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Abstract. Studies of in vitro blood flow behaviour in stenosis are essential not only as an 

attempt to understand this phenomenon, but also to develop microfluidic devices, as an 

alternative clinical methodology to detect blood diseases. Regarding a better understanding of 

the role that rigid Red Blood Cells (rRBCs) play in the blood flow behaviour, we have studied 

the trajectories and deformation of both, artificial rigid Red Blood Cells (arRBCs) and 

healthy ovine Red Blood Cells (RBCs), when subjected to a pronounced microstenosis. By 

using a high-speed video microscopy system, the present study was performed with different 

flow rates (1, 10 and 20 µl/min). The results have shown that healthy RBCs and arRBCs 

present deviations in their flow behaviour and deformation index, which might be a potential 

alternative clinical methodology to detect blood cells related diseases. 
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1 INTRODUCTION 

The study of the blood flow behaviour in stenosis has been extensively investigated [1-3], 

due to the important role that the fluid dynamics plays in the progress of diseases, such as, 

arteriosclerosis or infarcts [4]. The World Health Organization (WHO) estimates that 17.3 

million people died in 2008, from cardiovascular diseases and the number will continue to 

grow up until 2030, when an estimated of 23.3 million deaths annually is predicted [5].  

At the same time, it is known that red blood cells (RBCs) rigidity has been correlated with 

myocardial infection, hypertension, diabetes mellitus, and others haematological disorders and 

diseases that affect RBCs deformation [7]. Therefore, flow studies with rigid Red Blood Cells 

(rRBCs) [6] or with artificial rigid Red Blood Cells (arRBCs) with dimensions close to human 

RBCs needs to be investigated, due to the important role that they play in clarifying the 

hemodynamic behaviour of these diseased cells.  

In small arteries, in order of 100 µm or less, blood is assumed no longer as a homogeneous 

fluid, but as a multi-phase fluid. For these cases, the blood may be modelled as a suspension 

of RBCs in plasma and individual cells motion need to be investigated [4]. These kind of 

studies are essential not only as an attempt to understand the blood flow behaviour in 

microcirculation, but also to develop microfluidic devices, as an alternative clinical 

methodology to detect blood diseases.  

In order to clarify the flow behaviour of both healthy and rRBCs when subjected to high 

shear rates, we have investigated the trajectories and deformation index (DI) of healthy ovine 

RBCs and an arRBCs in a microchannel with a pronounced microstenosis (75%). 

 

2 MATERIALS AND METHODS   

2.1 Working fluids and microchannel geometry 

A standard soft lithography technique was used to fabricate microchannels in 

polydimethylsiloxane (PDMS) [8, 9]. Figure 1 represents a scheme of the geometry of the 

microchannel used in the present study. The scheme also shows the five sections taken in the 

microchannel with 100 µm each to measure the DI along the stenosis device. 

 
Figure 1: Scheme of the microchannel stenosis device. 

The working fluid used was a solution of Dextran 40 (Sigma-Aldrich) containing a 

mixture of 0.5% Polystyrene (PS) latex microsphere (Alfa Aesar, 10 µm), that simulated the 
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abnormal rigid RBCs mixed with 1% Haematocrit (Hct) of healthy ovine RBCs (± 5 µm). The 

in vitro blood used was collected from a healthy ovine, where ethylenediaminetetraacetic acid 

(EDTA) was added to prevent coagulation. All samples were stored hermetically at 4ºC until 

experiments be performed at room temperature (20±2ºC).  

In brief, the RBCs were separated from the bulk blood by centrifuging at 2000 RPM for 

15 minutes at room temperature. After removing the buffy coat and plasma, the packed RBCs 

were then re-suspended, centrifuged and washed twice in physiological salt solution (PSS) 

0.9%. Finally, the result packed RBCs were re-suspended in Dextran 40 at Hct 1% and a 0.5% 

of Polystyrene (PS) latex microspheres were added, in order to simulate the abnormal rigid 

RBCs. The work fluid was used immediately in our experiments.  

  

2.2 High-speed video microscopy system 

The high-speed video microscopy system used in the present study consisted in an inverted 

microscope (IX71, Olympus) combined with a high-speed camera (FASTCAM SA3, 

Photron). The PDMS microchannel was placed on the stage of the microscope where the flow 

rate of the working fluid was kept constant at 1, 10 or 20 µl/min, using a syringe pump (PHD 

ULTRA) with a 1 ml syringe (TERUMO ® SYRING). 

The images of the flowing RBCs and arRBCs were captured using the high speed camera 

at a frame rate of 7500 frames/s and shutter at 1/50000, this latter parameter aims to reduce 

potential errors caused by the camera’s exposure time. The recording videos were then 

transferred to a computer to perform image analysis.  

