
Gépészet 2008 
Budapest, 29-30 May 2008.                                                                                                 

G-2008-N-05 
 

1 / 10 

 
THE MEASUREMENT OF DEFORMATION OF A SILICON 

ELASTOMER TUBE USING DIGITAL IMAGE PROCESSING 
 

C. Lantos*, I. Vaik**, G. Halász*** 
Department of Hydrodynamic Systems, Budapest University of Technology and Economics,  

H-1111. Budapest, Muegyetem rkp. 5. Tel: (1) 463-5798, e-mail: Lantos@hds.bme.hu 
*PhD student, **Research Assistant, ***Professor. 

 
 
 

Abstract: According to the latest research the nonlinear elastic model with hysteresis is the 
most realistic to model the blood vessel. Relationship between the transmural pressure and 
external diameter of the blood vessel, modelled by a silicon elastomer tube is studied under 
stress. This paper focuses on the measurement method using digital image processing. Edge 
detection algorithms are developed using Matlab software environment to determine the 
diameter of the tube under specific inner pressure. Results reproduce the static and dynamic 
behaviour of the silicon elastomer material. 
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1. INTRODUCTION 
 The mechanical characteristics of blood vessels have been studied for many years. The 
first 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 visco-elastic behaviour. The blood vessel was assumed to 
be an isotropic homogeneous layer. 
 All these models do not consider the structure of multiple, highly deformable layers of 
the wall which have different tasks and materials. This neglected terms and nonlinear 
anisotropic mechanical behaviour are needed to study human coronary arteries which model 
was developed by Holzapfel [5] and Cacho et al. [6] using finite element methods. For blood 
vessels other than coronary arteries the model of an isotropic homogeneous layer may be 
suitable. 
 In the past years numerous publications were written to build a pressure-diameter 
relationship [7, 8]. 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 
pressure the diameter of a silicon elastomer tube will be detected by means of digital image 
processing. The importance of this recording method is rapidly growing, particularly in 
medical applications [9]. 
 Results will form the basis to build a new mathematical model of blood vessels in the 
near future. 
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2. MEASUREMENT SETUP AND DATA PROCESSING 
 
2.1. Measurement setup 
 The build up of the measuring rig can be seen in Fig.1. 
 

 
 

Fig.1. Measuring rig [101 
(1: fluid tank; 2: piston; 3: dial; 4: silicon tube; 5: digital camera; 

6: computer; 7: oil tank; 8: ball valves) 
 
 A highly flexible transparent silicon elastomer tube (4) (8 mm external diameter 
without stress), was connected to a fluid tank (1). Oil tank (7) was used to fill full the fluid 
tank and the tube. After closing the ball valves (8a, 8c) the pressure in the oil tank and in the 
tube depends only on the weight of the piston (2) and the weight put on the dial (3). The 
pressure can be calculated knowing the area of the piston. 
 The objective lens (5) of a digital camera was set over the middle of the tube which 
was illuminated by two oppositly placed floodlights at an angle of 45 degree and far enough 
not to heat the tube and neutralizing the shadow at the two sides of the tube. The tube was 
fixed preventing it from moving out of the area of the objective but allowing the enlargement. 
 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. 
 As a preliminary step, 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. A 
sliding caliper was used as a calibration object where the distance is known to determine 1 cm 
in the image taken by camera. All photographs taken are calibrated using this first 
measurement, so that the camera and the object may not be moved during experiment. 
 After setting up the rig and completing calibration, at first increasing then decreasing 
pressure values were produced in the tube by putting different weights on the piston. At each 
pressure after putting the next weight a steady state was reached before taking the photograph. 
Except for the maximum pressure point, at each pressure two photographs were taken. 
 One photograph taken by a digital camera gives image points, pixel coordinates 
corresponding to the object. Our pixel values are grayscale intensity values in a 
480(row)*640(column) matrix. These images are processed in Matlab software environment 
like matrixes. 
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2.2. Edge detection 
 
2.2.1 Theory 
 The pixels belong to the two-dimensional images of a three-dimensional object. The 
diameter of the tube has to be measured in each image, by detecting the two edges of the tube. 
With the help of the variation of the pixel brightness the shape of objects can be detected. The 
edge occurs between two image regions, two blocks of different colour, material, depth, 
object-background, illumination. The edge of a tube is a one-dimensional feature of a two-
dimensional image.  

