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Summary 

The article presents a measurement system for fatigue crack monitoring of 
riveted joints. A vision method and a computer based image analysis were 
applied in the system. The mechatronic positioning module enables the 
monitoring of crack tip during the test with the use of a follow-up system. 
Thanks to the optical encoders applied in linear actuators and the direct optical 
measurement on the image, a high measurement resolution of crack length was 
achieved, less than 10 µm in working distance up to 300 mm. The modular load-
bearing structure enables a double-sided assembly of the system on a fatigue 
machine. The developed system was implemented in a fatigue research 
laboratory. 

Introduction 

Riveted joints are one of the oldest methods of joining thin-walled elements 
and are the most popular technique of joining the structures used in aviation, for 
example, in big passenger and cargo planes, light training aircraft and the 
structure of the fuselage of helicopters [4]. The riveted joints (Fig. 1) are critical 
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areas of the structure of the aircraft and to a great extent determine its fatigue 
life. Under the influence of changeable stresses and deformations, the lowering 
of the endurance and durability of joints takes place. Its effect is the damage of 
the joint resulting from the cracking process. 

 
a) 

 

b) 

 
 

Fig. 1.  Riveted joints in aviation structures: a) piece of the plating of the fuselage of the 
helicopter, b) piece of the plating of the fuselage of the cargo plane  

 
The fatigue of the material in the joint area in the introductory phase is a 

local phenomenon in the microstructure, but it becomes a “global” phenomenon 
associated with the damage of compound, bulky structures (Fig. 2) in the last 
phase of failure. 

 

 
 

Fig. 2. Riveted joint damaged due to fatigue cracking  
 
Many structural, technological and material factors determine the 

endurance (including fatigue strength) of the joints [5, 10]. The structural 
factors are the type of the joint (i.e. lap joint, single or double strap joint), the 
size of the riveted joint, the thickness of joined metal sheets, the diameter of the 
rivets, the type of rivets, and the pitch of the riveted joint. Many cases of 
machine breakdown caused by the fatigue cracking indicate that meeting the 
requirements in the scope of assuring the proper level of reliability, endurance 
and safety depends on the full understanding and knowledge of material and 
structural fatigue. 

A proper assessment of the condition of the technical object prone to 
fatigue cracking depends on the successful detection and monitoring of the 
cracking process. In the fatigue diagnostics of materials and structures, the 
methods of direct and indirect observation are used together with the 
defectoscopic techniques and the currently evolving hybrid methods [7]. Some 
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of them have been widely applied in practice, but others are still in various 
stages of development [1, 2]. The methods of eddy currents are applied in the 
advanced tests on aviation structures for the detection of micro cracks in the 
plating of the airframe that are hidden under the heads of the rivets [11, 12]. The 
limited resolution, accuracy and the lack of the possibility of monitoring the 
cracking progress on-line allows these methods to diagnose the condition of the 
structure only in a general manner. The analysis of the methods used in the 
inspection of cracks [6] also confirms the significant limitations to the 
possibility of the automation of the measurement process that is one of the 
conditions of conducting long-term tests without the necessity to constantly 
control the apparatus. The measurement system enabling the monitoring of the 
fatigue crack in riveted joints has been developed at the Institute for Sustainable 
Technologies-National Research Institute (ITeE – PIB), Radom, Poland. The 
system has been developed on the basis of the solution previously created at the 
Institute, which is the System for the Monitoring of Cracks (SMP) [3].  

1. Measurement method 

The optical method has been applied for the monitoring of the cracking and 
measurement processes. A digital camera with a microscope objective lens is 
used to monitor the surface. The images recorded with the use of the camera are 
then subject to a computer analysis. The computer software allows the detection 
of the cracks in the material and the monitoring of its propagation. 

The monitoring system has a modular structure (Fig. 3), whose elements 
include the mechatronic positioning module, the vision module, the control 
system and the software. 

  
 

 
 

Fig.  3.  General diagram presenting the structure of the system for the measurement of the length 
of the crack 
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The positioning module, which is equipped with linear drives with optical 
encoders, is mounted together with the optical head on the columns of the 
testing machine. The stepper motors in the linear drives are controlled by the 
computer with the use of the specialised PCI card. 

The control over the progress of the measurement process is realised with 
the use of the computer with the software installed. To ensure the high accuracy 
of the measurement when the scope of measurement is wide, the concept of the 
follow-up system placing the optical head above the current position of the end 
of the crack has been applied (Fig. 4). 

 

 
 

Fig. 4. Diagram of the measurement procedure 
 
The positioning of the optical head towards the observed sample is 

corrected after every change in the length of the fatigue crack on the basis of the 
analysis of the change of the vector of the displacement of the threshold of the 
crack. The analysis is conducted with the use of three parameters describing the 
length of the vector, the radius, and the angle of the analysed area. The value of 
these parameters depends on the character of the crack. Fig. 5 delineates a 
diagram of the course of the image scan in search of consecutive points of crack 
trajectory. 

