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Planar Sensor Structures for Whole Blood 
Viscosity Measurements  
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Abstract—The focus of this work is to investigate a number of 

planar sensor structures (electrodes) in order to measure 
whole-blood viscosity. As a first step, the parameters, which 
should be taken into account in designing planar electrodes, have 
been studied. Prototype sensors were fabricated in IC technology 
for preliminary measurements. The final goal is to integrate the 
electrodes on a medical probe, which contains pressure, and flow 
sensors in order to measure cardiac output.  
 

Index Terms— Bio-impedance, blood viscosity, four-point 
measurement.  
 

I. INTRODUCTION 
LOOD is a non-Newtonian fluid because its viscosity 
depends on shear rate. At low shear rates, the red blood 

cells aggregate and cause the blood resistance to decrease [1]. 
Low shear rate can be found in veins and arteries [2]. Red blood 
cell aggregation causes inflammatory activities, which is 
important at low shear rates. Therefore, low blood viscosity at 
low shears rates, can be a sign of inflammatory disease.  

Red blood cell aggregation is determined by haematocrit, 
which is the most important determinant of blood viscosity. In 
patients with clinical signs of the hyper-viscosity syndrome, 
hemodilution has proven to be a simple but effective method to 
improve tissue perfusion by lowering blood viscosity. Several 
studies [3], [4] have shown that there is an optimal hematocrit 
for tissue perfusion. Hematocrit also affects thrombosis [5].  

Since the work of Frick [6] numerous studies [7], [8] have 
demonstrated a strong correlation between the electrical 
resistivity of blood at low frequencies (20-50 kHz) and the 
hematocrit of blood. More recently, in vitro studies have also 
shown a correlation between electrical resistivity and 
fibrinogen, which is another important determinant of blood 
viscosity [9].  Other studies have shown that there is a strong 
correlation between the electrical impedance of blood and the 
whole-blood viscosity [10]. 

According to these considerations, the aim of the present 
study is to fabricate a sensor with a planar structure, which is 
able to measure the electrical impedance of whole blood by 
using the four-point measurement technique. Two prototype 

sensors were used as a starting point and preliminary 
measurements for further sensor characterization have been 
performed. These sensors were fabricated in IC technology 
with a goal of being integrated with flow and pressure sensors 
in order to measure cardiac output (Fig.1). 

 
 

Fig. 1.  The medical probe with three sensors 
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II. SENSOR STRUCTURES 
The sensors consist of an array of four rectangular 

electrodes. An AC current is injected into the sample through 
the outer electrodes while the resulting potential is measured 
differentially across the inner electrodes. An investigation was 
performed into optimizing the current electrode configurations 
considering measurement accuracy and vessel-wall proximity. 
In the first step a number of simulations were performed to find 
out the effect of each parameter on the measured resistance.    

A. Measurement Technique 
 In order to measure the electrical impedance of whole blood, 

the four-point measurement technique was chosen. In this 
technique when the input impedance of the voltage acquisition 
system at inner electrodes is very high, the polarization effect 
will be minimized. In the ideal situation when the input 
impedance is infinite, the polarization effect does not play any 
role in the measurement [11]. 

B. Area of the Electrodes 
If the impedance at the electrodes is low (especially at the 

outer electrodes) and the impedance of the inner electrodes is 
equal, the errors in the measurement caused by the 
electrode-electrolyte impedance will be minimized. So the 
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electrodes should be as large as possible. The material and 
process to fabricate the electrodes should be in a way that they 
lead to low interface impedance as possible. 

C. Distance Between the Electrodes 
There are some parameters that should be taken into account 

while choosing the distance between the electrodes:  
1) Distance between the Inner electrodes: A large distance 

between the inner electrodes has a number of advantages. If the 
voltage drop between the inner electrodes for a given sample 
and current is high, we will get a good signal-noise ratio and the 
errors caused by the non-uniformity of the sample will be 
minimized [12]. It is better to take the distance between the 
inner electrodes considerably larger than the maximum cellular 
size of the sample, which in case of whole blood is 7 µm.  

2) Distance Between the Inner & Outer electrodes: Placing 
the inner electrodes closer to the outer ones is beneficial in 
terms of signal to noise ratio and spatial resolution. 
Starting from the theoretical aspects, a number of 

simulations were performed to establish the optimal sensor 
configuration.  

D. Material of the Electrodes 
The material and the process to make the electrodes, should 

lead to as low electrode-electrolyte impedance as possible. 
Platinum electrodes have been used frequently because of their 
biocompatibility and their low half-cell potential compared to 
other materials such as stainless steel or silver [13]. 
 

