Coefficient (α,β), 
specific dissipation rate (ω), weighting function (F1)

The blood flow through the VAD is analyzed using a weighting function F1. Blood is assumed to be an incompressible Non- 

Fig. 1. (A) 3D model of the baseline blood pump; (B) Diagram of key parameters of the blood pump blades.
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Newtonian fluid with a density of 1050 kg/m³ and a dynamic viscosity of 0.0035 Pa s [30]. The momentum equation residual is used to 
determine convergence, with a tolerance of 10− 4. The inlet boundary condition is zero pressure, while the outlet boundary condition is 
a flow rate of 3 L/min (0.0525 kg/s), all the solid walls were assumed no-slip and adiabatic. To ensure fully developed flow, the inlet 
and outlet lengths are extended to 10 times the diameter. Rigid body rotation of the rotor blade is achieved using a rotating coordinate 
system.

2.4. Hemolysis predictions

Hemolysis, the rupture or destruction of red blood cells, is determined by the magnitude and duration of shear force exerted on 
them. The hemolysis index (HI) is used to quantify the degree of hemolysis. Taskin et al. developed a power law model based on 
numerous experiments to investigate the relationship between HI and shear force/time [31]. The model establishes an empirical 
formula (5) to describe this relationship. 

HI=Cτatb (5) 

The parameters obtained after fitting are as follows: C = 1.21 × 10− 5,a = 2.004,b = 0.747.
This study uses a power law model and the Lagrange model established by Garon et al. to calculate hemolysis in blood pumps [32]. 

The hemolysis index is obtained by averaging 1200 streamlines. Equation (6) expresses the Lagrange model used to quantify 
hemolysis. 
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The calculation equation (7) of the shear force τ is as follows: 
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[
1
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Arvand et al. and Ge et al. have shown that Reynolds stress, a statistical measure, is not directly related to the physical force on 
blood cells [33,34]. Therefore, the equation for calculating shear force only considers viscous shear force.

2.5. Orthogonal experimental design

In the design process of the pediatric blood pump, on the one hand, there are limitations in the external dimensions, and on the 
other hand, it needs to meet the performance requirements of the pump. Therefore, multi-objective and multi-parameter optimization 
design of the blood pump is required. The orthogonal experimental method is a powerful way to study multiple factors and levels [35]. 
When there are three or more factors involved in the experiment, and there may be interactions between factors, the workload of the 

Table 1 
Results of the grid-independence test.

Number of fluid grid( × 106) Pressure Head (mmHg) Relative error Mean y+ on impeller surface

6.02 44.1 – 1.5762
8.03 42.9 2.72 % 1.2909
10.01 40.2 2.70 % 0.9465
13.04 40.6 0.99 % 0.6213

Fig. 2. Mesh grid division diagram of the blood pump fluid domain.
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experiment will become very large, or even difficult to implement. In view of this problem, orthogonal experimental design is un
doubtedly a better choice [36]. In this study, six factors were selected for pump blade design: blade inlet angle (γ), blade outlet angle 
(β), blade wrapping angle (α), blade length (L), blade height (h), and distance between blade starting surface and hub (W), each with 
five levels. Without orthogonal design, 15,625 combined experiments would be required for a comprehensive investigation. However, 
by employing orthogonal design principles, we created a factor-level table and designed 25 groups of orthogonal experimental 
combinations, as shown in Table 2. Orthogonal experiments can achieve results equivalent to a large number of comprehensive ex
periments with the minimum number of tests. Therefore, the application of orthogonal table design experiments is an efficient, fast and 
economical multi-factor experimental design method [37].

The orthogonal experimental method uses range analysis, also known as the R method. By calculating the R value, this approach 
assesses the efficacy and performance of a factor in achieving the optimal outcome. In range analysis, K-avg refers to the average value 
of experimental data at a certain level of a certain factor; the optimum level refers to the level number corresponding to the best K-avg 
value of a certain factor; R refers to the range value of the factor, that is, The maximum value of K-avg minus the minimum value of K- 
avg, the factor range value can compare the influence of each factor on the design goal. Ultimately, it facilitates the identification of the 
optimal combination of factors.

2.6. Hydraulic experiment

An experimental hydraulic performance test was conducted on the platform shown in Fig. 3 (A, B) to validate the accuracy of CFD 
simulation and determine the hydraulic performance of the blood pump. The test employed a blood viscosity of 3.5 mPa s at a 
simulated room temperature of 24 ◦C, consisting of a 2.3:1 mixture of 0.9 % sodium chloride solution and glycerol. An ultrasonic flow 
sensor (measurement accuracy is 0.5 %–1 %) was placed upstream of the blood pump inlet to measure the flow rate, while pressure 
sensors (measurement accuracy is 1 %) were installed at the inlet and outlet of the pump. A damping valve was located downstream of 
the pressure gauge at the outlet of the blood pump.

