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Abstract – Cardiac diseases are a major cause of death, unfortunately in serious conditions the only treatment is a transplant. However, 

the waiting line is long and most patients cannot wait until a suitable donor is found. This is a great issue specially for children due to 

their frail health. In this context, ventricular assist devices (VAD) improve patient’s survival rates prolonging their lives. Notwithstanding, 

the construction of such devices is complex and even with the best available design blood degradation, through haemolyse and 

thrombocytes, is inevitable. However, a well design pump can minimize the damage but this is even more difficulty in children due to 

the large variation in body size. In this work, a paediatric assist device (PVAD) developed by InCor was studied to evaluate the shear 

rate and the viscous stress near the lateral wall. This was done using time resolved image velocimetry (TR-PIV). This is a critical region 

because is where the liquid can experience the highest stress or ever the greater stagnation. Therefore, most degradation occurs close to 

the walls. The results indicate a tendence towards low strain and stress unless for short periods in the peak of the diastole and systole in 

the vicinity of the walls.  
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1. Introduction 
Cardiac failure in children is a serious health condition related to the presence of congenital heart disease and 

cardiomyopathies with an estimated incident in the population between 1-10 cases per 100.000 [1, 2]. In most cases, the 

treatment is a cardiac transplant. However, the waiting time for a suitable donor is long and the health condition of the 

patients is frail. Therefore, an intermediate treatment with a ventricular assist device (VAD) is needed to extend the life until 

the transplant. Besides, the treatment is an urgent need for anyone with in a severe cardiomyopathy, where the heart loses 

most of its pumping capacity. Still, the design and construction of these devices for paediatric use (PVAD) is a challenging 

task due to the wide range of corporeal sizes in children [3]. Beyond, the device must also have high reliability, low blood 

degradation or haemolysis, low thrombus and pannus formation, and even cost limitations for widespread use in large public 

health systems like the Brazilian SUS. Similar to other mechanical devices, the VADs are not comparable in function of a 

healthy heart, thus issues are present. The major concerning among pneumatic VADs is thrombus formation. When 

stagnation zones are present within the VAD’s flow there is a chance of a clot to be formed. However, it cannot be stated 

that all stagnation zones will form clots. The relation between thrombus formation and stagnation zones in flow relies on 

viscous shear stresses (VSS) [3]. If the VSS, or its shear rate, is abnormally low there will be a huge chance of thrombus 

formation. In literature, shear rate values below 200 s-1 [4] or 500 s-1 [5, 6] are considered dangerous to VAD operation. In 

contrast, high VSS or its shear rate (> 1000 s-1) are associated to haemolysis [4]. Low VSS may occur due to internal geometry 

in stagnation regions while high shear, that lead to haemolysis, is more present near device walls. 

In this context, the Bioengineering Laboratory of Heart Institute of InCor developed a pulsatile PVAD. This equipment 

is at the late development phase. At this stage, the device was tested to evaluate the flow pattern inside the device during a 

pump cycle. A series of experiments were performed using a time-resolved particle image velocimetry (TR-PIV) in a 

transparent device couple with a mock circulation loop (MCL) to study the flow behaviour. In a previous work [4], the 

temporal evolution of the velocity field in three distinct planes inside the PVAD were analysed. However, the viscous stress 
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and shear acting over the fluid was not evaluated, specially near the walls. In these ventricular devices the low shear 

stresses near the device walls is the main responsible to initiate the coagulation cascade [7]. This is a cumulative process 

and for long periods of time can affect the patient’s health. Thus, this work aims to evaluate the evolution of the shear 

and the viscous stress near the wall of a PVAD using the data collect by a time-resolved PIV.    

 

2. Methodology 
In this work, a non-intrusive measurement technique, time resolved particle image velocimetry (TR-PIV), was used 

to obtain the planar velocity field inside the paediatric device in a single cycle. This method allowed to study the flow 

with minimum interference because it need just optical access and tracing particles. However, the complex geometry of 

the PVAD was a major difficulty and guide the whole development of the experimental setup.      
 

2.1. Experimental Setup 

In the experiments, a transparent device received a custom-made wedge to reduce light scattering and reflex in the 

surface. This configuration allowed for the laser sheet to section the device in planes parallel to the centre of the valves. 

Figure 1a shows a draw of the top view of the wedge with the PVAD. The illumination system consisted of a diode-

pumped solid-state (DPSS) laser (Nd:YLF) with high repetition rate (up to 20 kHz) and double cavity (Litron Lasers 

Ltd, LDY304). The laser sheet produced had 5 mm in width and the energy of each pulse was 12.6 mJ. The images were 

acquired with high speedy CMOS cameras (Vision Research, Phantom® Miro® R311) at a frequency of 3250Hz, at this 

rate the evolution of flow structures can be observed coherently, what characterizes a time-resolved system. In the 

acquisition, the single frame mode was used to allow for future multi-frame analysis increasing the dynamic range [5]. 

