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1. Introduction
Blunt trauma is a significant complication arising from 
high-speed Motor Vehicle Crashes (MVCs). It often leads 
to a wide spectrum of  injuries with varying severity and 
emergency state (Pruitt & Titus, 2007). Cardiac injuries 
following Blunt Chest Trauma (BCT) can range from 
minor myocardial contusions, occurring in an esti-
mated 16 % to 76 % of  MVC (Tochii et al., 2022), to 
life-threatening cardiac ruptures (Verma et al., 2018). 
With its higher ventricular pressure compared to the 
right one, the left ventricle (LV) could be prone to 
more damage in some accidents (Tochii et al., 2022). 
However, investigations into ventricular and blood flow 
responses during BCT remain relatively scarce, and the 
approaches are limited by the impossibility to measure 
the blood flow, or to reproduce the hemodynamic condi-
tions of  the patient or to get the real behavior of  living 
tissues. The objective of  this study is to develop an in 
vitro cardiac simulator of  the left heart subjected to a 
direct compression and to explore the flow dynamics 
using time-resolved Particle Image Velocimetry (PIV).

2. Methods
2.1 The experimental simulator
The setup consists of  a left heart simulator, combining 
elastic silicone models of  the left atrium, the left ventri-
cle and the aorta. The silicone used for the ventricle is 
optically transparent and compatible with PIV meas-
urements. It was applied manually layer by layer on a 

3D-printed LV model to reach the desired thickness 
(1.5 mm ± 0.5 mm). The mitral valve and the aortic 
valve used were both bioprosthetic valves with a diam-
eter of  23 mm and 25 mm respectively. The working 
fluid was a mixture of  distilled water and glycerol (60-
40% by volume) with a dynamic viscosity (4.2 cP) and 
a density (1100 kg/m3) relatively similar to the blood’s 
characteristics. The higher compartment of  the box 
contained the left atrium, passively filled by an upper 
container linked to the four pulmonary veins. The lower 
compartment encased the LV in a hydraulic chamber 
filled with the same fluid to minimize the optical dis-
tortion. A plexiglass wall was added at the back of  the 
ventricle to limit its motion after the impact, simulating 
the presence of  the spine (Figure 1.a).

2.2 The activation system
A piston-cylinder assembly activated the contraction and 
relaxation of  the ventricle, through an electromagnetically 
driven precision linear motor (Di Labbio et al., 2018). Two 
syringes of  10 mL each were inserted perpendicularly to 
the lower compartment’s wall, linked from one side to a 
3D printed impactor facing the LV, and from the other side 
to another linear motor inducing a 150 ms impact at 0.4 
m/s. The velocity did not replicate real crash scenarios but 
presented a feasibility study to simulate such incidences. 
The flow inside the circulatory system was seeded with 
polyamide particles with a 50 μm mean diameter. A 
double-pulsed Nd:YLF laser illuminated the particles in 
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a plane formed between the center of  the apex and the 
center of  the valves. A high-speed camera captured the LV 
flow domain with double-framed images. The recording 
rate was 200 Hz and the frames were 2500 µs apart. With 
the hypothesis of  the post-traumatic ventricular septal 
defect occurring during end-diastole or iso-volumetric 
systole (Pruitt & Titus, 2007; Tochii et al., 2022), where 
both mitral and aortic valves are closed and the ventricle 
starts to contract, the impact was programmed to occur 
right before the systole of  the second cycle.

2.3 Post-processing
Data was filtered using the Proper Orthogonal 
Decomposition (POD). Five modes were selected.

3. Results and discussion
The results compared the flow dynamics during three 
consecutive cycles: the pre-impact cycle, the impact cycle 
and the post-impact cycle. Velocity vectors inside the 
LV translated a healthy intraventricular vortex before 
the impact and after it (Pedrizzetti & Domenichini, 
2005). At the moment of  the impact, the vortex was 
lost and the vortex center got dispatched (Figure 1.b). 
Two rectangular zones delimited the mitral and aortic 
blood flow inside the LV. For the three cycles, the mitral 
blood flow velocity values remained identical with an 
average peak of  0.45 m/s (± 0.05 m/s). These values 
reflect the physiological flow values in a normal state 
(Di Labbio et al., 2018). The aortic blood flow veloc-
ity tremendously increased at the moment of  impact, 
reaching a peak 2.5 times higher than the other peaks 
in both cycles and the normal state. As for the vortex 
formation, Lambda 2 values replicated an uncommon 
vortex during the impact cycle compared to the pre- 
and post-impact cycles. The combination of  anterior 
and posterior forces applied to the thorax would cause 
several damages to the tissue and flow (Pruitt & Titus, 
2007). Disrupted fluid dynamics inside the LV with the 
increasing pressure during impact could be the reason 
behind a ventricular septal defect (Tochii et al., 2022).

4. Conclusions
This study simulates and shows the effect of  an acute 
cardiac compression during a blunt chest trauma on the 
flow dynamics inside a model of  a left ventricle. This 
represents an important step toward a better under-
standing of  the causes that might lead to some cardiac 
injuries during car crashes.
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Figure 1. (a) Left ventricle model inside the box with the 
impact simulator and the back wall (b) Blood flow velocity 
vectors and vortex centers inside the LV during the 
systole of the pre-impact cycle (left) and impact cycle 
(right).
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