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ABSTRACT 

Flows in capillary microvalves typical of blood analysis devices require characterization so that one can 
determine the success and reliability of these devices. Experiments with micro-PIV and flow visualization are 
particularly adequate for this purpose. In this work these techniques were applied to characterize the flows in 
four different valves with three fluids, water, blood, and aqueous solution of Xanthan, the latter simulating the 
blood viscosity. The experimental microchips, which comprise symmetrical cavities working as microvalves at 
the exit of plane of Poiseuille-flow channels, are made of PDMS that is blood-compatible and allows for optical 
access. Variation of the valves dimensions and the inlet flow rates yield the appearance of different swirling 
structures depending on the fluid, flowrate and valve geometry. Moreover, both water and Xanthan solution 
flows exhibit dissimilarities with those of real blood. This clearly shows that water and Xanthan solution should 
not be used as blood mimickers in experiments since they do not reproduce accurately the blood behavior. In 
addition, blood cells proved to be good tracers for the determination of the flow pathlines, which allow for the 
definition of flow structures. 
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1. INTRODUCTION 

Medical science can rely on microsystems and their applications either for extracorporeal devices or 
for diagnosis ones. This became possible due to the considerably strong development of the 
microtechnology. Microtechnology goes daily beyond its sate-of-art in chemicals, fabrication and fluid 
mechanics. In fact, the manufacture of very small laboratories for medical assistance, like the lab-on-a-
chip or the lab-on-a-CD, is no longer fiction. The lab-on-a-chip and the lab-on-a-CD are 
extracorporeal diagnosis devices that require in a crucial way an accurate control of the blood and 
reactants’ flows. Capillary valves are lab-on-a-chip and lab-on-a-CD components that can perform 
adequately such task [1-5]. Despite the considerable advances in developing such microtechnologies, 
many breakthroughs were based on an empirical knowledge and, therefore, further research for their 
fundamental and systematic characterization is required to enlighten the physical phenomena 
governing their operation. This is the case of capillary microvalves that require further research for 
their characterization so that their correct location in the circuit and operation can determine the 
success of the device they belong to and its application. Usually, similitude fluids (water or different 
solutions such as Xanthan) are taken instead of real blood in order to characterize the valves because 
they are transparent despite the difference from blood. Moreover, the channels are made in glass using 
drilling techniques, what is quite not precise following the ideal geometries of the valves. But today, 
we will see it is possible to use blood and PDMS to fabricate the channels, what makes the equipment 
much more adequate to get consistent results. 

Both experimental techniques, like flow visualisation and micro-PIV, and numerical methods, like the 
lattice Boltzmann approach, are particularly adequate for microfluidics [6-7]. Most of experimental 
works to characterize these valve devices report the use water or blood simulators, like Xanthan 
solutions. However, very recently, published studies reporting blood motion have increased and their 
results show that blood is a non-Newtonian fluid made of deformable cells in suspension in plasma 
and the aggregation of the blood red cells make the blood flow very specific. Because of that, blood 
flows may be quite different from those of a classical blood viscosity simulator, as the Xanthan 
solution. The comparison of water, a Xanthan solution and blood flows is performed in this work. 

The first step to characterize a valve to be used with blood is to check the biocompatibility of the valve 
material with that biological fluid. Once this is assured, the operation conditions of the device 
containing the valves must be kept adequate in order to avoid blood flow instabilities, like swirls, since 
such phenomena may damage the blood cells or originate the appearance of thrombus, which is 
unacceptable both for the patient and for the blood analysis. In this work this issue is investigated so 
that guaranties are given. In order to characterize the microvalves flows, we have decided to 
investigate their performance by changing their geometry. The nature of the circulating fluids is 
studied as well to see how far the similitude fluids (water and Xanthan) deviate from real blood. The 
first approach is the characterization of water flows in valves, which has been the most common way 
to launch research to characterize medical microdevices. Then, we have decided to compare these 
results with those of a blood viscosity simulator, the Xanthan aqueous solution that would 
theoretically reproduce the blood viscosity. Finally, we studied the flows in valves with actual rabbit 
blood (equivalent to human blood in terms of haematocrit) to compare with the previous results. 

