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Consolidated Metal Products has a unique cold-forming process to create U-bolts that makes them 

the industry leader in U-bolt production. This process has a tendency to create cracks due to high residual 

stresses. The senior design  team researched several methods of crack detection including ultrasonic, dye 

penetrant, and visual camera inspection. The conventional ultrasonic method was tested by NDT systems in 

house and was shown to work with the curvature of the U-bolt. Fluorescent dye penetrant was tested by 

applying the dye to the bolts with, and without cracks in them and then observed the difference in light values 

in and out of the cracks.  Camera inspection was tested statistically by comparing light intensity values inside 

and out of crack areas on gathered images without the application of dye. After testing these methods, camera 

inspection was chosen through the use of a selection matrix. In The senior design, the team began with 

construction of a controlled lighting environment box for taking photographs of U-bolts. A Matlab code was 

formed to compare light intensity values of bolt images and to work in unison with an Arduino to output 

separate signals for normal and defective U-Bolts. The Matlab code also automatically analyzed images taken 

by the camera. The Matlab code was then tested with sample bolts. Threshold light values were obtained to 

optimize the system’s ability to detect cracks. 

  

  

I.                   Introduction 

Consolidated Metal Products (CMP) is the industry leader in the production of steel U-bolts. These bolts 

are used in light and heavy duty truck suspensions and are a critical component of these vehicles. CMP utilizes a 

cold forming process to give the bolts their U-shape and high strength. This cold working leaves high stresses in the 

material which can lead to cracks. These cracks can lead to failure of the U-bolt and thus the vehicle’s suspension 

system. This could cause serious accidents and leave CMP liable. Another risk is less dramatic, but poses equally 

dire consequences for CMP - if their customer finds cracked bolts they will take their business elsewhere, potentially 

costing CMP millions in lost sales. This project focuses on designing an automatic system to inspect every U-bolt 

after the cold forming process to check for cracks. Initially the senior design team was also asked to check the bolts 

for dimensional accuracy and proper threading, but these issues were found to lead to different solutions and the 

topic was narrowed to only checking for cracks. Cracks were determined to be the most serious problem, since a U-

bolt with incorrect dimensions or missing threads can’t be installed in the truck, but one with a small crack could 

easily be missed and put in a vehicle and later fail. 

  

Currently, CMP visually inspects all of their U-bolts. With a single production line able to produce up to 

300 parts per hour, it is easy for the inspector to miss a small crack. The overarching goal of the project is to develop 

a system that will automatically detect cracked bolts and signal an operator to remove them from the line. To meet 

this requirement, many possible design solutions were researched and evaluated. Literature and patent searches were 

completed in areas related to flaw detection and automatic inspection systems. 

  

 In Fluorescent Penetrant Inspection (FPI), fluorescent die is applied to the U-bolt. The dye collects inside 

cracks and is visible under ultraviolet light after applying a developer agent [1]. Research has shown that through the 

use of FPI, cracks that are 0.06” in length or larger have a near 100% detection rate [2]. Cameras could easily be 

used to detect the concentrations of the brightly colored dye. The major downside to this method is cost. The cost of 

dye per bolt is $0.10 based off the cost of a bulk dye kit [3]. Also, the bolts must be cleaned before the dye is 



applied, and then dried after the developer is applied. This adds processing steps and equipment which further 

increases costs above acceptable amounts..  

  

. In laser ultrasonic testing, a high frequency wave is induced on the part by a pulsed laser [4]. A second 

laser measures that wave at the opposite end of the part. Any defects in the material surface will alter the wave, and 

thus can be detected by comparing the test signal to a database of known good parts. While this technology can 

detect even the smallest cracks, it costs over $100,000 which put it out of reach of the $50,000 budget restraint. 