 

 
 
Fig. 5. Diagram of the fatigue crack trajectory 
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The statistical parameters of the assessment of the intensity of the image in 
the surroundings of the fatigue crack have been applied to detect and mark the 
end of the crack. The crack lines obtained from the conducted analysis of the 
raster image and described with the use of the two-dimensional table have then 
been further analysed in order to mark the coordinates of the end of the crack 
and the increase in the length of the crack in relation to the previously 
conducted measurement. The result of the measurement of the length of the 
crack is marked on the basis of the measured values of the displacement of the 
linear drives of the X-Y table of the optical head and the optical measurement 
on the crack image displayed on the screen. 

The developed software consists in the functional modules enabling the 
following: 
− The calibration of the measurement trajectory;  
− The setting and the initial positioning of the optical head;  
− The setting of the mode and the means of recording the measurement data;  
− The measurement and control of the work of the system; and, 
− The presentation of the results of the measurement.  

2. Structure of the system  

The main structural unit (Fig. 6) is the mechatronic module for the 
positioning of the optical head in relation to the sample in the X-Y-Z Cartesian 
coordinates system.  
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Fig. 6. Structure of the system for the monitoring of cracks: 1 – bearer frame, 2 – optical head, 3 – CCD 
camera, 4 – lens, 5 – linear drive of the X axis, 6 linear drive of the Y axis 
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The positioning module is composed of three independent linear drives. 
The drives in the X-axis and Y-axis are equipped with the stepper motors. The 
linear optical encoders enable the accurate measurement of the position of the 
optical head in the X-Y plane. The optical head is fixed to the platform. The 
mechanical system of the platform allows the optical head to be precisely 
shifted along the O-Z axis. The positioning module is fixed on the columns of 
the testing machine. The developed solution of the bearing structure allows a 
double-sided assembly of the system on the testing machine. 

The visual module is composed of the monochromatic CCD camera with a 
image definition of 1.3 Mpx, a microscope objective lens with folded optics, 
and an LED ring illuminator. In order to allow the observation of the surface of 
the tested sample in a micro- and macro scale, the lens is equipped with a zoom 
function of electronic adjustment of the image enlargement and focus.  

3. Accuracy of the measurement of the length of the crack  

To conduct accurate tests, the high quality of the image of the surface 
obtained from correct sharpness setting is required. The sharpness is adjusted 
with the use of precision hand wheels fixed in the optical head. In the initial 
stage of image processing, the thresholding process, allowing high contrast to be 
achieved, is realised. 

The accuracy of the measurement of the length of the crack is influenced 
by the length of the measurement of the movement of the optical head that is 
realised with the use of linear drives of the X and Y axes, and by the accuracy of 
the optical measurement directly on the image displayed on the screen. The 
linear optical encoders with the measurement resolution of 1 µm have been 
applied in the drives. The accuracy of the direct optical measurement on the 
image displayed on the screen depends upon the screen and camera resolution, 
the accurate setting of the cursor, and the perpendicularity error of the optical 
axis of the lens in relation to the X-Y plane. The camera sensor ensures a 
resolution of 1000 pixels. The resolution of the LCD screen, on which the image 
is presented, is similar. A resolution of ca. 3 µm/pixel is obtained in the full 
screen display of the image of the surface with real dimensions of 2.5 x 2.5 mm. 

The analysis of the influence of the inaccurate optical head assembly 
indicated that possible angular aberration of the optical axis in relation to the X-
Y plane can cause the occurrence of a negligible error of the optical 
measurement of the length of the crack below 0.01 µm in the entire 
measurement scope. 
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4. Implementation of the system  

The developed measurement system for the monitoring of the assembly 
joint cracks has been installed at the research laboratory for fatigue life testing 
(Fig. 7). 

 

        
 

Fig. 7.  Measurement system mounted onto MTS 810 testing machine  
 
The system has been applied in fatigue tests of lap riveted joints used in 

aviation [8, 9]. In the course of many experiments, the fatigue cracks occur in 
close proximity to the rivets on the both sides of the sample. In order to conduct 
the tests in such cases, the developed structure allows the measurement system 
to be installed on both sides of the machine. 

The right speed of the shift of the positioning module of the optical head 
allows the multi-focal crack tests to be conducted. Due to the calibrated optical 
system, the precise alignment of the optical head on the measured point was not 
necessary and the indication on the monitored area of the surface of the sample 
was sufficient (Fig. 8). 

The system has also been used in tests on the expansion of the rivet hole. 
The tests have been conducted with the aim of explaining the latest trends in 
fatigue tests related to the influence of the geometry of the rivet and the force of 
its clench on the fatigue endurance of riveted joints. The measurement of the 
expansion (Fig. 9) consisted in the definition of the relative growth of the rivet 
hole connected to the rivet clench and was conducted on many planes of its 
cross section uncovered through the removal of consecutive layers of the 
material with the use of mechanical processing. 