The article is reporting the use of experimental techniques to characterize different flows in different 
valves geometries that can be applied to medical supporting devices using blood for extracorporeal 
diagnosis and analysis. In the first part, we present the valves geometries and the technique based on 
PDMS to manufacture the chip were the microvalves and microchannels are included, since the PDMS 
transparency allows for the essential optical access required for flow visualization and micro-PIV 
characterization. In the other part, by making flow different classical fluids, blood included, we 
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demonstrate that it becomes easily possible to study blood devices more properly than with water or 
viscosity simulators. 

2. EXPERIMENTS 

The geometry of an actual microvalve is reproduced herein with the technique based on PDMS to 
manufacture the microchip comprising microchannels and microvalves. The flow visualisation and 
micro-PIV are the main experimental technique used to characterize the flows.  

2.1 Geometry of studied valves 

The valves studied in this work, VA1, VA2, VA3 and VA9, are designed directly from the ones that 
are traditionally used in biomedical engineering and are shown in figure 1. The channel width, L1, and 
both the valve width, L2, and length, W, were varied according to the values displayed in table 1 in 
order to evaluate the effects of this variation in the flow patterns. 

Valve VA1 has a height of 100 µm whereas the other three valves have a height of 200 µm. Valve 
VA1 was used for flow visualization for the three used fluids, water, Xanthan aqueous solution and 
rabbit blood, and for micro-PIV measurements for the water flows. 

Results of flows in valve VA3 may be compared against those in valve VA2, allowing for the study of 
the effects of the relative valve length (W/L1), since the value of L2/L1 remains unchanged. On the 
other hand, the results of flows in valve VA9 may be compared against those in valve VA2, allowing 
for the study of the effects of the relative valve width (L2/L1), since the value of W/L1 is the same.  

 
 

Table 1 – The valves geometries 

 

2.2 Operating conditions 

The characterization of the different flows with blood, water and Xanthan solution is performed at the 
horizontal midplane xy of the microchannel/microvalve (i.e. at a height of 50 µm). 

When using microvalve VA1, flows with water at Reynolds numbers of Re=2.8; 14 and 56 are 
visualized. The Reynolds number is defined as Re=UL1/ν, where U is the mean flow velocity, L1 is the 
channel width (see figure 1) and ν is the fluid mean viscosity. For the water flow corresponding to 
Re=2.8, micro-PIV velocity measurements were also performed.  

Moreover, the valve was also used for flows visualization with the Xanthan solution and rabbit blood, 
but using flow rates six times greater than those of water. This was done because the water viscosity is 
around six times smaller than both the average Xanthan solution and blood viscosities (this average 

viscosity is considered herein as the average between ν0 and ν∞ of the Carreau-Yasuda model). In 

 VA1 VA2 VA3 VA9 

L1 (µm) 100 200 200 200 

L2 (µm) 350 600 600 1100 

W (µm) 1600 200 400 200 

W/L1 16 1 2 1 

L2/L1 3,5 3 3 5,5 
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order to characterize the non-Newtonian behavior of a fluid (blood and Xanthan solution), one must 
use a law that defines the viscosity as a function of the shear rate. The Carreau-Yasuda model was 
chosen as a result of its advantages over the remaining alternatives [8]. This model establishes the 
following constitutive equation for the fluid viscosity, 

���∞

����∞
= �1 + �	
� ��

���

� ,           (1) 

where λ is a time constant, a and n are dimensionless parameters, and µ0 and µ
∞
 the viscosities at zero 

and infinite shear rates, respectively.  

Experimental data for a Xanthan gum solution viscosity was obtained, using a viscosimeter DV-II+ 
PRO® from the Brookfield Engineering Laboratories, in order to define the parameters of the Carreau-
Yasuda model (Eq.(1)). 

2.3 Equipments 

The flow rates of the present experiments were imposed by means of a syringe pump Chemyx Nexus 
5000.  

Micro-PIV technique was supported by a high speed camera, Phantom V4.2, which was fixed to a 
Leica DM-ILM microscope, with lenses with different magnifications (×5, ×10, ×20, ×40). A light, 
continuous halogen, Olympus KL 1500 LCD, was used to enhance the contrast. The tracer particles 
added to the flow are polybead black dyed microspheres, with an average diameter of 0.50µm, in a 
0.0025 aqueous form GmBH. 

