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Abstract: The sheet metal trimming process is extensively employed to 
achieve the final shape of components. However, burr formation is a major 
quality related issue of trimmed parts, and the burr height could be utilised to 
assess the quality of the component. Punch wear and material thickness 
variation were considered significant parameters, causing deviation in the burr 
height. This study proposes the pragmatism of the wavelet transform (WT) 
coupled with mel-frequency cepstral coefficients (MFCCs) to extract acoustic 
signal features to examine burr formation. The MFCCs of features indicate 
variations in the process parameters. Furthermore, the experimental results 
reveal a correlation between burr formation and MFCCs. These results suggest 
that the WT, coupled with MFCCs, can be useful in retrieving features pointing 
burr formation. Thus, features of the signal could be used to monitor the burr 
height, and these would prevent the need for offline burr height measurement, 
reworking, and scrapping. 
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1 Introduction 

The stamping process is utilised in several industries, such as the automotive, aerospace, 
and household appliance industries, for manufacturing various components (Hambli, 
2002; Ge et al., 2004; Li and Bassiuny, 2008). The components are mainly produced 
using two mechanisms, namely, deformation and shearing (Ge et al., 2008). Sheet metal 
processes such as blanking, punching, and trimming involve shearing of the sheet metal 
to achieve the desired shape. In the case of the sheet metal trimming process, the excess 
portion of the component is removed using a punch and die. The sheet metal trimming 
process involves a series of phases (Bassiuny et al., 2007). The trimming is initiated by 
establishing contact between the tool and the sheet metal. The tool start exerting pressure 
on the sheet and deforms it elastically. As the pressure on the sheet reaches its yield 
strength, the sheet gets deformed like a plastic material. When pressure at the cutting 
edge on the sheet increases, and reaches shear strength of the sheet, it results in trimming 
of excess material. The trimmed edge of sheet consists of the rollover zone, shear zone, 
fracture zone, and the burr (Hilditch and Hodgson, 2005). Generally, a trimmed edge 
with a large shear zone and a small burr is preferred. Punch die clearance and punch wear 
are considered as the major factors affecting the formation of the burr. In sheet metal 
trimming processes, one seeks to generate cracks at the sharp edges of the punch and the 
die; the cracks need to be propagated as soon as possible to obtain total rupture. Punch 
wear causes the cutting edges to be rounded and changes the punch-die geometry and 
clearance. With the increase in wear, the radius of the rounding increases, which, in turn, 
decreases the sharpness of the punch. This decrease in sharpness influences the sheared 
zone of the trimming edge and increases the deformation of workpiece. Furthermore, the 
fracture zone and the burr of the part become larger. The punch penetration 
corresponding to the crack’s initiation in the sheet increases, which degrades the surface 
finish of the product. Additionally, the noise level of the press and the force required to 
accomplish the process increase (Hambli, 2002; Hambli and Guerin, 2003). As it is 
difficult to measure the burr height on the shop floor, the online condition monitoring 
technique becomes important for understanding the burr height variation. Apart from 
acoustic signals, various other signals are used for monitoring the conditions in the 
stamping process (Badgujar and Wani, 2019). Acoustic emission (AE) occurs during the 
process in the form of short-lived stress waves because of material deformation, crack 
development, crack propagation, and fracture. In acoustic measurement, A transducer 
(microphone) acoustically coupled to a source undergoing dynamic changes, detects the 
elastic (acoustic) emitted energy and gives information about the dynamic changes taking 
place. Microphones sense small changes in sound pressure through the motion of a thin 
diaphragm. All microphones consist of a diaphragm that moves back and forth in 
response to changes in pressure or velocity brought about by an acoustic emission and 
then the movement of diaphragm is converted into an electric signal. Microphone is 
selected based on requirements such as sensitivity, frequency response and directionality. 
Fundamentally, AE testing system consists of a microphone/sensor, amplifier with 
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appropriate filters, analogue to digital convertor, data acquisition system and computer 
with the digital signal processing facility (Baccar and Soffker, 2015; Badgujar and Wani, 
2019). 