3. Results

Through 25 sets of CFD simulation results, we can obtain the blood pump pressure heads under different orthogonal experimental 
combinations, as shown in Table 2. It can be seen that the hydraulic performance of the pump is significantly affected by the com
bination of blade parameters at a constant speed of 12000 rpm and a flow rate of 3 L/min. Only six of these sets (test numbers 3, 10, 11, 
14, 18, 22) satisfied the design requirement of 40 mmHg for pressure head. Range analysis of the results revealed the degree of in
fluence of each blade parameter on the pump’s hydraulic performance. Larger ranges indicate greater effects, while smaller ranges 
suggest lesser impacts. This analysis provided insight into the order of influence of blade parameters on pump head, serving as a 
reference for optimal blade design.

Table 3 ranks the blade parameters by their influence on pump head, from greatest to least: distance between blade starting surface 
and hub (W), blade height (h), blade length (L), blade wrapping angle (α), blade outlet angle (β), and blade inlet angle (γ). The greater 

Table 2 
Orthogonal experimental combination and result of pressure head.

Serial number γ (◦) β (◦) α (◦) L (mm) h (mm) W (mm) Pressure Head (mmHg)

1 10 10 130 6 1 − 5 20
2 15 25 130 10 1.8 1 25
3 20 40 130 14 1.6 − 3 45
4 25 55 130 8 1.4 3 10
5 30 70 130 12 1.2 − 1 14
6 30 10 150 14 1.4 1 8
7 10 25 150 8 1.2 − 3 29
8 15 40 150 12 1 3 − 5
9 20 55 150 6 1.8 − 1 24
10 25 70 150 10 1.6 − 5 79
11 25 10 170 12 1.8 − 3 58
12 30 25 170 6 1.6 3 6
13 10 40 170 10 1.4 − 1 18
14 15 55 170 14 1.2 − 5 51
15 20 70 170 8 1 1 − 12
16 20 10 190 10 1.2 3 3
17 25 25 190 14 1 − 1 8
18 30 40 190 8 1.8 − 5 72
19 10 55 190 12 1.6 1 19
20 15 70 190 6 1.4 − 3 7
21 15 10 210 8 1.6 − 1 20
22 20 25 210 12 1.4 − 5 53
23 25 40 210 6 1.2 1 − 36
24 30 55 210 10 1 − 3 9
25 10 70 210 14 1.8 3 16
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the range value R of a factor, the greater the influence of the factor on the design objective.
Fig. 4(A–F) shows the impact of blade parameters on the pressure head of the blood pump. The pressure head initially decreases and 

then increases with increasing blade inlet angle γ, reaching a maximum at γ1. Similarly, the pressure head increases and then decreases 
with increasing blade outlet angle β, peaking at β3. The pressure head follows a similar trend with increasing blade wrap angle α, 
reaching a maximum at α2. Increasing blade length L initially increases the pressure head, but beyond L4, the pressure head decreases. 
The maximum pressure head is achieved at h5 when increasing blade height h. Finally, the pressure head decreases and then increases 
with increasing distance w between the blade starting surface and the hub, with the maximum pressure head occurring at W1.

The combination of blade parameters γ1β3α2L4h5W1 generally maximizes pump head (model A). However, the design of a blood 
pump must also consider requirements for hemodynamics and hemolysis.

Through three-dimensional modeling and CFD simulations of blade parameters (model A), we found that at a rotational speed of 
12000 rpm and flow rate of 3 L/min (condition A1), the blood pump pressure head exceeded the design requirement of 40 mmHg, 
reaching 85 mmHg. However, high pump speeds can increase hemolysis. To reduce hemolysis, we propose reducing the speed for 
condition A1 in model A. After several CFD simulations, we determined that the optimal blade parameters are achieved at a speed of 
10000 rpm and flow rate of 3 L/min (condition A2), producing a pressure head of 52 mmHg, meeting the design requirements.

We compared the calculation results of the conditions A1 and A2 of model A, the 6 serial numbers of models (numbered 3, 10, 11, 
14, 18, and 22) that met the design requirements in 25 groups of orthogonal experiments, and the baseline pump under the design 
conditions (12000 rpm), as shown in Fig. 5.

