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ABSTRACT 
In this paper, we describe the a new method for automation of 
monitoring the milling process.  This method is based on a 
structural health monitoring techniques which is called surface 
response to excitation method. High-frequency surface waves 
were excited on the surface of an aluminum plate over the 20-400 
(kHz) ragne. Then a laser scanning vibrometer were used to scan 
the surface waves on a scanning grid. At every point the 
frequency spectrum of measured vibtains were calculatd using the 
fast fourier transform. In order to assess the potential of SuRE 
method for manufacturing process monitoring purpose, the 
milling process divided into several steps and at each step the 
plate scanned in the same pre-defined scan points. Ar every step, 
sum of squared differences of spectrums versus the reference scan 
were calculated. Analysis of results revealed that the sum of 
squared differences are sensitive to the milling opetation 
performed on the aluminum plate. Contour plot of these values 
were used to identify the correct location of operation on the plate. 
Also the maximum value of SSDs increased as the length of the 
milling was increasing at every step. This means that the SSD 
values could be correlated to the dimension of the milling 
operaion and evetually be used for monitoring the precision of 
operation. The advantage of optical method being used in this 
study is that due to non-contact optic sensor that was used, there 
was no intererference between the monitoring process with the 
manufacturing operation. Also due to the small attenuation of 
surface waves during their travel on the plate, scan points far from 
the postion of the operaion could be used to measure the data. 
This way meal chips and cooling fluid wouldn’t influene the scan 
process. Authors believe the next level of automation in 
manufacturing processes in CNC machines is the automation of 
manufacturing process monitroing. 
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1. INTRODUCTION 
Machining condition monitoring (MCM) is essential to 
monitor the quality of automated manufacturing processes 
[1,2]. The purpose of machining process monitoring is 
improvement of tool maintenance and product quality [3]. 

The need for manufacturing automation and demand for 
more sophisticated parts are major reasons for the 
development of intelligent machine tools. There are still 
significant challenges for industrial application of current 
MCM systems. A lot of studies have been devoted to 
develop effective MCM systems.  

There are two fundamental approaches in the machining 
condition monitoring filed; direct and indirect methods [4]. 
Direct methods such as vision-based or optical methods 
directly measure the dimensions of tool or work-piece to 
identify the dimensional accuracy. But their application 
requires the tool and work-piece to be cleaned from chips 
and fluids. 
Machining process monitoring could be addressed from 
different aspects. There is a significant amount of literature 
related to the Tool Condition Monitoring (TCM) filed. 
Unlike the classical tool condition monitoring that focuses 
on the wear of cutting tool, the new emerging 
manufacturing process monitoring considers the quality of 
product as the purpose of monitoring the performance of 
manufacturing operation.  

Direct and indirect methods have been used for monitoring 
of machining operations. During the metal cutting 
operations metal chips and cooling fluids could easily block 
the vision of camera. Due to these reasons, although being 
very accurate, practical application of direct methods have 
been limited to laboratory. On the other side the indirect 
methods have the advantage of no interrupting the 
operation. During the manufacturing operations several 
parameters influenced and could be employed for 
monitoring state of tool or metal removal process [5]. 
Among those parameters measurement of cutting forces [6], 
acoustic emission signal [7,8], ultrasonic signal [9] have 
been used more frequently. 
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Once the signal was collected from the sensor, various 
signal processing methods could be used to process the 
data. Wavelet transform [10], Hilbert–Huang Transform 
[11] and singular value decomposition method [12] were 
used as processing techniques for the above mentioned 
signal readings. Also in multi sensor methods, a 
combination of the sensor data has been used [13] and their 
sensitivity compared to each other [14]. The last step in 
developing a process monitoring technique is to find a 
decision making approach. During developing any 
machining process monitoring method the amount of 
complexity of entire system should be considered carefully. 
Otherwise the excessive complexity could compromise any 
future industrial application. Part based process 
performance monitoring (PbPPM) [15] was developed for 
detecting the irregularities in dimension of work-piece. The 
purpose of this study was to develop and efficient 
machining process performance monitoring based on the 
surface response to excitation method. To this end laser-
scanning vibrometer was used to monitor the behavior of 
high-frequency surface waves on an aluminum plate in 
presence of milling operation.  
 

2. Method 
In this study a structural health monitoring method is 

modified for using in machining process monitoring 
application. Surface response to excitation method (SuRE) 
method was used for this application and modifications in 
sensing, signal processing and data analysis was made to 
make this method feasible for the machining process 
monitoring.   

The SuRE method monitors the condition of structure 
actively by exciting the high-frequency surface waves on 
the surface of structure using a piezoelectric element and 
monitoring them in another position by another 
piezoelectric element. The excitation is a sweep sine wave 
over a certain frequency range usually above 20 kHz. 