Wavelet transform (WT) can exhibit localised properties in both domains (Baccar and 
Soffker, 2015), and is suitable for acoustic signal processing (Bianchi et al., 2015). The 
WT replaces the signal based on finite basis functions. When employing the WT, the 
transient characteristics can be revealed by measuring the amount of decay of the wavelet 
function (Zhu et al., 2009; Niaki et al., 2016). Using the acoustic signal, an expert 
operator can differentiate between various parameter changes using the normal human 
hearing ability. As a result, acoustic signals are naturally used for machine condition 
monitoring. The mel-frequency cepstral coefficient (MFCC) is a signal processing 
technique that imitates the natural process whereby humans process audio signals. It was 
initially used for speech processing. However, eventually, various researchers discovered 
and justified the use of MFCCs for monitoring aspects such as machine condition, heart 
condition, and structural analysis (Frigieri et al., 2016; Mei et al., 2019; Deng et al., 2020; 
Liu et al., 2020). The MFCC has time–frequency information and is a two-dimensional 
feature. It reflects the non-steady state characteristics of the sound signal. Through the 
study of the human earing, it is found that the hearing sensitivity of the human ear for 
different frequencies of sound waves is greatly different. Mel scale describes the  
non-linear characteristics of human ear frequency perception, and its approximate 
expression with linear frequency. Based on the Mel frequency, various researcher 
designed a series of triangular filter banks from low frequency to high frequency to filter 
the input sound signal. The signal energy output by each filter is used as the basic feature. 
After subsequent processing, the MFCC feature vector is obtained. In this study, 24 
MFCCs were extracted from the acquired acoustic signal and used as features to 
discriminate among variations in the parameters and burr height (Zhai et al., 2015; 
Frigieri et al., 2016; Liu et al., 2020; Jin et al., 2021). 

Burr formation is a prominent defect related to sheet metal trimming and restricting 
the height of the burr is a major manufacturing concern. The burr is formed during all 
shearing and cutting operations of sheet metal, such as blanking, trimming, and punching 
(Picart et al., 2008). Its formation is inevitable in the case of trimmed parts; however, 
when a specified limit is exceeded, the burr becomes a defect. Excessive burr formation 
leads to issues related to product quality and the need for rework. Thus, controlling the 
formation of this defect is critical. Researchers regard punch-die clearance as an essential 
influencing factor for burr development (Husson et al., 2008; Akyürek et al., 2017). The 
clearance value changes with variations in the die dimension, punch dimension, or the 
thickness of the sheet. Moreover, researchers even believe that the punch wear is among 
the major influencing factors that change the punch geometry and affect burr formation 
(Hambli, 2002; Akyürek et al., 2017). 

Currently, the sheet metal trimming process is used in the mass-production of 
components. It involves the use of a long metal sheet as the raw material. These sheets 
are produced using a rolling process, wherein variations in the thickness of the sheet are 
evident. Furthermore, in some cases, it is necessary to change the thickness of the sheet 
because of changes in design. The subsequent changes in the thickness of the sheet are 
bound to modify the relationship between the punch-die clearance. Variations in the 
material thickness are witnessed abruptly when all the other parameters remain 
unchanged. This phenomenon creates the need to conduct this study to understand the 
relationship among variations in material thickness, punch wear, clearance, and burr 
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formation. Meanwhile, feature extraction is necessary for monitoring the condition of the 
system to study variations in burr height. This study aims to  

1 investigate the effect of sheet thickness variation and punch wear on burr formation 

2 extract acoustic signal features during the sheet metal trimming process to study burr 
formation.  

In this study, use of the WT at the initial stage eliminates the unwanted frequencies from 
the signal and improves the MFCC’s feature extraction accuracy. The correlation 
between the features, parameter variation, and burr height indicates the possibility of 
utilising the proposed methodology for burr height prediction. 

2 Methodology 

Figure 1 illustrates the methodology followed in this study. First, the discrete WT was 
utilised to replace the acoustic signals. Second, the windowing approach was used over 
the transformed signals to slice them. Next, the mel-cepstral coefficients were evaluated 
from the windowed acoustic signal. Finally, a correlation was established between 
features and burr height. 