Under the conditions of 12000 rpm and 3L/min, Model A achieved a pressure head of 85 mmHg, while the baseline pump achieved 
40.3 mmHg, indicating that the optimal blade parameters from the orthogonal experiment significantly improved pump pressure head. 
Hemolysis values (HI) were calculated for each model, with Model 18 having the highest (23.63 × 10− 4) and the lowest observed in A2 
(10,000 rpm and 3 L/min) at 11.65 × 10− 4, which was 48 % lower than the baseline pump hemolytic value.

Fig. 6 is impeller experimental model (A) and the experimental results and simulation results of the blood pump at different speeds 
(B). At flow conditions of 12000 rpm and 3 L/min, the pressure head was 83.9 mmHg, with a 1.3 % error relative to the CFD simulation 
results (85 mmHg). At flow conditions of 10000 rpm and 3 L/min, the pressure head was 50.8 mmHg, with a 3.5 % error relative to the 
CFD simulation (52 mmHg).

The error between the simulation results and the experimental results may come from many aspects, such as the grid, calculation 
model and boundary conditions in the process of simulation calculation, and may also come from the sensor accuracy, experimental 
data processing error and sensor accuracy in the process of experiment. Nonetheless, the errors between the experimental and CFD 
simulation results remained below 5 %, confirming the simulation model and grid settings’ rationality.

Fig. 6A shows the actual picture of the impeller. Fig. 6B shows that the pressure head decreases with the increase of flow at constant 
flow and speed. The relationship between pressure head and flow rate remains approximately linear without distortion points 
throughout the entire operating range, indicating reliable pump performance. The pump achieves a maximum rotational speed of 
12000 rpm, a flow rate of 6.8 L/min, and a pressure head of 105 mmHg, meeting clinical requirements for pediatric ventricular 
assistance.

Fig. 7 illustrates the flow distribution of model A at a speed of 10000 rpm and 3 L/min, mimicking blood flow through the pump. 
When blood flows through the blades, it generates a small backflow due to the impact, as seen in Fig. 7A and D. This reflux flow helps 

Fig. 3. Test loop. (1) Pump; (2) outlet pressure manometer; (3) Clamp; (4) Flowmeter; (5) inlet pressure manometer; (6) reservoir. (A) shows the 
schematic of the test loop; (B) shows the actual photo of the test loop.

Table 3 
Range analysis results of orthogonal experiment.

Factor γ β α L h W

R 12.4 14.4 30.4 38.6 48.2 73.0
Optimum level 1 3 2 4 5 1
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clean the area near the guide head and prevent thrombosis. Likewise, when blood flows through the guide vane, it also returns due to 
impact, as shown in Fig. 7B and E.

To quantify blood backflow in a pump, we define the reflux coefficient R as the ratio of mass flow from the outlet to the inlet on a 
specific section to the total section mass flow. formula (8) for calculating R is as follows: 

R=
Mout− in

Mtotal
× 100[%] (8) 

Where R is the reflux coefficient, Mout− in is the mass flow rate from the outlet to the inlet direction on the section, and Mtotal is the total 
mass flow rate on the section.

In this study, we evaluated blood flow backflow in the pump by analyzing three sections (I, II, and III) shown in Fig. 7C. Table 4
indicates that the maximum return flow rate on section II is 0.16 %, which is caused by blade impact during blood flow through the 
impeller. However, this small backflow does not affect the pump’s performance.

Fig. 4. The effect of impeller blade parameters on the blood pump’s pressure head. (A) The effect of blade inlet angle γ on the pressure head; (B) The 
effect of blade outlet angle β on the pressure head; (C) The effect of blade wrap angle α on the pressure head; (D) The effect of blade length L on the 
pressure head; (E) The effect of blade height h on the pressure head; (F) The effect of distance between the blade starting surface and the hub W on 
the pressure head.

Fig. 5. Comparison of hydraulic performance and hemolytic performance.
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Fig. 8 depicts a blood pump operating at 10,000 rpm, 3 L/min flow rate, and 52 mmHg pressure head. The high-speed blade 
rotation generates a pressure head that pushes the blood, resulting in lower inlet and higher outlet pressures. Fig. 8A shows the 
pressure distribution of the pump’s inner wall, with region IV(the impeller) experiencing approximately 104Pa pressure due to blood 
rotation and blade work, while other regions exhibit a more uniform pressure distribution. Fig. 8B presents the pressure distribution on 
the guide head, impeller, and tail, revealing that the impeller blade’s working face (regionV) and the guide blade’s tail end (regionVI) 
experience around 104Pa pressure, which is reasonable.