 

2.3 Image analysis 

The images were processed and analysed by an image handling software, ImageJ (1.46r, 

NIH). To measure the DI of the RBCs and arRBCs, a background image was created from the 

original stack images by averaging each pixel over the sequence of static images. Next, the 

background image was subtracted from the original images, resulted in elimination of all the 

static objects. After that, several image filtering operations, such as, Medium operation was 

applied to obtain better image quality. Finally, the grey scale images were converted to binary 

images adjusting the Threshold level. After the binarization, the flowing RBCs and arRBCs 

were measured frame by frame manually, by using the Analyze Particles function, in ImageJ 

software. This way, the major and minor axis lengths of the RBC binary shapes (ellipsoids) 

were obtained and the DI calculated.  

The DI equation we use for characterizing RBCs is defined as follows, in Equation 1: 

DI = 
               

               
 (1) 

 

where, Lmajor and Lminor represent the major and minor axis length, respectively. 

In order to determinate the trajectories of RBCs in each study’s flow rate, about 30 

individual RBCs (healthy or rigid) were tracked manually using the ImageJ plug-in, MTrackJ.  

These plug-in also allowed the examination of the actual velocity of the flowing cells.  
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Sample cells were selected to track at three fixed positions, upper wall, middle channel 

and lower wall of the microchannel device, so a representative behaviour of the RBCs and 

arRBCs trajectories could be taken. 

 

3 RESULTS AND DISCUSSIONS  

3.1 Deformation index of rigid RBCs and healthy RBCs 

Firstly, we have investigated the behaviour of the DI of arRBCs and healthy RBCs when 

flowing at different flow rates (1, 10, 20 µl/min). The results in Figure 2 show that for both 

RBCs (rigid and healthy) the maximum DI was obtained at the highest flow rate in study (20 

µl/min), at the stenosis zone, represented by the sections 2, 3 and 4.  

As expected, healthy RBCs had higher DIs when compared with arRBCs at all flow rates 

in study. At 20 µl/min, healthy RBCs obtaining a maximum DI of 0.38 instead of the 0.09 

obtained by the arRBCs, which represent a 38% and 9% of deformation, respectively.  

Figure 2: DI obtained in the five section of the stenosis´s microchannel at different flow rates a) arRBCs; b) 

Healthy ovine RBCs. Error bars represents a 95% confidence interval. 

These results are consistent with the ones obtained and recently published by our group 

[1], where healthy human RBCs at a higher haematocrit were investigated using several 

constriction microchannels. Similarly, we observed that healthy ovine RBCs tend to flow in 

line and change their normal shape to a parachute or umbrella shape when they pass through a 

sudden constriction microchannel. However, for the healthy ovine RBCs, the observed 

deformation was essentially due to the shear flow exerted by this type of constriction, and not 

so much by the size of the cells (smaller than humans RBCs). In the arRBCs this change of 

shape was not observed, and even these particles had almost a double size of the ovine RBCs, 

the maximum deformation obtained for them were four times smaller.  
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3.2 Trajectories of rigid RBCs and healthy RBCs 

Subsequently, we investigated the trajectories of both RBCs, healthy and rigid, at the same 

flow rates used to determine the DI.  

In order to evaluate a representative behaviour of the sample cells along the microchannel, 

we selected three fixed positions, namely lower, middle and upper wall.  

The results presented in Figure 3 show that rigid and healthy RBCs, represented by (a) and 

(b), respectively, have a slightly shift in their trajectories at the three fixed positions, when 

compared between them. It can also be observed that the flow rate has influence in the 

trajectory of both cells (rigid and healthy) at the middle position of the microchannel, this 

impact being more evident for the healthy RBCs. However, this influence is not so evident for 

the tracked positions along the walls (upper and lower wall), where the shear flow, is near to 

zero.  

 

Figure 3: Graphic representation of the trajectories obtained from arRBCs and healthy RBCs in three fixed 

position (lower, middle and upper wall) of the stenosis’s microchannel at different flow rates. (a) arRBCs; (b) 

Healthy ovine RBCs 

Regarding this results, Figure 4 presents a comparison between the trajectories of healthy 

and arRBCs at the middle of the microchannel. Healthy RBCs show a shift in their 

trajectories when the flow rate increase, on the other hand, arRBCs does not show a 

significant change in their motion.  
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Figure 4: Comparison of trajectories between healthy and rigid RBCs on the middle position of the 

microchannel at different flow rates. 

4 CONCLUSIONS  

The presented results show that the existence of a pronounced stenosis in a microchannel 

has a strong influence in the motion of blood cells, when they are analysed at a low 

haematocrit. Also, we demonstrate that healthy RBCs and arRBCs, represented in our study 

by PS latex microspheres, had a different behaviour when subject a different flow rates. This 

motion differences can be extremely important on the development of a microfluidic device to 

detect early stage blood diseases.  
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