Figure 1 Workflow (see online version for colours) 
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3 Experiments 

3.1 Experimental setup 
In the experimental setup, a radial tyre valve protector was used as a research object. 
Tyre valve protectors are used in heavy-duty vehicles, such as trucks and tractors. Owing 
to the large size of such valves, nuts cannot be used as valve protectors. To meet the high 
market demand for them, these tyre valves are produced in large quantities every year. 
Burr formation, fracture, and wrinkling are the main defects observed during the 
production of such valves. Figure 2 shows an actual image of a tyre valve protector. 
Table 1 lists the material properties (Bureau of Indian Standard, 2008). 

Figure 2 Radial tyre valve protector (see online version for colours) 

 

Table 1 Material properties 

S. no. Description Details 
1 Material type Cold rolled close annealed  
2 Grade CR4 – Extra deep drawn (EDD) 
3 Designed sheet thickness 1.00 mm 
4 Tensile strength 350 MPa (Max.) 

The component was produced from a metal sheet. It underwent various stamping 
processes before being modelled into its final geometry via the trimming process. This 
study largely focused on the sheet metal trimming operation. Figure 3 illustrates the 
trimming operation of a radial tyre valve protector. 

In this study, the trials were conducted on a C-type, 20-ton mechanical power press 
(RCP-20, Rajesh Machines (India) LLP, Rajkot, India). For performing the sheet metal 
trimming operation, the die and punch arrangement was set up as shown in Figure 4. The 
dimensions of the punch and the die were decided considering the designed sheet 
thickness of 1.00 mm and the 5% clearance of sheet thickness between the punch and the 
die. The dimensions of the punch and the die were maintained unchanged throughout the 
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experiment. Three levels of punch wear were considered for the experiments, namely, a 
freshly ground punch, partially worn punch (i.e., when the height of the burr reaches 10% 
for a sheet thickness of 1.00 mm), and fully worn punch (i.e., when the height of the burr 
reaches up to approximately 15% for a sheet thickness of 1.00 mm).Meanwhile, the 
respective sheet thickness sizes considered for this study were 0.8, 0.9, 0.93, 0.97, 1.00, 
1.03, 1.05, 1.10, and 1.20 mm. Accordingly, for each thickness and punch condition 
combination, 20 components were trimmed. A microphone (Zoom H1/MB) was 
positioned at 150 mm from the die to record the acoustic signal of the sheet metal 
trimming process. 

Figure 3 Component (a) before and (b) after the sheet metal trimming process (see online version 
for colours) 

 

Figure 4 Experimental setup (see online version for colours) 

 

A triggering circuit control based on a proximity sensor was used to capture the interval 
signal. Following this arrangement, experiments were performed for 27 combinations 
(nine sheet thicknesses and three punch wear conditions). For each combination, 20 
components were produced, and subsequently, 540 test signals were collected. 

3.2 Measurements 

Random trials were performed for various thickness and punch wear combinations and 
the burr height for each component was assessed using a vision measuring system (VMS) 
(Rapid-I, Customised Technologies (P) Ltd., Bengaluru, India). The VMS magnifies the 
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image at a resolution power of 67X and measures the distance. It is a contactless 
measuring equipment with a least count of 0.0001 mm. Figure 5 illustrates the geometry 
of the trimmed edge. 

Figure 5 Geometry of the trimmed edge 

 

In Figure 5, the cross section of the sheet shows four zones, namely, rollover zone (Zr), 
shear zone (ZS), fracture zone (Zf) and burr zone (Zb), while t is the sheet thickness.  
Figure 6 shows the respective images of the trimmed edges for the three punch conditions 
(i.e., freshly ground punch, partially worn punch, and fully worn punch) studied using a 
1.00 mm-thick sheet. 

Figure 6 Burr height for a 1.00 mm thick sheet for (a) freshly ground punch, (b) partially worn 
punch, and (c) fully worn punch. The values 1.0101, 1.1057, and 1.1538 represent the 
sum Zr + Zs + Zf + Zb in mm for the particular punch (see online version for colours) 

 

The burr height was evaluated using the following equation (Zhai et al., 2015): 

( ) ( )b r s f bBurr zone Z or Burr height Z Z Z Z t= + + + −  (1) 

3.3 Feature extraction 

During trials, the acoustic signals were recorded. The experiments were performed at 
various parameter levels. Generally, one cycle/stroke of sheet metal trimming operations 
consists of the following sequential events:  
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1 the downward movement of the die until the sheet holder touches the sheet 

2 the downward movement of the die to perform the cutting process 

3 the upward movement of the die to its original position. 