Although edge detection is important in image processing and computer vision [11], it 
is an empirical procedure because of the effects of blurring, shading, reflections, Moiré effects 
(an interference pattern created by various digital imaging techniques), problems with the 
geometry and lens of the camera. The latest research applies error functions to avoid this 
erroneous information [12]. 
 The question is how to search this image defining a threshold of intensity to detect 
edges. Filters are a pre-processing step. Images taken with cameras will pick up noises which 
can be removed by filters. We do not deal with these filters because they smear, thus they 
cause a blurring of edges. 

The next step is edge detection. It is questionable how to decide the position of edges. 
Our intensity histogram, grayscale intensity values at discrete points of our 480*640 matrix 
well illustrates the problem of detecting edges. The tube lies in the direction of the columns. 
(Fig.2a.) 

 

 
 

Fig.2a. Variation of brightness in a matrix (480*640) 
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Fig.2b. Sampled intensity function of the 320. row 
 
 
 

 
 

Fig.2c. First order numerical derivative of the 320. row 
 

 Our goal is to find the edges of the tube to apply a good quering algorithm. Although 
just two parallel lines have to be detected, not curves or corners, even our images are based on 
grayscale pixels, the task is not trivial. We tried some algorithms which seemed to be suitable 
at first sight to apply them to this problem. 
 We have grayscale images with blurring, shadow. In the algorithm the input image 
matrix is filled by the intensity values. To extract the two edges of the tube from the 
background, the output binary matrix is filled by zeros except at the pixel points where edges 
were detected. The problem is to find the suitable threshold for the images. 
 
2.2.2 Gradient method 
 First the gradient method was used. We searched the local maximum and minimum in 
the intensity function calculated by numerical derivatives between two adjacent sampled 
points. This method can be applied for a specific row of the intensity function or for the row-
averaged values of the intensity of all the 480 rows and to find the gradient. (Fig.2c.) 
 The maximum or minimum derivatives are not considered because they are effects of 
the tube glitter. But the local maximum and minimum derivatives mark the edges of the tube. 
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Finally this method did not yield good results. After applying this method Fig.3. represents 
the results for the diameter variation – pressure function at loading (beginning in point  (1;1e-
4)) and unloading (beginning at peak points) when applying this method for different rows 
and for the row-averaged intensity values of the picture. 

 

 
 

Fig.3. Diameter variation - pressure function using numerical derivatives 
(yellow-average, magenta-320, green-420, cyan20, black-120. row) 

 
The row-by-row and averaged value yield a big scattering of the diameter of the tube at 

one pressure value. Reasons can be the noise on the image, the inclination of the tube. This 
algorithm may be improved by fitting a polynomial to the sampled intensity values and 
differentiating it [13]. 
 
2.2.3 Thresholds 
 Various thresholding values were used to find edges. We searched row-by-row to trace 
a path. In each row from left and right edge is detected where the intensity value first reaches 
the threshold value. The two edges were in lines with only a little noise. We had the problem 
of choosing suitable thresholding values because the interval of the place of the edge is large 
as can be seen in the intensity function. (Fig.2b.) 
 Absolute thresholding values were applied. It divides the intensity histogram between 
neighbouring pixels at a specific value. Before stating this value we have to find by sight the 
interval where edges will have to be detected. At evaluation we tried different thresholding 
values as represented in these figures. : 
 

   
 
Fig.4. Different thresholds (110/150/175/200/225)   Fig.5. 150 thresholding value 
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 In Fig.4. the comparison of  absolute thresholds on the diameter variation can be seen 
at loading and unloading. Several tresholding values were tried. The dependence of the 
maximal diameter variation on the threshold value was observed. The chosen threshold value 
was at least variation of this function, which was 150. Fig.5. represents the diameter values at 
loading and unloading. 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 is significant difference between two 
images taken during one experiment. E.g. Fig.6. considering the maximum values. : 
 

   
 

Fig.6. Intensity values for two images taken during the same experiment 
  
 Improving this method different relative thresholding values were applied referring to 
the least intensity or to the mean intensity of the pixels. Results represent the same type of 
curves as at thresholding by specific value. Referring to the highest intensity value will yield 
irrelevant information (Fig.6.) 
  
2.2.4 Comparison 
 The problem of choosing an edge detector is very important, just evaluating the 
datasets it is questionable which algorithm is suitable. The next figure (Fig.7.) compares the 
types of these algorithms. : 
 

 
 

Fig.7. Comparison of the studied algorithms 
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The yellow line shows the results of the averaged gradient, and the magenta line 

shows the results of the gradient of the 320. row. The green line represents the result when a 
relative threshold with a value of the least intensity value multiplied by 3.5 was used. For the 
black line the relative threshold value was half of the mean intensity value. For the blue line 
the threshold value was 150. Despite of the scattering, the elastic behaviour with hysteresis of 
the silicon elastomer tube is always observable.  