The data acquisition system is supported by Phantom software V.9.0.640, and the micro-PIV treatment 
was performed with the software Dynamic Studio V.2.30.47.  

2.4 Water, Xanthan solution and blood.  

The fluids used in the present work are distilled water, rabbit blood and an aqueous solution of 
Glycerin 35% and Xanthan gum 0.02%, herein designated as Xanthan solution. 

The main idea in this work is to compare experimentally the flows in valves of water, Xanthan 
solution with the same viscosity curve as blood, and rabbit blood with characteristics similar to human 
blood. The haematocrit was equal to 49%, which equals the average in human beings. The 
characteristics are referenced in the Merkvetmanual of the White House Station for the animals. 

Experiments with distilled water were performed at room temperature of 25ºC. The rabbit blood was 
used in the conditions of the laboratory of the Veterinary Faculty of Lisbon respecting the charts of 
animal blood use. The blood cells were directly used as tracer particles and it was then possible to use 
the frames in order to obtain the flow pathlines. 

3. RESULTS AND DISCUSSION 

3.1 Water, Xanthan solution and blood flows in valve VA1 

The measured u- and v-velocity profiles obtained with the micro-PIV technique for water flow at 
Re=2.8 in valve VA1 are displayed in figure 2 at several stations x (0.2D, 1D, 2D, 3D, 4D). The results 
are quite interesting as they demonstrate that the main changes in the flow entering the valve 
expansion occur narrowly between x=0D and x=2D. Further downstream, at x=3D, the flow stabilises 
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quite quickly into a parabolic profile. To confirm this, the strong variations of the v-velocity in the y-
direction immediately after the expansion section are also dampened after x=2D. This means that this 
valve has a peculiar geometry, particularly due to the very large value of W/L1, that makes its 
operation closer to an expansion followed by a distant contraction than as a valve. In fact, in regular 
microvalves the adverse pressure gradient present due to the downstream wall location (at the 
contraction section) relatively close to the upstream one (at the expansion section) exerts a direct 
influence in the flow inside the valve. As just seen above, this is not the case in valve VA1 as the flow 
recovers its parabolic velocity shape quite before the contraction section. 

In order to check for the presence of recirculation zones or swirls in water flows in valve VA1, flow 
visualization was performed. The images acquired with the CCD camera and the microscope lens with 
an amplification of ×10 were treated in order to capture the pathlines for different Reynolds numbers: 
2.8; 14 and 56. The approach used herein defined an exposure time long enough to make sure that a 
tracer particle travelled across the whole area defined by the window of acquisition.  

Figure 3 exhibits the flow pathlines of water for the three studied Re and clearly shows that no 
swirling flows appear for Re=2.8 and 14. The recirculation zone appearance was detected by 
increasing the flow Re (velocity) and it was observed that for values around 14 they started to build 
up. For Re=56 it is quite evident the presence of the mentioned rotating flow. 

For the Xanthan solution, flow visualization provided the pathlines depicted in Figure 4. As explained 
before, the Xanthan solution flow rates were six-folder greater than those of water (to compensate the 
much lower viscosity of the latter). If one could define an average viscosity of a non-Newtonian fluid, 
recurring to the Carreau-Yasuda model constants as mentioned above, these flows would have the 
same Re as those for water. For the sake of convenience and easiness of comparison, the values of 
such Reynolds numbers are kept in the figures captions. As shown in Figure 4, even for a six-folder 
greater flow rate for the Xanthan solution, no swirl is appearing. For the rabit blood, flow visualization 
using the blood cells as tracers provided the pathlines depicted in Figure 5. Using the same reasoning 
for the pseudo-Reynolds number for the blood flows, we kept this numbers in the figures legends for 
the sake of easiness of comparison. The same protocol was followed and this showed a swirl for 
Re=56. 

From these experiments it is clear that whatever the fluid is, water, blood or Xanthan solution, no 
instabilities appear in valve VA1 for flow rates below a value corresponding to Reynolds number of 
14. This may constitute a very important result for future use by microdevices designers and 
manufacturers. Moreover, it is experimentally observed that the phenomena occurring in valve VA1 
for flow rates above that corresponding to Re=14 are different and neither water nor Xanthan simulate 
blood behaviour, in spite of the blood viscosity mimicking of Xanthan. In fact, and a very interesting 
result for flow rates corresponding to a Reynolds number of 56, it is water that showed a qualitative 
result similar to that of blood by exhibiting comparable swirls at the valve expansion.  