To compensate for the distortion inside the device a custom-made target was used to create a local correspondence 

between the image and the physical space. The final image resolution was 55.56 μm/px. For trancing particles, it was 

used polyamide particles with mean diameter of 30 μm.   

The pulsatile pump is actuated by a pneumatic system synchronized with the measurement apparatus. A flexible 

diaphragm without a net displaces the fluid in and out of the device. To control the flux in the pump two bi-leaflets 

unidirectional valves were used in the inlet and outlet. All valves were positioned along the horizontal axis of the pump, 

parallel to the diaphragm (0º at Fig. 1a). A mixture of water, glycerine and ethanol was used to simulate blood with a 

similar density and viscosity. To simulate the pressure effect of a human body a mock circulation loop (MCL) was used 

(Fig. 1b). As stayed in [8], this system creates a similar hydrodynamic response that closes resemble the medical 

application. In all experiments the simulated cardiac frequency was kept constant at 70 BPM with systoles duration 30% 

of the total pump cycle. In every cycle 2785 images were acquired.  

 

 

Fig. 1: Draw of the PVAD and a picture of the whole system. 

 
2.2. Wall definition and analysis 
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The curvature inside the device and the transparent polymer causes optical distortions making difficulty to underline the 

correct position of the lateral walls in the acquired images. To solve this issue, a time average of the velocity field was done 

to determine the region with no movement. This, in association with the calibrated images, was used as a guide for manually 

selecting the wall region in the image. Two fixed walls were studied, one in the right, near the inlet valve, and another in the 

left side, below the outlet valve. In Figure 2, an example of the magnitude of the velocity field calculated by the TR-PIV is 

shown at the beginning of the diastole. The dark lines mark the geometric position of the walls and the dashed lines the limits 

of the valid data due to the shadows of the diaphragm and valves.  

 

 

Fig. 2: Velocity magnitude field of PDAV at 20% of diastole 

 

The analysis of the cycle was split between the systole and diastole phase determined by the electric signal that 

commands the air compressed valve feeding the diaphragm. Therefore, the whole cycle was split in interest intervals like the 

20%-40% of the diastole period when a strong jet near the inlet wall is visible creating an elevated shear in the region. To 

calculate the instantaneous viscous shear stress (VSS) in this position the two-component field was used following equation 

1. In this work, the average viscosity of the blood was used for this calculation. An important limitation of this calculation is 

the absence of the third component due to the planar measurements. However, the slim geometry of the chamber limits the 

out-plane motion near the lateral walls. In the case of the shear rate in the first vector after the wall that equation was greatly 

simplified to eq. 2, where the value of the velocity in the perpendicular direction to the wall is divided by its distance to the 

wall. In this calculus, the maximum spatial resolution near the fixed geometry is a concern, due to high distortion and high 

velocity gradient this region is prone to. Therefore, it requires a fine grid to do not underestimate the stress. With a 

combination of a Gaussian, an RMS and an intensity cap filters over the undistorted and calibrated image the multi-pass 

standard cross correlation (SCC) algorithm achieved a final resolution of 15 pixels starting with a 32 pixels windows and 

25% overlap. This is comparatively high resolution, especially when considering that the whole region had a signal-to-noise 

ratio (SNR) based on primary peak ratio (PPR) above 1.3.  

 

𝑉𝑆𝑆 = 𝜇 (
𝜕𝑢

𝜕𝑦
+

𝜕𝑣

𝜕𝑥
) (1) 

  

 

𝑠ℎ𝑒𝑎𝑟 𝑟𝑎𝑡𝑒𝑤𝑎𝑙𝑙 =
𝑣⊥𝑤𝑎𝑙𝑙

𝑑⊥𝑤𝑎𝑙𝑙
 (2) 

 

3. Results 
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Figure 3 shows the time series of the shear rate along the two walls inside of the PVAD through the whole beating 

cycle beginning with the diastole and finishing with systole. It is clear that at different moments there are gaps in the 

data. This is caused by the moving shadow of the diaphragm that decreases the SNR values to below the threshold of 

1.3 thus only a small portion above 30 mm is always visible in both sets. Observing the shear for the right wall, there is 

a peak between approximately 200 ms and 400 ms. Thus, that is the critical period for haemolysis in the cycle. The 

stagnation threshold, below 500 s-1, occurs in the end and in the beginning of the cycle in the portion of the wall closer 

to the valve. Meanwhile, the shear rate in the opposite wall is consistently lower than that of the right wall in the whole 

time series. It has two peaks, a bigger one in the end of the systole and another in the middle of the diastole, partially 

overlapping with the diastole peak. The secondary maximum in the left wall is associated with the recirculation 

movement formed inside the device after the diastole. The results in Figure 3, points out that the outlet region is more 

prone to the formation of thrombus or pannus insofar the wall near the inlet is more susceptible to haemolysis.  