 
2.2.5 Second experiment 

The figures above show the result of the different evaluating methods for the same 
dataset gathered from one experiment. A later time the experiment was repeated with a more 
careful, improved measurement method. The static behaviour of the diameter variation of the 
tube was observed by making more photographs after reaching the steady state under various 
pressure values. At each step 40 photos were taken. After evaluating the tube diameters by the 
absolute threshold method in each image, the standard deviation of the diameter values was 
under 0.01 mm at each pressure step. This value is negligible; smoothing, improving the 
algorithms this way is not needed. 
 The next figure (Fig.8.) represents the characteristics of the same tube examined 
during the second experiment by the measurement method described above and after 
evaluating by the absolute threshold. : 
 

 
 

Fig.8. Absolute threshold 
 

The mechanical properties can change in the course of time. The diameter-pressure 
curve of the tube changed between the two experiments because it was continuously filled 
with oil. The hysteresis in this figure can be clearly seen. 

 
2.2.6 Results of the dynamic measurements 
 After the static experiment dynamic behaviour was studied by increasing the pressure 
rapidly in the tube. The pressure was changed by dropping a weight (resulting a pressure of 
6580 Pa) on the piston of the fluid tank. The effect of pressure, the variation of the diameter 
was detected at the middle of the pipe. The frequency of the digital images at data-collection 
was 40Hz. The data set was processed in Matlab software environment. 
 Edge detection algorithms explained above were applied on these images. Here the 
absolute thresholding evaluation can be seen. As result a step function is detected. (Fig.9.)
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Fig.9. Thresholding by absolute value 
 
 The dynamic behaviour will be deeply studied in the future after evaluating more 
experiments. 

 
2.3. Problems and solutions  
 We decided on extracting intensity histogram features using edge detection algorithms 
to obtain the diameter of the tube. Applying a good quering algorithm is important but we will 
just have an empirical solution. Each algorithm has a slightly different result. To verify the 
availability of our edge detection algorithms we are obliged to make photographs of a 
reference object before making photographs of the tube. This reference object has to be made 
of a similar material, colour and size. There might be multiple references depending on the 
diameter variation of the tube. 
 We assume that the diameter varies between 8 and 9 mm. So we need to make 
photographs of reference objects, a solid tube of 8 and 9 mm which can be measured by a 
sliding caliper to compare on the photographs with the different diameter of our flexible tube. 
In practice this method of digital image processing is already proven. 
 At the beginning our light sources were two oppositly placed floodlights. They have to 
be changed to LEDs because LEDs do not heat the silicon, so we can deposit them near to the 
tube without influencing the diameter, thus we will obtain an image less blurred with sharper 
edges. The experiment could be improved by illuminating with a laser.  
 Another problem is that the tube on the photo can be inclined, relative to the pixel 
rows which is not included in our quering algorithm. The algorithm has to be improved 
considering the failure of the inclination of the tube on the image and incorporating colour 
information. Despite of this problem we obtained a little standard deviation of the diameter of 
the tube row-by-row.: The diameter varies between 8.3 mm and 8.9 mm with a 0.01 mm 
standard deviation at each diameter. So the extracted features are suitable considering a 
perpendicular tube. 

Other edge detection algorithms will be applied in the near future. Some methods detect 
edges as presented computing the gradient direction. For example: Sobel-, Prewitt-, Robert 
operator. Some methods detect edges in a second order derivative expression. For example by 
a non-linear differential operator or by the Laplace operator which corrects the quality of the 
image by subtracting the second-order derivative from the intensity function. Edges may be at 
the zero-crossings of the second order derivatives [13]. 

Our goal finally is not to find a new edge detection algorithm, just to apply the best 
method found in literature that fits well our experiments. 
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3. CONCLUDING REMARKS 
 An effort has been made to elaborate a measurement method. With the help of digital 
image processing the pressure-diameter function can be described. Image recording and edge 
detection methods were developed to analyse the static behaviour of the silicon elastomer 
tube. Analysis of the dynamic behaviour is under progress. Future experiments and analyzable 
data are required to refine our model and to prove its viability. Our future work is to build a 
new mathematical model of blood vessel considering the elastic behaviour with hysteresis.  
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