Typically, a time domain signature of the punching process involves this sequence of 
events. However, during this study, the signal processing complexity was significantly 
reduced by the triggering circuit, and the signal related to the cutting operation was 
captured. The acoustic signals were recorded using a microphone at a sampling rate of 
44,100 Hz. The corresponding signals were processed using MATLAB R2020a prepared 
code. 

Figure 7 depicts the continuously recorded signal. The peak indicates the trimming 
process. It was observed that there was silence between two consecutive peaks when the 
triggering circuit was off. Figure 8 represents the individual process audio signal. 

Figure 7 Recorded signal for a continuous process (see online version for colours) 

 

Figure 8 Individual process signal (see online version for colours) 

 

The acoustic signal is decomposed using the discrete wavelet transform (DWT). The 
symmlet wavelet is utilised to represent the signal up to eight levels. The symmlet 
wavelet family is deemed suitable for the analysis, considering its effectiveness in 
denoising similar signals. The energy distribution of the reconstructed wavelet 
coefficients was based on the distribution of the multi-resolution frequency bands, and it 
was used as an input to MFCC. MFCC initially determined the different frequency 
components, and, in the later stages, it determined the spectrum to identify the MFCCs. 
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The extraction of MFCCs is performed to obtain the MFCC value of the approximate 
wavelet coefficients. A total of 31 band filters were used, of which 13 were linear filters 
and 18 were log filters. Figure 9 outlines the general steps followed during feature 
extraction (Frigieri et al., 2016). 

Figure 9 Feature extraction (see online version for colours) 

 

The procedure to evaluate the MFCCs can be summarised as follows: 

i The pre-emphasis filter boosts the amount of energy across high frequencies of the 
signal. The boosting of energy makes information in higher formats available for 
further analysis. 

ii After pre-emphasis, the signal is sliced in short time frames. The slicing of the signal 
can lead to an addition in the noise due to the sudden drop in amplitude. In this 
study, the Hamming window is used as it reduces the spectral distortion by shrinking 
the beginning and end of each frame of the signal to zero. This is expressed as 
follows: 

( ) 20.54 0.46cos , 0 1
1
nw n n F

F
π⎛ ⎞= − ≤ ≤ −⎜ ⎟−⎝ ⎠

 (2) 

where F is the frame size. 
The energy spectrum of the signal is then calculated using the discrete Fourier 

transform, which is expressed as 
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where Xk denotes the discrete Fourier transform, Sk is the spectral energy, and N denotes 
the number of fast Fourier transform (FFT) points. The spectrum is rich in information, 
wherein the triangular band pass filter maps measured frequencies with respect to the 
mel-frequency scale. The mel scale filter bank is utilised to obtain the mel scale power 
spectrum. The output of the mel scale power spectrum represents the energy of the 
various frequency bands. 

iii In the last stage, the discrete cosine transform (DCT) is applied to extract the MFCC 
feature. Accordingly, the filter bank coefficient derives a compressed illustration of 
the filter bank, which is expressed as 

( ) ( )( ) ( )
1

0
log cos 2 1 , 1,....,

2

L

k k
l

mC m S l l k K
L

π−

=

⎛ ⎞= + ∀ =⎜ ⎟
⎝ ⎠

∑  (5) 

where m = 1, 2, …, C; C denotes the number of desired coefficients. 
Figures 10–12 illustrate the MFCCs for the 27 combinations. 

Figure 10 MFCCs of sheets based on their thickness, using freshly ground punch: (a) 0.8 mm;  
(b) 0.9 mm; (c) 0.93 mm; (d) 0.97 mm; (e) 1.00 mm; (f) 1.03 mm; (g) 1.05 mm;  
(h) 1.10 mm and (i) 1.20 mm (see online version for colours) 

   

(a) (b) (c) 
 

   

(d) (e) (f) 
 

   

(g) (h) (i)  
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Figure 11 MFCCs of sheets based on their thickness, using partially worn punch: (a) 0.8 mm;  
(b) 0.9 mm; (c) 0.93 mm; (d) 0.97 mm; (e) 1.00 mm; (f) 1.03 mm; (g) 1.05 mm;  
(h) 1.10 mm and (i) 1.20 mm (see online version for colours) 