The Fast Fourier Transform (FFT) is then used to 
calculate the frequency spectrum of the measured data. 
Studies have shown that this frequency transfer function is 
consistent for any point on the structure as long as no 
change is occurred on the structure. But changes like 
compressive force and fatigue cracks could change the 
valleys and peaks of the frequency spectrum to some 
extent. To quantify the change, the Squared Difference 
(SD) of frequency spectrum with respect to a reference one 
is used: 
 
 D!×! = A!×! − R!×! ! = a!" − r!"

!
              (1) 

Here, R and A are the reference and altered data 
matrices. The dimension of each data matrices is m rows by 
n columns. Each column includes the frequency spectrums 
of a certain scan point distributed over the frequency range. 

The Sum of the Squared Differences (SSD) for each scan 
point is calculated from: 
S!×! = sum  D!×! =    d!"

!!
!!!                                (2) 

In order to find the Normalized Sum of Squared 
Differences (NSSD) the normalized matrix of differences, 
D matrix, is calculated from this formulation: 
D!×! =

!
!
D!×!                                                       (3) 

 d is the average value of matrix of differences that 
is calculated from:  
 
d = !

!"
D!,!!

!!!
!
!!!                                                (4) 

The normalized differences matrix could be used to 
find the Normalized Sum of Squared Differences (NSSD) 
and in a similar way that the SSD matrix was found: 
S!×! = d!"

!!
!!!                                                       (5) 

S is a matrix with the size of scanning grid that contains a 
normalized value for each scanning point. This normalized 
value quantitatively represents the amount of change in the 
spectrum for each scanning point. Depending on the 
configuration of scan S could be a one-dimensional or two-
dimensional array. 

In this study, the SSD and NSSD values were used for 
monitoring the process of three manufacturing operations. 
Based on the SuRE method first a reference scan was 
captured from a set of scan points. Each manufacturing 
operation is performed through certain number of steps and 
at each a laser scan captured the spectrums of each scan 
points. Based on the method described in this section, the 
SSD values and NSSD values were calculated. The 
behavior of SSD values and NSSD values were examined 
for drilling, cutting and milling operation and reliability of 
SuRE algorithm was examined for the purpose of 
machining process monitoring operations  
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3. Experimental set up 
3.1 Aluminum Plate  

The specimen that was used in this 
experimentation was a (4 in)×(11 in) aluminum plate with 
(0.4 in) thickness. In order to excite surface waves on the 
beam an APC piezoelectric model D-.750"-2MHz-850 
WFB was attached to the middle of the beam. To remove 
oil and any possible other contaminants the surface of 
aluminum beam was cleaned with acetylene, ethanol and 
water. The bonding agent was LOCTITE Hysol Product E-
30CL epoxy adhesive with a curing time of 24 hours. An 
applicator gun simultaneously mixed and dispensed the 
bonding agents from a dual-cylinder cartridge by passing 
them through a mixing nozzle. A wood clamp was used to 
position the plate in front of the laser head. Figure 1 shows 
the beam, piezo and clamp. 

 

 

 
Figure 1. (a) Aluminum plate with piezoelectric attached to 
the middle (b)clamp holding the plate with scan points 
marked on it 
 
 

3.2 Exictaion System 
The scan points are marked on the clamp to make sure at 
every step of experimentation the same points will be 
scanned.  

The piezoelectric element is used as an exciter to create 
sweep sine waves with a frequency interval of 20-400 KHz 
on the surface of the beam. A RIGOL DG1022 
function/arbitrary waveform generator with pick-to-pick 
amplitude of 2.5 volts generates the waves. The waveform 
amplified to 20 times by passing through a TEGAM power 
amplifier model 2348. (Figure 2) 
 

  

Figure 2. The sweep sine waves are created in the function 
generator and magnified by the power amplifier  

3.3 Measurment System 
In this study, laser-scanning vibrometer measured the 
surface waves. The laser scanning Doppler vibrometer 
(LSDV) model Polytech PSV-400 remotely measured the 
surface vibrations from a grid of scan points on the 
aluminum plate. (Figure 3) 

 

Figure 3. scan grid including 50 scan points on a 5×10 grid 
with four milling operation regions 
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The scan grid, which includes 50 scan points that are 
arranged in 5 rows and 10 columns with the piezo element 
in the middle. Dimension of scan area is (3.5in)×(9.5in). 
Scan grid in the left of piezoelectric includes five columns 
of scan points. Four milling operation was performed in the 
areas between the scan point. In Figure three each operation 
region, located between two scan columns, is demonstrated. 
The laser vibrometer is composed of the scanning head, 
vibrometer controller and junction box. (Figure 4)  
 

 

Figure 4. scanning laser vibrometer model PSV-400 (a) 
scanning head (b) controller and junction box 

 

3.4 Data Acquisition System 
Due to the limitation of sampling frequency of A/D 
converter of laser junction box, an external data acquisition 
system is used. Data Translation simultaneous A/D 
convertor model DT9832-A is employed to capture the 
peak holds of the transfer function for the frequency input 
sweep sine wave. The maximum sampling rate of the 

device was set to 1000000 samples per second. This lets a 
maximum frequency of 400 kHz to be sampled. Since the 
SuRE algorithm requires the frequency domain data, the 
FFT of the input data is used. The DT9832-A has a built in 
FFT package. The FFT size was set to 16384 and Hanning 
window function was used as smoothing window. 
 