  

Conventional Ultrasonic Inspection uses the same principle but instead of using a laser, the waves are 

generated by a transducer and are transmitted to the part through a liquid medium, often oil [5]. Such a scanner 

could be purchased for around $4,000 and NDT Systems, Inc. performed a validation test on a U-bolt. The wave 

passed through the bolt but it was unclear how accurate the method would be with the threads disrupting the signal 

from the surface of the bolt where cracks are most dangerous. 

  

X-Ray Topography was briefly considered as a possible solution. The physical basis for this X-Ray 

imaging system for inspecting items is the diffraction contrast in the image between different regions of the 

specimen [6]. X-rays are generated from a source extending around an imaging volume. This contrast is formed as a 

result of the differences in the intensities and directions of the rays from different points of the part. An X-ray 

detector array also extends around the imaging volume and is arranged to detect X-rays from the source points 

which have passed through the imaging volume, and to produce output signals dependent on the detected X-rays [7]. 

Such a system would require expensive new machinery and also add a radiation hazard to the plant, causing it to be 

the first idea eliminated. 

  

Resonant Frequency Testing is a method based on the concept that as a crack is introduced to a part, the 

overall stiffness of the part is decreased leading to a lowering of the natural frequency of that part [8]. This concept 

can be applied to the testing of cracks in bolts by comparing the natural frequency of an ideal part, to that of the 

parts that are being tested. The requirements for a system using this method would include using a solid object to 

ping each U-bolt, one or multiple accelerometers to record data on the response of the bolt, and a computer system 

to analyze the response over time and determine the resulting frequency of each tested bolt. This would be an 

inexpensive system to build and could test a bolt in just a few seconds. Unfortunately lab testing found no clear 

difference between the resonant frequencies of good and cracked U-bolts. 

  

Camera inspection is similar to the human testing currently used, but a computer would be programmed to 

recognize cracks in a camera image of the bolts. Such a system could be inexpensive, needing only a camera and 

computer with analysis software. There are many ways to have the computer recognize a crack. This method was 

ultimately selected for the project due to the low cost and design flexibility. 

  

II.                Main Body 

The goal of the inspection system is to find cracks in U-bolts faster and more accurately than manual 

inspection. By using the system, the goal is to fully automate the crack inspection process, thus allowing CMP 

workers to focus on other areas of their plant. The specifications of this system include a well-tested working 

prototype that can be easily integrated into an automated (PLC controlled) system by the specialists at CMP. The 

final working prototype is expected to be able to visually test several consecutive Ubolts without the presence of 

type 1 or type 2 errors during testing, and should demonstrate high potential for easy user interface as well as 

adaptability for use with different bolt types. 

  

 



The first step in the design process was to perform experimentation and analysis on the several viable 

testing methods available for crack detection. After extensive research and discussion, the possible options were 

reduced to camera, conventional ultrasonic inspection and vibration inspection. Vibration inspection testing was 

completed by suspending both normal and cracked U-bolts from a test frame. An accelerometer was fixed on one leg 

of the bolt and the other side was struck with an impact hammer as shown in Fig. 1. 

  

 
Figure 1. The resonant frequency test setup. 

  

The impact hammer returned data on the impact force to the computer and the accelerometer measured the 

acceleration caused by the wave generated by the impact. Data was input through Labview SignalExpress.  The data 

was converted and input into MATLAB where a Fast Fourier Transform was performed to examine the frequency 

response. Three good bolts and three bad bolts were each tested three times to ensure consistent data. Below is the 

MATLAB code used to perform the FFT, which was created by Dr. Singh [9]. 

  

function [ NatFreq ] = FFTnatfreqfind( t, Ft, xt ) 

dt=t(2,1)-t(1,1); 

Fs=1/dt; 

N=2^(nextpow2(length(t))-1); 

t=[0:dt:((N-1)*dt)]'; 

df=1/t(N); 

f=[0:df:(N-1)*df]'; 

w=2*pi*f; 

Fs=fft(Ft(1:N,1)); 

Xs=fft(xt(1:N,1)); 

Hs=Xs./Fs; 

A=abs(Hs)/(N/2); 

nn=round(N/2); 

figure; 

plot(f(1:nn),A(1:nn)) 



xlabel('Frequency in Hz.') 

ylabel('Normalized Amplitude') 

title('Frequency Response Using FFT') 

NatFreq=f(A==max(A(1:nn))); 

end 

Figure 2.  The FFT Matlab code. 