 

   

(a) (b) (c) 

 

(d) (e) (f) 

 

(g) (h) (i)  

4 Results and discussion 

The burr height of experimental objects was evaluated, and the average burr heights for 
various punch conditions and sheet thicknesses are given in Table 2. For the freshly 
ground punch, the burr height was observed to be well below the permissible limit for all 
sheet thicknesses. However, the results indicate that the prediction of burr formation 
becomes challenging with the increase in punch wear. As the sheet thickness decreased 
below 1.00 mm, the burr height increased. 
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Figure 12 MFCCs of sheets based on their thickness, using fully worn punch: (a) 0.8 mm;  
(b) 0.9 mm; (c) 0.93 mm; (d) 0.97 mm; (e) 1.00 mm; (f) 1.03 mm; (g) 1.05 mm;  
(h) 1.10 mm and (i) 1.20 mm (see online version for colours) 

 

(a) (b) (c) 

  

(d) (e) (f) 

 

(g) (h) (i)  

Table 2 Measured burr heights (mm) 

Punch type 
Sheet thickness S P B 
0.80 0.0685 0.1350 0.2014 
0.90 0.0319 0.1342 0.1768 
0.93 0.0162 0.1304 0.1735 
0.97 0.0153 0.1312 0.1725 
1.00 0.0135 0.1082 0.1685 
1.03 0.0126 0.0979 0.1285 
1.05 0.0138 0.0938 0.1064 
1.10 0.0092 0.1025 0.1128 
1.20 0.0062 0.0974 0.1200 

S, P, and B denote freshly ground, partially worn, and fully worn, respectively. 
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Thus, burr height growth is associated with punch wear and clearance. Continuation of 
the production resulted in wear and made the trimming edge of punch blunt. It is also 
observed that the blunt cutting edge resulted in the production of components with 
greater burr height. During the study, for a sheet thickness of 1.00 mm, the punch-die 
clearance on each side was considered to be 5%. With a decrease in thickness, both the 
actual clearance and the burr height of the component increased. Conversely, the burr 
height decreased gradually with an increase in sheet thickness. Figure 13 shows deviation 
of actual clearance from the required clearance. The percentage burr height vs. sheet 
thickness was plotted for different punch conditions, as shown in Figure 14. 

Figure 13 Clearance variation (see online version for colours) 

 

Figure 14 Burr height variation (see online version for colours) 

 

These signals included components such as trimming process signal, surrounding noise, 
and machine noise. Meanwhile, relevant information related to the variation in 
parameters could not be obtained with the help of the time domain signal. Moreover, the 
WT and MFCC utilise the time-frequency domain to analyse the signal and are more 
advantageous over other processing methods involving the use of the frequency domain 
signal. 



   

 

   

   
 

   

   

 

   

    Wavelet transform and mel-frequency cepstral 33    
 

    
 
 

   

   
 

   

   

 

   

       
 
 

The MFCCs represent changes in the signal at various stages and mark the signal 
features. The 24 MFCC values of the individual sound signal of the sheet metal trimming 
process identify the feature for the combination of parameters and burr height. The 27 
features for the 27 experimental conditions are shown in Figure 15. Even in the case of 
sheets with the same thickness, the comparison between the features extracted for 
different punch conditions, namely freshly ground (S), partially worn (P), and fully worn 
(B), shows a clear distinction. 

Figure 15 outlines the sheet features for all punch wear conditions according to the 
thicknesses. 

Figure 15 Sheet features for different punch wear states. S, P, and B denote freshly ground, 
partially worn, and fully worn, respectively (see online version for colours) 

   

 

A Pearson correlation coefficient analysis reveals that a strong correlation exists between 
the features and burr formation. From Tables 2 and 3, the correlation between the feature 
value and burr height is established. 