3.2 Water flows in valves VA2, VA3 and VA9 

In order to better characterise the effects of the valve geometry on the water flows, that appears to 
mimic better the blood flows in expansions, the dimensions of the valve were varied (see table 1) and 
flows with Reynolds numbers of 0.1; 1; 10 and 50 were visualized. The parameters used to quantify 
the mentioned effects were the penetration length Ls of the flow into the valve (see figure 6) and the 
position of the swirl centre (Xc, Yc) of rotation and its two diameters (DX, DY) (see figure 6).  
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Figure 6 shows, as an example, the pathlines of water flows in valve VA2 for Re=0.1; 1;10;50. For the 
same Reynolds numbers, similar pathlines were obtained in valves VA3 and VA9. The results are 
displayed in figure 7 and figure 8. 

The results for the penetration length Ls are condensate in the plot of figure 9 that exhibits that 
parameter in water flows into the valves VA2, VA3, VA9, as a function of the Reynolds number.  

As it can be seen, there is no effect of the relative valve width (L2/L1) on the value of Ls (compare 
valves VA9 and VA2). In opposition, the relative valve length (W/L1) increase yields a considerable 
larger penetration length (compare valves VA3 and VA9). This result might be related to the strength 
and location of the swirling flow inside the valve.  

The results for the swirl flow centre (Xc, Yc) of rotation location and its two diameters (Dx, Dy) for the 
same flows were condensate in table 2. As it can be seen from that table, valves VA2 and VA9 exhibit 
similar behaviour: swirl exists for all studied Re. Moreover, the swirling centre moves towards the 
symmetry axis (Yc decreases) in both valves flows as the Reynolds number increases, but in valve 
VA2 it moves downstream the expansion section (Xc increases) whereas in valve VA9 it practically 
does not move in the x-direction. This latter result must be related to the valve aspect ratio L2/L1. In 
turn, for valve VA3 the swirling flow appears only at Re=10 and Re=50 and the centre moves 
downstream and towards the axis as Re increases. This can explain the Ls behaviour (notice that for 
Re=50 the values of Ls are identical for the three valve flows as the swirling flows fulfils the entire 
valve length W). 

On the other hand, table 2 shows that for both valves VA2 and VA9 the swirling flow diameter Dx is 
practically invariable, occupying the entire valve length W, whereas its vertical strength (magnitude of 
Dy) increases with the Reynolds number increase. This means that the sizes of the swirling flows are 
increasing considerably inside both valves VA2 and VA9 (when Re increases), which makes the 
penetration length to reduce. It should be noticed that for the flow at Re=50 in valve VA9 there is a 
second swirling flow appearing in the top of the valve expansion that yields a reduction in the Dy 
value. In opposition, in valve VA3 the Dx value (when swirl exists) increases with Re until it fulfils the 
entire valve length. The magnitude of Dy increases with the Reynolds number increase in valve VA9, 
which produces an effect on Ls similar to that of valves VA2 and VA3: it makes Ls to decrease. 

 
Table 2 – Swirl centre location and swirl diameters 

 

3.3 Water, xanthan solution and blood flows in valves VA2, VA3 and VA9 

Xc Yc Xc Yc Xc Yc Xc Yc

VA2 94.4 169 110 147 100 124 118 70,3

VA3 --- --- --- --- 56,7 132 149 87,3

VA9 107 141 102 157 102 124 104 83,4

Dx Dy Dx Dy Dx Dy Dx Dy

VA2 180 67,1 197 94 198 114 198 157

VA3 --- --- --- --- 97 105 399 147

VA9 198 95,8 187 211 195 342 195 307

Re=0,1 Re=1 Re=10 Re=50

Water

Valve
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In order to refine the evaluation of the effective mimicking of blood flows by water or Xanthan 
solution we performed flow visualization of water, Xanthan solution and rabbit blood in valves VA2, 
VA3 and VA9 with flow rates of 0.431 and 4.31 ml/hr. The results of these experiments are displayed 
in figures 10, 11 and 12.  