  

For comparison purposes, the natural frequency that had the highest amplitude was recorded at the end of 

the Matlab code. While this frequency can vary depending on how the bolt is struck by the hammer, in almost every 

test the same frequency range was produced. This was because of special care taken to strike the bolt in the same 

place at the same angle each time. This natural frequency was compared between the different bolts to see if there 

was a noticeable difference for the cracked and un-cracked bolts. The frequency response plot below shows the 

natural frequencies highlighted from noise. The labeled point is the natural frequency used for comparison. A graph 

like this was formed for each test and Matlab calculated the precise frequency where resonance occurred. 

  

 
Figure 3. Output plot for bad U-bolt #3, test run #1 showing the natural frequencies after FFT. 

  

  

  

  



 
Figure 4.            Natural frequency plot from vibration analysis. 

  

From the plot in Fig. 4 and data in Appendix 1, it was clear  there was no significant correlation between 

the natural frequency and whether or not the bolt was cracked.. Natural frequency is the square root of the stiffness 

divided by mass.  Ideally, a crack would lower the stiffness of the U-bolt so that the natural frequency would be 

shifted downward. It appears that the small cracks are not enough to make a noticeable difference compared to other 

variables. 

  

Conventional ultrasonic was the next method to be tested. The first concept validation testing performed by 

NDT Systems gave mixed results [5]. They transmitted ultrasonic waves through a U-bolt and were able to measure 

the response. This proved that the signal could successfully pass through the geometry of a U-bolt.  There was an 

unexpected change in the sound wave velocity. Ultrasonic could still be effective but a correction factor may need to 

be used when calculating the crack/obstruction size.  The change in sound wave velocity verified the conventional 

ultrasonic proposal as feasible and worth presenting to the leaders at CMP. The technology would easily detect 

cracks but could not check the threading due to the noise caused by the many threads. Surface cracks could also be 

obscured by the interference from the threads. 

  

The study of how ultrasonic inspection was used in a power plant to examine curved steam pipes for cracks 

provided mixed results. It clearly demonstrated ultrasonic’s ability to detect and measure even the tiniest of cracks. 

At the same time it showed that the scanner probe would have to move across the entire profile of the U-bolt. It was 

previously expected  the ultrasonic wave could be transmitted from one end of the bolt through to a receiver at the 



other end. This was discovered to be ineffective. In order to avoid interference from unavoidable surface 

irregularities and the threads, the ultrasonic wave would need to be transmitted perpendicular to the cross section 

and the scanner would have to move along the profile of the bolt to perform a full scan. This would take more time 

than anticipated and require very controlled movement of the scanner around the U-bolt. 

  

To determine how accurate ultrasonic testing could be, the wavelength was calculated. Frequencies used 

for ultrasonic testing can be over 50 MHz. For this situation a frequency of 20 MHz was chosen arbitrarily. 

Wavelength = speed of sound / frequency. Based on the speed of sound in steel being 6,100 m/s the wavelength 

would be 0.0003 m. Ultrasonic systems can detect a crack down to half the wavelength size, which would be 

0.00015 m. This was certainly an impressive range [10]. 

  

The last method considered was camera inspection both with and without the use of fluorescent dye 

penetrant. This was completed by using an 8 Megapixel camera to upload images of six bolts into Matlab. These 

were then used to obtain the data presented in Fig. 6 below by computing the average vector sum of the RGB values 

at three points on each bolt. 

 

  
Figure 5. Camera inspection data used for hypothesis testing. 

  

This data was  used to statistically observe the contrast of image points inside and outside of the cracks. 