The application of the optical system, instead of the toolmaker’s 
microscope used previously, has significantly improved the measurement but 
most importantly, increased their accuracy. 
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Fig. 8. Window of the measurement of the length of the crack  
 
 

a) 
 

 

b) 

 

c) 

 
 

Fig.  9.  Measurement of the expansion of the rivet holes with the use of SMP system: a) the image 
of the sample with the removed layer of the material, b), c) the measurement of the 
diameter of the hole on the recorded image  

 

Conclusion 

The use of the method of machine vision together with the computer 
analysis of the image allows the detection and monitoring of a fatigue crack in a  
macro- and micro scale in the surface structures of engineering materials. The 
applied visual system and the system for the positioning of the optical head 
ensure high measurement accuracy. The distinguishing features of the device 
include the option of automatic monitoring of the threshold of the crack and the 
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measurement of the length of the crack line, as well as the monitoring of the 
sample on both opposite planes. The modular equipment and programme 
structure enables the modification and adaptation of the system according to the 
needs of various research processes. Among others, this can be achieved 
through the change of the camera and the lens. The application of the quick 
algorithms of image processing and analysis allows the real time monitoring of 
the fatigue crack progress. The high technical and functional level of the device 
has been confirmed in the course of fatigue tests of lap riveted joints used in 
aviation. 

 

References 

1. Boroński D., Giesko T.: Monitorowanie i pomiary pękania zmęczeniowego 
na powierzchniach krzywoliniowych w czasie rzeczywistym. Problemy 
Eksploatacji 1/2005, pp. 72–83. 

2. Giesko T., Zbrowski A., Boroński D.: Metoda i system monitorowania 
pękania zmęczeniowego elementów konstrukcyjnych. Energetyka 2008, 
pp. 52–54. 

3. Giesko T. (ed.). Projekt badawczy nr 7 T08A 010 2000 C/5090 pt.: 
„Zautomatyzowany system monitorowania procesu propagacji pękania 
w materiałach”. Sprawozdanie końcowe. Instytut Technologii Eksploatacji 
– PIB, Radom 2002. 

4. Jachimowicz J., Szymczyk E., Sławiński G.: Analiza wpływu technologii 
nitowania na stan przemieszczeń, odkształceń i naprężeń wokół nitu. 
Mechanik. Nr 4/2008, pp. 332–337. 

5. Jachimowicz J., Szymczyk E., Sławiński G.: Analiza wpływu luzów 
technologicznych na pole naprężeń własnych w otoczeniu nitu stożkowego. 
Mechanik Nr 7/2008, pp. 629–632. 

6. Szala J.: Przegląd możliwości diagnozowania obiektów technicznych ze 
względu na zmęczeniowe pękanie. Przegląd Mechaniczny. 2003/4, pp. 26– 
–32. 

7. Szala J., D Boroński: Ocena stanu zmęczenia materiału w diagnostyce 
maszyn i urządzeń. Wydawnictwo Instytutu Technologii Eksploatacji – 
PIB, Radom 2009. 

8. Skorupa M., Skorupa A., Machniewicz T., Korbel A.: Effect of production 
variables on the fatigue behaviour of riveted lap joints. International Journal 
of Fatigue. Volume 32, Issue 7, 2010, pp. 996–1003. 

9. Skorupa M., Machniewicz T., Skorupa A., Korbel A. Wpływ wybranych 
parametrów konstrukcyjnych i technologicznych na własności zmęczeniowe 
połączeń nitowych. XII Krajowa Konferencja Naukowo-Szkoleniowa 
Mechaniki Pękania, materiały CD, Kraków 2009. 



 PROBLEMY  EKSPLOATACJI – MAINTENANCE  PROBLEMS   4-2010 
 

162 

10. Szymczyk E., Jachimowicz J., Bogdanowicz Z.: Badanie inicjacji pęknięć 
zmęczeniowych w połączeniach nitowych. Zeszyty naukowe Mechanika. 
Wydawnictwo Politechniki Świętokrzyskiej Kielce 2007. 

11. Workley J., Wincheski B., Namkung M.: Konstrukcja systemu kontroli 
nitów poszycia płatowców. http://www.ndt-system.eu 

12.  Workley J.: Zalety systemy Rivet Check – obrotowej sondy samozerującej 
do wykrywania małych pęknięć pod nitami. http://www.ndt-system.eu/  
 

Reviewer:  
Ewald  MACHA 

 

 

Opto-mechatroniczny system do monitorowania pękania połączeń nitowych 

Słowa kluczowe 

Pęknięcie zmęczeniowe, połączenie nitowe, metoda wizyjna, system optome-
chatroniczny. 

Streszczenie  

Artykuł przedstawia system pomiarowy do monitorowania pękania po-
łączeń nitowych. W systemie wykorzystano metodę wizyjną oraz komputerową 
analizę obrazów. Mechatroniczny moduł pozycjonowania głowicy wizyjnej 
umożliwia monitorowanie i nadążne śledzenie czoła pęknięcia w trakcie testu. 
Dzięki zastosowaniu enkoderów optycznych w napędach liniowych głowicy 
oraz bezpośredniego pomiaru optycznego uzyskano wysoką rozdzielczość po-
miaru długości pęknięcia poniżej 10 µm, w zakresie do 300 mm. Modułowa 
konstrukcja nośna umożliwia obustronny montaż systemu na maszynie wytrzy-
małościowej. Opracowany system został wdrożony w laboratorium badań 
wytrzymałości zmęczeniowej.  




