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ABSTRACT  
A measurement method of the static and 

dynamic behaviour of a silicone elastomer tube is 
developed in this paper. This type of material is 
characterized by a nonlinear elastic material law 
with hysteresis. According to the latest research 
blood vessels behave similarly to this material. A 
relationship between the transmural pressure and 
external diameter of the blood vessel is determined. 
In the tube steady, unsteady, sinusoidal inner 
pressure is created by the measuring rig. The 
diameter of the tube is determined using digital 
image processing. At each state set of photos of the 
deformed tube are taken by CCD digital camera. 
These photos are developed using Matlab software 
environment. The results of these experiments are 
compared with a nonlinear theoretical model of 
blood vessels described in the literature.The model 
parameters are calculated using measurement 
results and a Matlab code. For the modeling of the 
bloodflow the simultaneous modeling of the wall 
deformation is needed. The final goal is to build up 
a proper model of accurate blood pressure 
measurement at distant locations from the heart. 

Keywords: blood flow, digital image processing, 
edge detection, elastic behaviour, silicone 
elastomer tube 

NOMENCLATURE 
D [m] diameter 
E [Pa] elastic modulus 
H [m] head 
Sh [ShoreA] hardness 
p [Pa] pressure 
β [-] non-linearity parameter 
ν [-] Poisson’s ratio 

ρ [kg/m3] density 
σ [-] standard deviation 
Subscripts and Superscripts 
0 initial 
− mean 

1. INTRODUCTION 
The mechanical characteristics of artery walls 

have been studied for many years. The first 1D 
analysis was based on the assumption of a linear 
relationship between inner pressure and radius [1]. 
Experiments of Streeter and Wylie [2] revealed a 
nonlinear behaviour; Mooney and Rivlin [3] took 
into consideration the hyperelastic characteristics. 
Ursino and Cristalli [4] improved these models 
assuming viscoelastic behaviour. The blood vessel 
was assumed to be an isotropic homogeneous layer.  

In the past years numerous publications were 
written to build a pressure-diameter relationship [5, 
6]. These results show a viscoelastic or an elastic 
behaviour with hysteresis. The diameter of the tube 
is different at the same inner pressure depending on 
whether the probe is loaded or unloaded. 

Based on this assumption a measurement 
method is developed here. At known pressures the 
diameter of a silicone elastomer tube will be 
detected by means of digital image processing. The 
idea of the optical principle comes from the 
material property of the silicone elastomer tube. It is 
very soft and has a small wall thickness similar to 
the blood vessels, so a non-intrusive method is 
needed. The importance of this recording method is 
rapidly growing, particularly in medical 
applications [7]. 

Based on the experiments the numerical 
simulation of Streeter-Wylie model will be 
developed. The linear, viscoelastic and Mooney-



Rivlin model was already modelled and compared 
[1]. The results will form the basis to build a new 
mathematical model of blood vessels in the near 
future. 

2. MEASUREMENT SETUP 

2.1. The static behaviour 
The results of the experiments about the static 

behaviour of the silicone elastomer tube filled with 
oil (ρ = 900 kg/m3) represent clearly the hysteresis 
of this material (Figure 1). 

 

Figure 1. Hysteresis of the silicone elastomer 
material at steady states [8]  

Highly flexible transparent silicone elastomer 
tubes (8 and 3.5 mm external diameter without 
stress) were studied. The density of the tube is 1120 
kg/m3, its hardness is Sh = 40 + 5 [ShoreA] the 
Poisson ratio is ν = 0.5. The elastic modulus of the 
tube is calculated by the expression [9]: 
 

 
(1) 

 
E0 = 1.38 MPa. 
At known pressures the external diameter of 

the tube has to be detected using digital image 
processing. The objective lens of a digital camera 
was set over the middle of the tube. The type and 
number of the camera is LaVision, Imager 
Compact, VC04-025, 1101020. The type of the lens 
is Carl Zeiss Jena, Sonnar 3.5/135. A macro bellows 
was inserted between the camera and the lens 
resulting in a captured area of about 11 mm by 8 
mm. 

The conditions of this experiment were 
continuously improved. At the beginning our light 
sources were two oppositely placed floodlights. 
They had to be changed to LEDs because LEDs do 
not heat the silicone, so that we can place them near 
the tube without influencing the diameter, thus we 
will obtain an image less blurred with sharper 

edges. 12 LEDs were placed over the tube forming 
a circle. This way the illumination was 
homogenous. Later LEDs were changed to red 
LEDs. The camera is monochrome, and it has a 
special sensibility for the wavelength of this colour. 
The edge is sharper, the monochromatic aberration 
is excluded. The experiment could be improved by 
illuminating with a collimator or a laser. 