 

Figure 5. Data Translation A/D convertor model DT9832-A 
and the captured frequency spectrum 

 

3.5 Milling Operation  
The milling operation was performed at three steps using 
an ACRA milling machine (Figure 6)  The HSS milling 
head sizes was 3/8x3/8 (in). 

 

Figure 6 Each milling operation was performed in three steps; 
First milling operation in region R1 during (a) step 1 length of  
milling: 0.375 (b) step 2 length of  milling: 1.475 in (c) step 3 
length of  milling 4.51 in 
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4. Resutls 
Data of every scan point was analyzed in the frequency 
domain. Before any milling operation the reference laser 
scan was performed on the intact plate. The reference scan 
was repeated in order to evaluate the consistency of the 
method. Then the milling operation was performed in three 
steps according to the figure 5.  After every step another 
laser scan was taken from scan points on the plate. 
Therefore, the total number of scans in this operation was 
50. Figure 7(a) compares the measured frequency 
spectrums from the first and second reference scan. It is 
obvious that majority of picks and valleys of both reference 
spectrum overlap in figure 7a).  

 

Figure 7. (a) 1st Reference spectrum versus 2nd reference 
spectrum (b) 1st Reference spectrum versus 1st milling  

 

Figure 7(b) compares the frequency spectrum of reference 
scan with another frequency spectrum that was captured 
after the first step of milling operation was performed in the 
same frequency span. The change in the frequency 
spectrum could be observed in three ways. Some picks 
dropped, some picks raised and some drifted with respect to 
the original position in the reference scan.  

According to the Surface response to Excitation method 
(SuRE) the sum of squared differences (SSDs) of each 
spectrum versus that of reference was calculated for all 
scan point at each step of milling operation.  This is shown 
in Figure 8 for all scan points before the milling operation 
and after the first step of milling. 

 

Figure 8. Sum of squared differences of spectrums at (a) 
Reference scan (b) 1st milling scan 
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Since the SSD values were calculated for all scan points, 
contour map plot of those values at every step could give a 
visual understanding of the method. In Figure 9, color map 
graph of SSD values for the left half of the plate is 
illustrated. The color map correctly identifies the creation 
and progress of the milling on the left side of the plate.  

 

Figure 9. Contourmap of SSD values on the scan area for the  
(a) 1st milling (b) 2nd milling (c) 3rd milling 

At every step the maximum values of SSDs occurred close 
to the location of operation. The interesting phenomenon 
that was observed during this study was the correlation 
between the SSD values and the size of the milling on the 
aluminum beam. This correlation is clearly demonstrated in 
the Figure 10 where the SSD values increase by increasing 
the size of milling. 

 

Figure 10. Maximum SSD values on the scan area for the (a) 
1st milling (b) 2nd milling (c) 3rd milling 

 

5. Conclusion  
The heading of a section should be in Times New Roman 
12-point bold in all-capitals flush left with an additional 6-
points of white space above the section head.  Sections and 

subsequent sub- sections should be numbered and flush 
left. For a section head and a subsection head together 
(such as Section 3 and subsection 3.1), use no additional 
space above the subsection head. 

 

6. CONCLUSION 
The purpose of this study was to develop a machining 
condition monitoring system for manufacturing processes. 
Laser scanning vibrometer was used as a non-contact 
sensor to measure the high frequency surface waves. A 
piezoelectric element excited surface waves waves on the 
surface of workpiece which was an aluminum plate. The 
proposed monitoring method was developed on the basis of 
surface to response excitation (SuRE) method. SuRE 
method is an empirical method that has been developed and 
used by structural health monitoring community. While the 
primary goal of SHM is just to detect the presence of any 
damages to the structure, the purpose of MCM is to 
differentiate various levels of change in the condition of 
work piece. On the other word, any efficinet MCM system 
not only should be able to distinguish that a machining 
operation was performed on the work piece, but also it 
should be able to estimate the dimensional acuracy of the 
machining operation within acceptable accuracy. This way 
the method could be used to monitor the performance of 
various machining operations and detect any abnormalities 
in the dimension of work-piece without interefernce of 
operator. Authors believe the proposed technique has an 
advantage over pervious methods due to its non-contact 
inherence, simplicty of algorithm, equipments and data 
acqisition system. Therefor the proposed method could be 
used as an alternative to traditional tool condition 
monitoring methods for dtection of wider range of 
manufacturing problems including tool wear, tool 
positioning, incorrect assemblies and chatter. 
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