Fig. 9 displays the wall shear stress distribution in model A at a rotational speed of 10000 rpm, flow rate of 3 L/min, and pressure 
head of 52 mmHg. As seen in Fig. 9A, high shear stress is concentrated at the guide head, impeller, and guide tail. The maximum shear 
stress occurs at the upstream positions of the impeller and guide tail blades. Chamfering at these positions during sample processing 
can alleviate shear stress concentration. The maximum shear stress also occurs locally at the guide head due to blood backflow between 

Fig. 6. (A) The actual picture of the impeller; (B) Performance curves of the blood pump from simulation and experiment.

Fig. 7. (C) Flow field distribution of blood pump. (A, B, D, E) Detailed view of the flow field region in the blood pump.

Table 4 
Reflux coefficient of different section.

Section R (%)

I 0.12
II 0.16
III 0.03
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the guide head and impeller. Fig. 9B shows that approximately 95.08 % of the regions experience shear stress below 200 Pa, while only 
1.56 % of the regions experience shear stress above 300 Pa. Therefore, areas with lower shear stress, which account for the majority of 
the distribution, induce less destructive blood flow in model A.

4. Discussion

Pediatric ventricular assist devices require careful blade design due to dimensional limitations. However, designing blades that 
meet multiple goals, such as hydraulic performance, hemodynamics, and hemolysis, based on various parameters poses a challenge. 
Traditional design methods, like the streamline method [38], are unsuitable for blood pump blade design. The streamline method 
focuses on the hydraulic performance and efficiency of axial flow pumps, originally developed for aircraft airfoils. In blood pump 
design, blade design must consider both the potential damage of high-speed rotating blades to blood and the overall hemodynamics of 
the pump.

In this study, we optimized the design of a blood pump blade using an orthogonal experiment method based on six parameters 
selected from CFD single factor variable experiments and design experience. Through 25 sets of orthogonal experiments and range 
analysis, we determined the order of influence of different parameters on the pump’s pressure head and obtained a model pump with 
the optimal parameter combination. By reducing the blood pump speed from 12000 rpm to 10000 rpm, we mitigated the risk of 
hemolysis compared to the baseline pump.

CFD is a powerful technology for hydraulic design of blood pumps and numerical hemolysis assessment, avoiding the need for 
prototyping and blood experiments, reducing design time and cost. However, CFD-based hemolysis calculation accuracy is contro
versial, with limited ability to calculate the hemolysis value of the blood pump [39]. The key hemolysis model is empirical, such as the 
power law model [31] used in our study. Despite extensive research on hemolysis modeling [40–42], CFD-based calculations still differ 
significantly from experimental results. However, our study aims to compare hemolysis performance across different leaf parameter 
combinations, rather than predict the hemolysis value using CFD, making the use of an empirical hemolysis model justifiable.

In the velocity vector diagram of the blood pump, sections I, II and III exhibit partial reflux. The axial flow pump generates 
inevitable reflux when blood flow impinges on the blade, but the angle and range of reflux can be influenced by blade parameters. 
Optimization of these parameters can reduce flow loss, enhance hydraulic performance, and improve hemolysis performance of the 
blood pump. In Fig. 8, pressure is relatively high (104 Pa) on the inner wall of the blade region, impeller blade working face, and guide 
tail blade due to blade work and blood impact. This is a normal phenomenon, and there is no concentrated pressure distribution in local 
areas. Fig. 9 shows that the head of the impeller blade and guide tail blade exhibit concentrated shear stress distribution. Appropriate 
chamfering treatment in the corresponding position in the actual product can alleviate shear stress concentration and reduce the risk of 
hemolysis.

This study has some limitations. Firstly, the hemolysis evaluation lacks experimental verification and is purely numerical. We plan 
to conduct clinical haemolysis tests on the blood pump to address this. Secondly, future research can incorporate the haemolysis 
calculation value and key area reflux rate as design target values in an orthogonal experiment. This combined with haemolysis tests 
will lead to a more complete design method for pediatric blood pumps.

5. Conclusions

In this study, we investigated the impact of varying blade parameters on the pressure head of a pediatric blood pump using an 

Fig. 8. (A) Pressure distribution map of the mid-section of the blood pump; (B) Pressure distribution map of the 3D model of the blood pump.
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orthogonal experimental design. Through comparison of hydraulic performance and hemolysis across different models, we identified 
the optimal model and working conditions. Subsequently, we conducted hydraulic performance testing on the optimal model, which 
revealed a smooth H-Q curve and flow field, minimal reflux, uniform pressure distribution, and low shear stress and hemolysis levels as 
calculated by CFD analysis. Our findings offer valuable insights for the design of pediatric blood pumps.
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