As a preliminary step, a calibration is 
performed before starting the experiments by a 
digital camera. It yields the relationship between the 
size of the image and the real object. This reference 
object has to be made of similar colour and size 
which can be measured by a micrometer to compare 
on the photographs with the different diameter of 
our flexible tube. 

2.2. The dynamic behaviour 
The behaviour of silicone tubes under 

periodically changing pressure – like in blood 
vessels – has been experimentally checked. In the 
laboratory of the Department of Hydrodynamic 
Systems of BUTE a test rig has been built, on which 
the time history of the diameter of a small silicone 
tube can be recorded. The test rig is shown in the 
Figure 2. 

 

Figure 2. Measuring rig  

An electrically changing valve (EV) is built 
into the main water flow, which allows to change 
the pressure P1 at the beginning of the test section. 
The pressure P2 at the end of the tested silicone 
tube is also measured, high speed pictures are taken 
from the test section (S). The frequency of the 
digital images at data-collection was 40Hz. The 
data set was processed in Matlab software 
environment. The data acquisition computer 
measures pressures P1 and P2 and also records 
trigger signal of the camera (C), and also operates 
the electrical valve with periodic signal.  

The image sets are processed, and after 
applying the calibration data, the diameter change 
of the silicone tube is determined. Using the trigger 
data, the diameter time history can be connected to 



the pressures and so the pulsation of the silicone 
tube under periodic signal can be presented (Figure 
3). In Fig. 3 also hysteresis can be observed. 

 

Figure 3. Hysteresis of the silicone elastomer 
material under periodic signal 

3. DATA PROCESSING 
The images taken by digital camera give 

greyscale intensity values at discrete points and 
processed in Matlab software environment like 
matrixes (480*640). The evaluation of the images is 
explained in this paragraph. A Graphical User 
Interface (GUI) of edge detection algorithms was 
developed to detect the diameter of the tube. The 
problem of finding the two edges of the tube on the 
images is described in [8]. One chosen method is 
developed and presented here where threshold value 
is applied which divides the tube from the 
background. 2 GUIs were created named 
„Calibration” and „Tube”. 

At first the reference object is photographed. 
The set of images is saved in a library. At 
Calibration Interface this library is chosen. 
Afterwards, an image number is selected from the 
library then the intensity value of one row on that 
image. The program shows the next figures: 

 

Figure 4. Variation of brightness on an image 
from the chosen library 

One image from the chosen library is presented 
in Figure 4. The tube lies in the direction of the 

columns. The variation of brightness can be seen in 
this (480*640) matrix. 

 

Figure 5. Intensity distribution in a picture row 

The intensity values of a row of the matrix are 
presented in Figure 5. The background is black or 
white depending on which one makes the tube more 
visible on the image. In this case the background is 
white; this intensity value is the highest. The 
program is able to treat the different backgrounds. 

The evaluation is based on these drawn 
pictures. In Fig.4 the interval of evaluable rows is 
selected. It depends on the illumination. Before 
stating the threshold value we have to find by sight 
the interval where edges will have to be detected. 
For example here (Fig. 5) the threshold is in the 
interval [400, 800].  

From the button value to the top of the interval 
all intensity value is evaluated. At each step 
(between the adjacent intensity values or between 
all the second or more intensity values) the rows in 
an interval of the image are examined. To one 
intensity value the rows give a diameter in pixels. 
The average of the diameters and the standard 
deviation are calculated. From all the intensity 
value the diameter is selected where the standard 
deviation is the minimum. With the measured 
diameter of the reference tube the pixel-mm 
transformation is known by the program. 

From the reference tube at one image the 
diameter and pixel-mm conversion is determined. 
But this is only from one image. All images should 
be studied this way. For some pictures it is 
determined and the average value is calculated. 

Applying one threshold for a dataset of one 
experiment can be suitable but cannot be 
generalized. The information extracted depends on 
the experiment environment, calibration, 
illumination, tube glitter, etc... Even there are 
significant differences between two images taken 
during one experiment. On the images of the real 
tube this intensity value is used. But maybe here the 
minimal standard deviation will demonstrate 
another intensity value, and in another state it will 
be different and so on. The program shows the tube 
with the edge at the selected rows. 