III. READ-OUT ELECTRONICS 
The readout circuit consists of a simple relaxation oscillator, 

which converts the measured quantity into a period (Fig.2). The 
three-signal method used in this circuit eliminates the influence 
of parasitics and ensures long-term temperature stability [14]. 

IV. WALL PROXIMITY 
As the final sensor is going to be placed either in the right 

atrium or in the pulmonary artery, the effect of the wall of the 

vessel or atrium on the measurement results should be taken 
into account. When the sensor enters the heart, due to heartbeat 
the place of the sensor will change and if it gets too close to the 
wall then no reliable measurement data can be obtained.  
Therefore, the sensor should be designed in such a way to 
reduce the wall-proximity effect. This effect happens because 
the distance to the vessel wall affects the field distribution 
around the sensor [15]. 

In order to study the influence of this effect on the geometry 
of the sensor, different simulations have been performed. From 
the simulation results the following can be concluded: 
1) Increasing the size of the electrodes, results in a greater 

sensitivity of the sensor to the wall. 
2) The larger the distance between the inner electrodes, the 

lower the sensitivity to the wall. 
3) By increasing the distance between the inner electrodes 

and the outer ones, we will increase the sensitivity to the 
wall. 

The above points, more or less agree with the rules mentioned 
at the sensor-structure part except for the size of the electrodes. 

 

V. EXPERIMENTAL RESULTS 
In order to see if theory matches the real situation, some 

measurements were performed in saline solution. These 
measurements were done with the two prototype sensors 
previously fabricated in our laboratory (Fig.3). For 
convenience we called these sensors MP1 and MP2 (MP stands 
for Medical Probe). Their geometry is as follows: 

1) MP1:  The size of the electrodes is 150*700 µm, the 
distance between the inner electrodes is 1100 µm and between 
the inner and outer electrodes is 700 µm. 

2) MP2:  The size of the electrodes is 125*760 µm, the 
distance between the inner electrodes is 550 µm and between 
the inner and outer electrodes is 250 µm. 

 
Two kinds of measurements were performed. Initially, we 

did not consider the wall effect and only wanted to make sure 
that our device is able to cover the whole range of blood 
resistivity, which is between 50-250 Ohm-cm. The resistance 

 
Fig. 2.  The circuit diagram of the oscillator 

Fig. 3.  The medical probe, which is fabricated in our laboratory 
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between the inner electrodes was measured for different 
conductivities of saline solution (Fig.4a and 4b). As the graph 
shows, the cell constant is constant through the whole range.  

For the in-vivo measurement, the cell constant can be 
measured in a saline solution with a defined conductivity and 
be used to calculate the specific resistivity of blood and as a 
result the blood viscosity.  

The second set up was made to study the effect of wall on the 
output signal (Fig.5). A glass plate was considered as a wall and 
the resistance was measured at different distances from the 
glass wall (Fig.6).  

The two sensors have different configurations and as a result 
the point where the effect of the glass wall can be measured is 
different for each. The larger the sensor, the more sensitive it is 
to the wall. There is proportionality between the length of the 
electrode array and the distance at which the effect of the wall 
starts. MP1 is about two times larger than MP2 therefore the 
effect of the wall shows up in the output signal at a larger 
distance comparing to MP2. This is due to changes in the field 
distribution. The field distribution is an important parameter in 
the measurement results. Therefore, the optimum sensor 
configuration should minimise field disruption. Schwan [16] 
suggested that the inner electrodes should be small enough in 

order not to disturb the field. Fig.7 shows how the inner 
electrodes can affect the field distribution. 

As the distance between the outer electrodes increases, the 
field will spread further and the wall can disturb it at a larger 
distance. 

Work is underway to fabricate new sensor structures with 
different geometries and continue testing on these structures.  
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Fig. 4a. Resistance versus specific conductivity of the medium; experimental 

and simulation results for MP2 
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Fig. 4b.  Resistance versus specific conductivity of the medium; experimental

and simulation results for MP1 
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Fig. 5.  Measurement setup to investigate the wall effect 
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Fig. 6a.  Resistance changes due to wall effect (MP1) 
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Fig. 6b. Resistance changes due to wall effect (MP2) 
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Fig. 7. Current field distribution in the cross section area of the chip 

VI. CONCLUSION AND FUTURE WORK 
The basic guidelines in order to design a planar probe to 

measure blood impedance have been described. 
The introduced experimental setup will be improved and 

preparation for in-vivo testing will be done.  
A number of sensors with different configurations will be 

made to find the optimum one considering the size, reliability, 
biocompatibility, fabrication process and the wall proximity.    
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