This was quantitatively observed by using a hypothesis test that effectively analyzed these values as summarized in 

Fig. 6. 

  



 
Figure 6. The camera inspection hypothesis test. 

  

Since the square root of our test statistic is less than tα/2 we could not conclude that the means were 

statistically different, meaning type II error was highly probable. 

  

After in depth comparison of these results, the camera inspection system was selected as the best design 

solution due to the low cost, ease of use, speed and flexibility for use with various parts. After much discussion and 

observation of the variables that came into play during the data collection for the camera inspection technique, it was 

concluded that the system would not work consistently without a highly controlled lighting environment. By 

controlling the lighting environment, the light values inside and outside of the crack should be statistically 

significant in their differences. To create the controlled lighting environment, a photo-booth-like wooden box was 

constructed as displayed below. 



 
Figure 7. The controlled lighting environment. 

  

The dimensions of the box were created to allow the bolt, as well as any fixture that may be created later to 

hold the bolt, to fit inside without being too close to a light source which could skew the imaging results. The 2x2x3 

ft. box was created of 1/2’’ thick birch veneer plywood which met the minimal structural requirements while 

providing a clean appearance. A door was created for access by mounting two standard door hinges to the front face 

of the box. This could easily be modified to accommodate an automatic opening system such as a pneumatic 

cylinder. On the inside of the box, a reflective white board was installed to line the inner surfaces of the box to 

ensure an even light distribution as shown in Fig. 7. At the top of the box are four bright white fluorescent light 

bulbs which are mounted to freely adjustable fixtures allowing for optimal orientation. Inside the box is an 8 

megapixel web camera that is used to take pictures of the U-bolts and export them to a computer. Matlab constantly 

monitors the folder which the camera saves to [11]. When a new image is detected it automatically runs an analysis 

by examining a 100x100 sub-matrix of the image pixels and counting the number of pixels that fall under a certain 

threshold light intensity value. If there is a concentration of dark pixels in one small 100x100 section of the photo, 

the Matlab code reports the bolt as “bad.” This is currently accomplished by running a signal to an Arduino 

microcontroller commanding it to activate a red light [12]. If it is “good” a green light is activated. In the future, 

these signals could be used to trigger robots to remove the part from the assembly line to be dealt with later. Both 

the brightness value for a pixel to be considered “dark” and the number of “dark” pixels in the sub-matrix needed to 

be considered a crack are adjustable. If a sub-matrix passes the check, the code moves on to the next 100x100 

section of pixels in the photo. The Matlab code can be viewed in Appendix 3. 



 
Figure 8. The U-bolt and camera mounts. 

  After construction of the box, mounting systems were created for the U-bolt and the camera as shown in 

Fig. 8. The U-bolt simply slides into tubes which hold it upright. The white tubes were made from scrap PVC pipe 

and 2x4” lumber, painted white so it would not have any dark spots which could interfere with the scanning 

accuracy. The camera mount was made by inserting the web camera into a plastic shell. The shell then slides onto 

bolts protruding from the walls. The camera itself is simply an 8 megapixel web camera made by Logitech. 8 

megapixels was chosen because in the initial testing, 8 MP cameras provided sufficient resolution to depict even 

small cracks. 

 

Following the selection and installation of the box’s analysis camera the senior design team had to 

determine the appropriate threshold for the brightness value of a crack. To do this, cracked bolts were loaded into 

the light controlled box and their photos were examined. Using Matlab’s ‘imread’ and ‘imshow’ functions, the team 

was able to look at the image and see the brightness of each pixel. The team reviewed many pixel brightness values 

within cracks and settled on a brightness value of 15.  Inside a crack a brightness value of 15 is typical, but outside 

of the crack on the smooth steel surface the brightness value is typically between 50 and 100. On the white 

background it generally exceeds 150. This data is from cameras viewing the front and rear faces of a U-bolt which is 

depicted in Fig. 8. More samples are needed to calibrate other camera angles, thus the rest of the analysis focuses on 

this camera arrangement. The minimum number of ‘dark’ pixels in a 100x100 sub-matrix needed to be considered a 

bad U-bolt was found by running the Matlab code and outputting the number of dark pixels in each sub-matrix of 

the entire image. With the dark threshold set at 15, it was found that sub-matrices that included a crack would 

contain between 15 and several hundred dark pixels while sub-matrices that covered just smooth, un-cracked would 

usually contain 0 and at most less than 5 dark pixels. 