Now the Tube Interface is presented and the 
silicone elastomer tube is under examination. In this 
case the set of images is saved in a library too. A 



library and an image number from the library can be 
chosen. The interval of evaluable rows is selected 
(from the Calibration program of the silicone 
elastomer tube) and the method depending on the 
background. Threshold intensity value has to be 
given (from the Calibration program of the silicone 
elastomer tube or of the reference object. It depends 
on what characteristics of the tube are studied) and 
the ratio of the pixel-mm conversion (from the 
Calibration program of the reference object). 

The output of the program is the edge of the 
silicone elastomer tube at the selected rows as 
above. The diameters and the standard deviations in 
mm are calculated for each image in the library (d + 
2σ). 

We have information about all the images and 
about the average value of these images. The 
oblique position of the tube considering the borders 
of the image is calculated too. The tube on the 
photo can be inclined, relative to the pixel rows 
which is not included in our querying algorithm. 
Despite of this problem we obtained a little standard 
deviation of the diameter of the tube row-by-row. 
The extracted features are suitable considering a 
perpendicular tube. 

The intensity values of one row of the chosen 
image can be chosen too with the applied threshold 
value (Figure 6): 

 

Figure 6. The sampled intensity value of a row 

4. ERROR ESTIMATION 
The errors of this measurement method 

described above are based on 3 pillars. Errors from 
the optical rig, from the edge detection algorithms 
and from the diameter erroneously detected because 
of the self-weight of the tube.  

First error estimation of the optical elements is 
explained below. The Optical Transfer Function is 
measured to estimate the error [11]. The optical 
transfer function (OTF) provides the description of 
the imaging quality of an optical system. It is a 
combination of the modulation transfer function 
(MTF) and the phase transfer function (PTF).  

Resolving power is tested by imaging a chart of 
black and white lines (MTF). The spatial frequency 
measures the line pairs per unit of distance 
(cycle/mm). As the spatial frequency decreases the 
image contrast reduces, until at a certain point the 
lines cannot be distinguished (limit of resolution). 

The PTF is the displacement of the image compared 
with the geometrically correct position in radians 
(rad), in function of the spatial frequency. The 
phase component is not captured by the sensor. The 
important measured information is the MTF. 

The point spread function (PSF) describes the 
response of an imaging system through a lens to a 
point source. In the object plane it forms a blurred 
finite area. A line spread function (LSF) is obtained 
by integrating the point solid along sections parallel 
to the direction of the line. 

The experiments were made on an Ealing-Beck 
optical measuring rig. Red light was used and the 
relative openness of the lens was f/d=8, the same 
that during our digital image acquisition.  

 

Figure 7. Modulation Transfer Function 

The derivative of this curve is the line spread 
function (LSF). The measured error is less then 0.4 
µm. It is negligible. 
 The deformation of the tube because of its 
self-weight was studied with Finite Element 
Method (FEM) in Ansys environment. The cross-
section of the tube is not a perfect circle, so the 
diameter detected can be bigger. After the 
simulation the results demonstrate that this error is 
negligible.  

The error estimation of the edge detection 
algorithm is under progress. The estimation of the 
edge detection error is cumbersome because of the 
influence of the instantaneous conditions (blurring, 
shading, reflections, camera position). The latest 
research applies error functions to avoid this 
erroneous information [12][13]. 

5. NUMERICAL SIMULATION 
To describe the fluid flow in blood vessels 1D 

mathematical model is used. The blood is 
considered as a homogenous, incompressible 
Newtonian fluid. The numerical simulation is based 
on the Streeter-Wylie material model. It describes 
elastic nonlinear property of a thin wall tube [1][2]. 
The elastic modulus is changing according the tube 
deformation: 

 



 (2) 

 
where β denotes the nonlinearity parameter, 

which is determined from our experiments made 
with silicone elastomer tubes. 

The method of characteristics (MOC) [10] is 
useful to study numerically the transient phenomena 
described by 1D wave-equation in fluid mechanics. 
One of these problems is the flow in highly 
deformable pipes like the silicone elastomer tube. 
For the application of this method the relationship 
of the material model, the continuity and impulse 
equations is needed [2][10]. MOC is described in 
[1] and [10]. The resulted equations can be 
numerically solved on the characteristics, which are 
curves in the case of nonlinear material model. With 
the help of linear interpolation after each time step 
the net is redefined correctly [1]. In the inner points 
of the tube the simulation is solved by finite 
difference scheme. 