 

Fig. 3: Shear rate in the lateral walls of PVAD 

 
Further analysing the data, the diastole phase was split in three intervals of approximately 120 ms corresponding 

to: 0%-20%, 20%-40% and 50%-70% of the diastole. Meanwhile the systole was portioned in another three periods of 

approximately 54 ms corresponding to: 0%-20%, 20%-40% and 80%-100% of the phase. Besides, a single observation 

point was selected at the y position of 35 mm (Fig. 4) where the walls are always visible, otherwise the viscous shear 

stress could not be calculated at all intervals. To plot the VSS in the time periods a perpendicular line was determined 

with 25 mm in length and the values of VSS were determined for all the points in this segment. Therefore, a two-

dimensional plot was created for each wall and for each time interval.    
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Fig. 4: Viscous shear stress over distance and time a) Right wall 0-20% diastole; b) Right wall 20-40% diastole; c) Right wall 50-70% 

diastole; d) Left wall 0-20% diastole; e) Left wall 20-40% diastole; f) Left wall 50-70% diastole. 

 

In Figure 4a, 4b and 4c is shown the right wall near the inlet valve. The x coordinate is the same as in Figure 2, so the 

60 mm mark correspond to the wall position. While in figure 4d, 4e and 4f the 0 mm mark is the beginning of the wall. In 

the first 20% of the diastole there is a very low stress near the inlet wall specially when compared with the left region. This 

small delay of around 20 ms is related to the transition delay between the change in the solenoid valve, which allows 

compressed air to flow to pneumatic chamber, and the dynamical response of the flow. As the fluid fill the chamber a spike 

in the stress near the right wall is notice. Between 20%-40% of the diastole the VSS reaches a peak in the first 5 mm away 

from the wall and in the other side the distortion is limited and more uniformly distributed. In the last stage, the VSS is 

reduced in both observed lines and more spread out. The high stress near the wall track the peak inflow in the device 

beginning in the first 10% of the diastole until 60%. Meanwhile, the stress at a distance, due to the recirculatory motion in 

the chamber, is small at the 0% but gradually increases as the chamber is filled and a vortical motion is formed. However, it 

is clear that the stress near the walls is the dominant effect because of its higher intensity.  
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 Fig. 5: Viscous shear stress over distance and time a) Right wall 0-20% systole; b) Right wall 20-40% systole; c) Right wall 80-100% 

systole; d) Left wall 0-20% systole; e) Left wall 20-40% systole; f) Left wall 80-100% systole. 

 

Figure 5 show the same graphics disposition but for the three systole intervals. In the first 20% of the phase no clear 

difference in the stress profile is perceptible. There is a slight stasis period with the change in movement of the 

diaphragm. The inertia of the system results in a slow acceleration therefore, the shear is almost constant. However, 

between 20%-40% of the systole the line near the outlet exhibits an increasing strain close to the wall with values similar 

to the inlet in figure 3b. In the same period there is no substantial difference in the inlet area. Finally, in the end of the 

systole the VSS is continually high nearby the exit wall even as the cycle ends while the right wall suffers a reduction 

in stress level indicating a stagnation in that region. It is remarkable that the high stress near the left wall in figure 5f is 

still visible in the first 20 ms of image 4d. Thus, there is a slight overlap of the systole in the diastole and the same effect 

is not visible in the diastole. On the contrary, the inertial delay smooths the transition and reduces the overall stress. 

This effect could be correlated with the shorter duration of the systole and the behaviour of the diaphragm and the 

air. When the diastole ends the diaphragm is contracted with low pressure inside the pneumatic chamber. When the 

solenoid valve switches, the compressed air will have to accelerate a large fluid mass that will exit the device. This 

process slows the systolic phase start. However, in the end of the systole the inertial effect pulls the diaphragm slightly 

more, prolonging the systole. 
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4. Conclusion  

In this work the viscous shear stress (VSS) and the shear rate in the walls of the PVAD, developed by the InCor, was 

analysed. The data indicates a concentration of shear rates during small intervals of the diastole and systole phases. Besides, 

the higher values occur during the peak of the emptying and filling and is far reduced during the recirculation specially in 

the end of the diastole and beginning of the systole. Besides that, the diaphragm movement coupled with the fluid inertia is 

the most probably explanation to the concentration of the shear in particular periods. Finally, the shear rates and VSS values 

were moderate in the majority of the cycle, therefore, the PVAD has a low probability to cause haemolysis but stagnation is 

a major concern with considerable regions with low shear or VSS during a prolonged period of time. The acquired data 

indicates that the left wall in the outlet region is more prone to stagnate while in the right wall near the intake there are short 

periods of intense shear and stress. 
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