As it can be observed from figure 10 and figure 12 all studied flows exhibit swirling flows inside the 
valves VA2 and VA9. However, for valve VA3 the water flows differ from those of Xanthan and 
blood. In fact, there are no recirculation flows for water, whereas for both Xanthan and blood a 
recirculation zone appears close to the contraction section for both flow rates (see figure 11). 

Tables 3 and 4 show, respectively, the penetration lengths of those flows and the swirl centres 
locations and swirl diameters. As it can be observed from table 3, flows valve VA3 exhibit always 
much larger penetration lengths, independently of the fluid and the existence or not of swirling flows 
(see table 4), which is justified by its very large width L2. Moreover, the penetration lengths in all 
valves decrease with the increase of the flow rate for water and Xanthan solution flows, but for blood 
flows the behaviour is the opposite. 

On the other hand, table 4 shows us that the swirling flows strengths of blood and Xanthan solution 
(measured by their diameters sizes) are quite different. 

These results clearly show that, for these valves and flow conditions, water fails in mimicking blood 
flows whereas Xanthan solution might yield similar flows but with different swirling intensities. 

 
Table 3 – Penetration lengths in valves VA2, VA3, VA9 

 

 

Table 4 – Swirl centre location and swirl diameters in valves VA2, VA3, VA9 

 

4. CONCLUSIONS 

Q(ml/hr) 0,431 4,31 0,431 4,31 0,431 4,31

VA2 90,8 84,9 75,8 70,2 56 81,9

VA3 200 200 167 183 184 200

VA9 103 95 66,5 64 61,5 82,5

Penetration length Ls

Water Xanthan Solution Blood

Xc Yc Xc Yc Xc Yc Xc Yc Xc Yc Xc Yc

VA2 99,5 152 87,6 132 92,8 118 122 101 107 115 98,9 101

VA3 --- --- --- --- 327 126 342 86,1 358 154 362 139

VA9 102 171 102 157 98,2 127 121 102 101 102 98,9 106

Dx Dy Dx Dy Dx Dy Dx Dy Dx Dy Dx Dy

VA2 195 76,2 195 84,3 188 101 196 110 200 116 200 86,2

VA3 --- --- --- --- 106 95 73,3 118 53,3 49,4 56,1 63,3

VA9 199 177 200 234 194 237 200 259 198 86,7 198 173

Q=4,31 ml/hr

Water Xanthan Solution 

Q=0,431 ml/hr Q=4,31 ml/hrValves Q=0,431 ml/hr

Blood

Q=0,431 ml/hr Q=4,31 ml/hr



Proceedings of the 2
nd

 European Conference on Microfluidics - Microfluidics 2010 - Toulouse, December 8-10, 2010 

8 © SHF 2010 

As a conclusion, we showed that water or Xanthan are not completely representing blood as a fluid in 
the valve geometry flows. It was possible to use real rabbit blood and to study directly the effects of 
geometry and flow rate because, in fact, the choice of PDMS as a material for the structure is 
compatible and transparent. Then we found that swirling pathlines appear when flow rate is too large 
and when the geometrical scales of the valve exceed some values in with and length. It was possible to 
study some ranges where such instabilities are avoided. This is a very important issue as these 
instabilities damage red blood cells. Future works should focus on the physics of the transition of the 
flow from stable to unstable. Some numerical approach and micro PIV as a technique to measure 
velocity and pressure gradients in the flow may be useful. 

 

  



Proceedings of the 2
nd

 European Conference on Microfluidics - Microfluidics 2010 - Toulouse, December 8-10, 2010 

9 © SHF 2010 

 

 

 

 

 

 

 

 

 

 

Figure 1: Top view of the valves geometry manufactured with the technique based on PDMS. 

 

 

 

 

 

Figure 2: Micro-PIV experimental mean u- and v-velocity profiles in valve VA1 at the horizontal midplane and 
at several stations x/L1, for the water flow at Re=3.92. Axes are located as indicated in this case. 
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Figure 3: Pathlines for water flows 

Figure 4: Pathlines for Xanthan

Figure 5: Pathlines for blood flows 

Figure 6: Pathlines of water flows 
penetration length and the green lines how to obtain the 

 
 
 

Figure 7: Pathlines of water flows 
penetration length and the green lines how to obtain 

2.8   

2.8   

2.8   
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 in valve VA1, Re=2.8, 14 and 56, with a zoom of the swirl in the upper right 
corner (Re=56). 