 

Following this a hypothesis test was completed to statistically verify the difference in brightness values 

inside and outside of cracks using the newly controlled lighting environment and consistent camera angles. The 

results are summarized in Fig. 9 below. Five un-cracked U-bolts were examined and three brightness values were 

taken from each. For the cracked brightness values, the team only had access to two U-bolts with cracks on the front 

or rear faces. This resulted in fifteen brightness values, but ideally the team would have access to more sample bolts 

to get crack brightness values from five different bolts.  

 



 
Figure 9. Hypothesis test of the camera system.  

  



The hypothesis test was conducted.  The brightness values were consistent  for the five normal bolts and  

the two defective bolts with little noticeable variation. The hypothesis test confirmed that there was a statistical 

difference between the brightness value of cracked and un-cracked U-bolt surfaces. 

 

The last project evaluation completed was the repetitive testing of 19 sample U-bolts for the presence of 

cracks. As in the analysis work above, the front and rear faces were examined by the camera. For this test, 38 images 

were analyzed.  

 

 
Figure 10. System test results. 

 



The results of this testing are shown in Fig. 10. Every image was correctly analyzed, supporting the 

hypothesis test previously mentioned. It must be noted that the senior design team only used one camera at a time 

due to budget concerns. Normally all six cameras would be calibrated and run at the same time, and if any one of 

them found the bolt to be defective it would be removed from the line. For the purposes of this project, only the 

front and rear were analyzed due to the inability to calibrate other camera angles with a limited number of sample 

bolts. 

 

The Matlab analysis code takes approximately two seconds to run, while the camera takes an additional 

three seconds to take the photo and upload it. These times are well under the 300 parts per hour production speed 

that requires a scan every 12 seconds. The times could be reduced with a faster computer and an industrial camera. 

  

III.             Conclusion 

Overall, the final design presented here is a highly functioning and aesthetically professional prototype that 

will be easily integrated and expanded by CMP staff. The final prototype meets all of the design requirements the 

senior design team has set.. The system can process several bolts with small probability of failing to reject defective 

bolts. This  capability was demonstrated by both hypothesis testing and repetitive system runs with test bolts. 

Testing can be done with a process time well under the maximum required by CMP. The final system is well under 

the maximum allowed budget with a final cost of just over $3,000. This is especially appealing when comparing this 

number to the previously quoted visual inspection system at a hefty $50,000. The final solution will also require 

little to no maintenance since there are no dynamic mechanical components aside from the necessary automation 

parts, which will be added by CMP. When fully integrated into CMP, with the addition of automation for the 

loading and unloading of bolts and the calibration of the other camera angles, this design will completely eliminate 

the need for laborers during crack inspection. The money saved in labor costs is projected to quickly allow the 

system to pay for itself.  
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 Appendix 1: Vibration Analysis Test Data 

  

 
  



Appendix 2: Budget 

 

 
  



Appendix 3: Final Matlab Analysis Code 

 
% G is a grayscale image which we will scan - you must first import the 

% image and convert it to grayscale using G=rgb2gray(picturefilename); 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

% LOOP WILL PERFORM FULL ANALYSIS EVERY TIME NEW PICTURE IS TAKEN 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

for i = 1:1000000000; 

 

if length(dir(dirName)) > my_dirLength 

disp('A new file is available') 

my_dirLength = length(dir(dirName)); 

 

currentDir2 = dir(dirName); 