The study reveals that MFCC numbers 3 and 12 of the freshly ground punch exhibit a 
strong correlation with the burr height. Further, MFCC numbers 11 and 15 of the partially 
worn punch show a strong correlation with burr height, and MFCC numbers 8, 12, and 16 
of the fully worn punch exhibit a strong correlation with the burr height. The correlation 
between MFCCs and the burr height is significant because the 24 MFCCs define the 
feature of the sound signal. The features of the 27 experimental conditions identify the 
burr height listed in Table 2. Table 4 presents the correlation between the sheet thickness 
and feature value. It is evident that for the freshly ground punch, MFCC numbers 2 and 
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16 exhibit a strong correlation with the sheet thickness variation. Similarly, in the case of 
the partially worn punch, MFCC number 15 shows a strong correlation with the thickness 
variation, whereas in the case of the fully worn punch, MFCC number 12 shows a strong 
correlation with the thickness variation. 

Table 3 Correlation between average burr height and MFCC amplitude (feature) 

Punch 
type S P B 
MFCC 
No./Sheet 
Thickness 
(mm) 3 12 11 15 8 12 16 
0.80 0.7297 0.2633 0.0343 0.0396 0.1643 0.0693 0.1429 
0.90 0.7402 0.2057 0.1340 0.1389 0.6591 0.2264 0.2978 
0.93 1.5630 0.0758 0.0370 0.0564 0.2387 0.2405 0.1232 
0.97 3.2812 0.1071 0.0819 0.0588 0.2759 0.1434 0.1405 
1.00 2.6066 0.1314 0.1560 0.1379 0.4067 0.2720 0.3738 
1.03 2.6564 0.1319 0.2558 0.1786 1.4310 0.3450 0.2628 
1.05 1.5717 0.1762 0.1153 0.1746 1.0732 0.3507 0.4940 
1.10 3.1715 0.0969 0.1835 0.1723 0.6831 0.3532 0.3434 
1.20 2.1491 0.1283 0.1770 0.1863 0.8026 0.3470 0.2956 
r –0.6904 0.8406 –0.7355 –0.8675 –0.7650 –0.9089 –0.6905 
p 0.0395 0.0045 0.0239 0.0024 0.0163 0.0007 0.0395 

S, P, and B denote freshly ground, partially worn, and fully worn, respectively and  
P-value < 5% is considered as significant for two-tail tests. 

Table 4 Correlation between sheet thickness and MFCC amplitude (Feature) 

Punch type S P B 
MFCC No./sheet 
thickness (mm) 2 16 15 12 
0.80 1.0153 0.1414 0.0396 0.0693 
0.90 0.9838 0.2065 0.1389 0.2264 
0.93 0.8373 0.1274 0.0564 0.2405 
0.97 2.0898 0.2309 0.0588 0.1434 
1.00 1.7289 0.2032 0.1379 0.2720 
1.03 2.2941 0.3590 0.1786 0.3450 
1.05 1.9740 0.3068 0.1746 0.3507 
1.10 3.0567 0.3073 0.1723 0.3532 
1.20 2.4243 0.2845 0.1863 0.3470 
r 0.812 0.727 0.788 0.841 
p 0.008 0.026 0.012 0.005 

S, P, and B denote freshly ground, partially worn, and fully worn, respectively and  
P-value < 5% is considered as significant for two-tail tests. 
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5 Conclusion 

In this study, an acoustic-based monitoring method was developed for the sheet metal 
trimming process. The variations in the material thickness and punch wear states are 
important parameters influencing the burr height, which was confirmed through actual 
burr height measurement. A model comprising a WT, coupled with MFCC, was used to 
derive features from the signal. The features for the parameter combinations were defined 
by 24 MFCCs values, and each feature remained distinct as the thickness and punch wear 
states were varied. The correlation analysis indicated the existence of correlation between 
the features and burr height. Online extraction of features from new process signals and a 
comparison with 27 existing features enabled the prediction of the burr height and the 
parameter level. A suitable classifier capable of comparing 24 MFCCs values with 27 
existing features is required for predicting the burr height. The increase in sheet thickness 
and lesser punch wear resulted in decreased burr height. The proposed methodology may 
be used for transient sheet metal operations such as blanking, punching, and trimming in 
which shearing of sheet metal occurs on the mechanical press. However, in a real-world 
factory environment, multiple machines operate, which inhibits the process of capturing 
individual acoustic signals. Furthermore, more than one MFCC correlates with the burr 
formation and parameters; therefore, a classifier capable of comparing multiple values 
simultaneously is required for studying parameter variations and burr prediction. The use 
of unidirectional microphones and sound isolation between machines could reduce the 
noise in signals. 
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