for Xanthan flows in valve VA1, Re=3.92, 19.6 and 78. No swirl detected

 in valve VA1, Re=2.8, 14 and 56, with a zoom of the swirl in the upper right 
corner (Re=56). 

 in valve VA2 for Re=0.1; 1; 10; 50. The red lines demonstrate how to obtain the 
green lines how to obtain the position of the swirl centre and the dimensions of its two diameters.

 in valve VA3 for Re=0.1; 1; 10; 50. The red lines demonstrate how to obtain the 
the green lines how to obtain the position of the swirl centre and the dimensions of its two diameters.

    14       56 

     14        56 

14       56 

Toulouse, December 8-10, 2010 

© SHF 2010 

 

, with a zoom of the swirl in the upper right 

 

No swirl detected. 

 

, with a zoom of the swirl in the upper right 

 

. The red lines demonstrate how to obtain the 
position of the swirl centre and the dimensions of its two diameters. 

 

. The red lines demonstrate how to obtain the 
the position of the swirl centre and the dimensions of its two diameters. 
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Figure 8: Pathlines of water flows in 
bottom figures show the expansion zone. The red lines demonstrate how to obtain the penetration length and 

how to obtain the position of the swirl centre and 

Figure 9: Penetration length of water 
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in valve VA9 for Re=0.1; 1; 10; 50. The top figures show the central valve zone. The 
bottom figures show the expansion zone. The red lines demonstrate how to obtain the penetration length and 

position of the swirl centre and the dimensions of its two diameters.

 

water flows into the valves VA2, VA3, VA9, as a function of the Reynolds number.

Water flow

1 10 100

Re

VA2

VA3

VA9
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. The top figures show the central valve zone. The 
bottom figures show the expansion zone. The red lines demonstrate how to obtain the penetration length and the green lines 

the dimensions of its two diameters. 

s into the valves VA2, VA3, VA9, as a function of the Reynolds number. 
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Figure 10: Pathlines of water, Xanthan and blood
demonstrate how to obtain the penetration length and the green lines how to obtain the position of the swirl centre and the 

 

 

 

 

 

 

   Q = 0.431 ml/hr     
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, Xanthan and blood flows in valve VA2 for flowrates of 0.431 and 4.31 ml/hr. The red lines 
demonstrate how to obtain the penetration length and the green lines how to obtain the position of the swirl centre and the 

dimensions of its two diameters. 

water 

Xanthan 

Blood 

   Q = 4.31 ml/hr 

Toulouse, December 8-10, 2010 

© SHF 2010 

flowrates of 0.431 and 4.31 ml/hr. The red lines 
demonstrate how to obtain the penetration length and the green lines how to obtain the position of the swirl centre and the 
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Figure 11: Pathlines of water, Xanthan and blood
demonstrate how to obtain the penetration length and the green lines how to obtain the position of the swirl centre and the 

 

 

 

 

 

   Q = 0,431 ml/hr  
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, Xanthan and blood flows in valve VA3 for flowrates of 0.431 and 4.31 ml/hr. The red lines 
demonstrate how to obtain the penetration length and the green lines how to obtain the position of the swirl centre and the 

dimensions of its two diameters. 

water 

Xanthan 

Blood 

    Q = 4,31 ml/hr 
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flowrates of 0.431 and 4.31 ml/hr. The red lines 
demonstrate how to obtain the penetration length and the green lines how to obtain the position of the swirl centre and the 



 

 

  

 

Figure 12: Pathlines of water, Xanthan and blood flows in valve VA9 for
position of the swirl centre and the dimensions of its two diameters.

water 

   Q = 0,431 ml/hr Q = 4,31 ml/hr 
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for flowrates of 0.431 and 4.31 ml/hr. The red lines demonstrate how to obtain the penetration length and the green lines how to 
position of the swirl centre and the dimensions of its two diameters. 

Xanthan 

   Q = 0,431 ml/hr Q = 4,31 ml/hr 

   Q = 0,431 ml/hr
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flowrates of 0.431 and 4.31 ml/hr. The red lines demonstrate how to obtain the penetration length and the green lines how to obtain the 

Blood 

Q = 0,431 ml/hr Q = 4,31 ml/hr 
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