NewFile2 = currentDir2(my_dirLength,1); 

global FILENAME2 

FILENAME2 = NewFile2.name; 

disp(FILENAME2); 

 

%X will load the current image into matlab for processing 

%we can then set the monitor period just over the image analysis speed 

directorySTR = 'C:\Users\gruberjw\Pictures\Logitech Webcam\'; 

fullFileName = strcat(directorySTR, FILENAME2) 

 

X = imread(fullFileName); %image matrix 

global G 

G = rgb2gray(X); 

%imshow(fullFileName); %just to check for correct image 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

    %[INSERT: complete image analysis code with arduino output 

    % G is a grayscale image which we will scan - you must first import the 

% image and convert it to grayscale using G=rgb2gray(picturefilename); 

 

 

     

     

     

    %] 

 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

 

if length(dir(dirName)) <= my_dirLength 

%disp('No new files') 

end 

 

%imshow(fullFileName); %just to check for correct image 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

    %[INSERT: complete image analysis code with arduino output 

    % G is a grayscale image which we will scan - you must first import the 

% image and convert it to grayscale using G=rgb2gray(picturefilename); 

 

    

    %] 

 



%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

 

Result = 0; 

 

[x,y]=size(G); % checks the size of pixel matrix so we know how many 

submatrices to look at 

rows=0; % initial row do not change 

cols=0; % initial column do not change 

iter=1; % counter 

while (rows < (x-100)) % makes us stop at the last multiple of 100 of the 

number of rows  

    cols=0; % start at column 0 

    while (cols < (y-100)) % makes us stop at the last multiple of 100 of the 

number of columns 

        examine=G((rows+1):(rows+100),(cols+1):(cols+100)); % define the 

search area as 100x100 submatrix 

        counts(iter)=sum(examine(:) < 15); % This counts the dark pixels in 

the submatrix, the threshold to be "dark" is set here as 20 

        cols=cols+100; % move horizontal to next submatrix to inspect 

        iter=iter+1; % increment counter 

    end   

    rows=rows+100; % move down after scanning across a full layer of the 

photo 

     

end 

counts % outputs the counted up dark pixels in each submatrix, depending on 

photo size can be 750-800 numbers 

if max(counts)>20 

    Result=2; % bad bolt signal active 

    disp('Bad Bolt') 

else 

    Result=1; % good bolt signal active 

    disp('Good Bolt') 

end 

 

imshow(G) 

%in future make if/then statement so it outputs just whether bolt is cracked 

%or OK based on if any submatrix has too many dark pixels - will have to 

%determine the threshold number of dark pixels 

 

% possibly detect crack as a range of dark pixels, i.e. 70-1500 as more 

% than that may mean just a big splotch of grease or something? 

 

% OR just don't have the threads in the picture as those are basically 

% cracks and have low light values! 

 

%outside of crack on reflecting surface values are ~150 in original photo 

%inside of crack value is around 30 or less 

% white surface is around 210 

 

%a = arduino('COM10') % specify port number 

GoodLight = 2; 

BadLight = 3; 

%Result = 0; 

LightDelay =4; % seconds to have light on for 

 

 



  %a.pinMode(GoodLight, 'output'); %Good bolt indicator light 

 % a.pinMode(BadLight, 'output'); %Bad bolt indicator Light 

  

  if (Result > 0) 

   

  if (Result == 1) 

   

    a.digitalWrite(GoodLight, 1);     

    pause(LightDelay) % good light on for length of lightdelay set above 

    a.digitalWrite(GoodLight, 0); 

     

  end 

  if (Result == 2)   

    a.digitalWrite(BadLight, 1); 

    pause(LightDelay) % bad light on for length of lightdelay set above 

    a.digitalWrite(BadLight, 0); 

 

  end 

   

  else 

   

     

  end 

 

 

end 

pause(.25); 

 

 

if length(dir(dirName)) <= my_dirLength 

%disp('No new files') 

end 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

 

end 

 