The measured physical quantities are the 
boundary conditions of the simulation. At the open 
end of the tube the pressure is prescribed by the 
measurement data (p(0,t) = p(t)), while the other 
end of the tube was closed: v(L,t) = 0. The 
numerical simulation was developed in MatLab 
environment. The results of computations in one 
silicone tube (modelling a blood vessel) are 
presented and compared with experimental data. 

According to the measurement results β =51. 
For a higher value of Beta the tube is more rigid, 
the diameter variation is less. The following figure 
(Figure 8) compares the measured and calculated 
results. The frequency of the sine pressure 
inducement on the open end of the tested tube is 1 
Hz.  

 

Figure 8. Diameter variation at the periodic 
signal, continuous line is the measured, dotted 
line is the calculated result. 

At the given β (=51) the pressure and diameter 
curves are close. At the two ends of the tube the 
pressure signals are the same. The differences 
between the measured and computed results cannot 

be neglected at high frequencies. This is the 
problem of the material model. 

6. SUMMARY 
A measurement method using digital image 

processing has been elaborated to study the static 
and dynamic behaviour of silicone elastomer tubes 
modelling blood vessels. It was proved during 
experiments with stents too. Based on the results of 
the pressure-diameter relationship a new 
mathematical model of artery walls will be 
developed in the near future including the elastic 
behaviour of hysteresis. 

ACKNOWLEDGEMENTS 
This work has been supported by the Hungarian 

National Fund for Science and Research under 
contract No. OTKA T 48529. 

REFERENCES 
 

[1] Halász, G., 2007, Modellezés a 
biomechanikában, Műegyetem Kiadó. (in 
Hungarian) 

 
[2]  Streeter, V.L., and Wylie E.B., 1967, Hydraulic 

Transients, McGraw Hill Company. 
 
[3] Taylor, L., and Gerrard., J., 1977, “Pressure-

radius relationships for elastic tubes and their 
application to arteries”, Med. & Biol. Eng. & 
Computing, Part 1 and 2., 11-17. 

 
[4]  Ursino, M., and Cristalli, C., 1966, “A 

mathematical study of some biomechanical 
factors affecting the  oscillometric blood 
pressure measurement”, IEEE transactions on 
Biomedical Engineering, Vol. 43, No. 8. 

 
[5]  Stefanadis, C., Stratos, C., Vlachopoulos, C., S. 

Marakas, S., Boudoulas, H., Kallikazaros, I., 
Tsiamis, E., Toutouzas, K., Sioros, L.,  
Toutouzas, P., 1995, “Pressure-Diameter 
Relation of the Human Aorta”, Circulation, 
92:2210-2219. 

 
[6]  Bia, D., Aguirre, I., Zócalo, Y., Devera, L., 

Cabrera Fischer, E., Armentano, R., 2005, 
“Regional Differences in Viscosity, Elasticity, 
and Wall Buffering Function in Systemic 
Arteries: Pulse Wave Analysis of the Arterial 
Pressure-Diameter Relationship”, Rev. Esp. 
Cardiol, 58(2):167-74. 

 
[7]  Peters, A., Chase, J. G., Van Houten, Elijah E. 

W., 2008, “Digital image elasto-tomography: 
 mechanical property estimation of silicone 

phantoms”, Med Biol Eng Comput 46:205–212. 
 



[8]  Lantos, C., Vaik, I., Halász, G., 2008, “The 
measurement of deformation of a silicone 
elastomer tube using digital image processing” 
VI. Gépészet Konferencia, Budapest, Hungary 

 
[9] Tóth, Nagy, Marosfalvi, 2005, Gépelemek I., 

Műegyetem Kiadó. (in Hungarian) 
 
[10] Halász, G., Kristóf, G., Kullmann, L., 2002, 

Áramlás csőhálózatokban, Műegyetem Kiadó. 
(in Hungarian) 

 
[11] Smith, W.J., 1966, Modern Optical 

Engineering, The Design of Optical Systems, 
Mc. Graw Hill, Inc. 

 
[12] Canny, J., 1986, “A computational approach to 

edge detection”, IEEE Trans. Pattern Anal. 
Mach. Intell. 8, 6, 679-698. 

 
[13] Abramowitz, M., and Stegun. I.A., 1972, 

Handbook of Mathematical Functions with 
Formulas, Graphs and Mathematical Tables, 
New York, Dover. 

 

 


