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Abstract 
Chatter is a common state in the end milling, which has major influence on machining quality. Early chatter 
detection is a prerequisite for taking adequate measures to avoid chatter. Nevertheless, there are still 
numerous challenges and difficulties in the feature extraction of chatter detection. In this paper, effective 
chatter detection in the milling process of a vibration signal is investigated using time frequency analysis. 
Firstly, the measured vibration signal in the machining process was preprocessed by Wavelet Transform   
decomposition. Different sub-bands were obtained and the portion with high chatter information was 
reconstructed for further analysis. Since measured signals from sensors usually constitute of background 
noise and other disturbances, the wavelet decomposition serves as a preprocessor to denoise the 
measured signals and enhance the performance of the Wavelet Synchro Squeezing Transform (WSST) 
which was applied on the reconstructed signal for chatter Identification. The techniques were used to 
detect the chatter in different operating condition of the machining process. Finally, some milling tests 
were conducted and the experiment results prove that the proposed method indeed succeed in effectively 
chatter identification.  
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1. INTRODUCTION 

Chatter is a common adverse phenomenon in the process 
of high-speed milling[1]. It is a self -excited vibration 

between cutting force and vibration of tool-workpiece 
system. Among the diverse challenges in machining 
process, chatter has a significant detrimental effects on 
surface quality and tool life, and it is a major limitation factor 
in achieving higher material removal rate[2]. The occurrence 
of chatter has negative effects on poor surface quality, 
unacceptable inaccuracy and reduced material removal 
rate, tremendous destroying the cutting tools and shortening 
the life-time of machine tool. For these reasons and 
limitations mentioned above, early detection and 
identification of chatter occurrence is considered a key 
element in the milling process. Over several decades, some 
researchers reviewed about the chatter problems which 
includes chatter prediction, chatter detection, and chatter 
control strategies[3-5]. However, due to the complexity of 
the chatter mechanism and cutting conditions, the chatter  
 
prediction becomes a difficult task to carry out in industrial 
production, therefore chatter detection becomes crucial. 
Hence, in order to improve the accuracy and workpiece 
quality, effective chatter detection remains the key research 
contents. Timely detection of chatter will significantly avoid 
the unfavorable effect on the workpiece and the tools. 

Over several decades, many chatter detection techniques 
have been developed for the purpose of monitoring the 
cutting status through monitoring a certain signal sensor 
such as accelerometer[6], current[7], AE sensor[8], 
microphone[9], dynamometer[10, 11], and multi-
sensors[12, 13]. Regardless of the signal selected, the 
signal analysis method remains extremely important. The 
measured vibration signal during the manufacturing 
process usually constitutes with background noise, which 
hinders the detection and may not be directly used for 
chatter detection. It needs to be properly analyzed and 
extract the effective and sensitive features. Therefore, 
effective method of feature extraction and feature selection 
becomes inevitable for chatter detection through the signal 
processing. The advanced chatter detection method is 
developed mostly depending on frequency and Time-
frequency analysis. The signal from the time domain is 
converted to frequency domain using the Fast Fourier 
transform (FFT) which can reflect the overall statistical 
characteristics of vibration signals. It only has a good 
resolution in the frequency domain, mask the time domain 
information and often used to detect cutting chatter[14]. 
However, the measured vibration signal in machining 
process is usually non-stationary and non-linear therefore 
the application of FFT becomes limited for detection of 
chatter. In the meanwhile, wavelet transforms have been 
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developed as tools to study the dynamic characteristics of 
cutting processes. Wornell et al.[15] applied the maximum 
likelihood(ML) algorithm to estimation  of fractal dimension 
using wavelets, which simplified the mathematical 
complexity of random processes and suggested a possible 
measure of randomness. Y Gao et al.[16, 17] adopted the 
synchro squeezing transform (SST) with aim to sharpen the 
Time-frequency representation. Gao considered (SST) 
based short-time Fourier transform with instantaneous 
frequency rate of change to non-stationary signal. 
In this paper, Time-frequency analysis was adopted using 
wavelet transform based techniques for chatter detection. 
The wavelet synchro squeezing transform (WSST) and 
wavelet transform as a processor is introduced to detect the 
chatter in the milling process. The method is validated with 
comprehensive experimental data under the various cutting 
conditions, (a) stable (b) slight chatter (c) severe chatter. 
Firstly, the vibration signal is preprocessed with Wavelet 
transform. The frequency band with high chatter information 
are selected and reconstructed. Then the reconstructed 
signal is used for the Time-frequency analysis and feature 
extraction. The experiment results show that the Time-
frequency representation of the reconstructed signal were a 
promising approach to detect chatter in end milling. The 
remainder of the paper is organized as follows. 

The experimental setup is given in section 2. Section 3 
present the chatter detection methodology. Section 4 
present the results and discussion. Finally, the conclusion 
is given in section 5. 
 

 
 

Fig.1: Experimental setup.

 

2. EXPERIMENTAL SETUP 
 

As shown in Fig. 1, an experimental CNC three-axis milling 
machine is used for the validation of the proposed chatter 
detection methodology.  The accelerometer was mounted 
on the spindle housing to collect the vibration signal during 

the milling process. The measurement was produced by a 

Cutpro-MalDAQ. The vibration signals were sampled by a 
data acquisition card, and then transmitted to a PC that was 
applied to save data and analyze signals. The signal 
sampling frequency is set to 6400Hz. Analysis was done 
using MATLAB R2023a. 

Throughout the cutting test, a carbide end mill cutter with 
two flutes was applied to cut aluminum 7050. Since, it was 
well known that chatter can arise at certain combinations of 
axial depth of cut and spindle speed during a milling 
process[18]. Therefore, for the validation of the proposed 
method in this paper, the spindle speed and feed rate were 
8500r/min and 1500mm/min, respectively and the depth of 
cut was increased from 1.0 to 3. 0mm until chatter occurs. 
All tests are conducted without coolant. The other cutting 
parameters in this experiment are shown in Tab. 1. 

There are three states in the milling process, which are 
stable state, slight chatter state, and severe chatter state. 
The slight chatter case sometimes is regarded as transition 
state, it is seen that when chatter occurs, the amplitude of 
the vibration signal will increase drastically. At this moment, 
the surface quality and geometry of workpiece may have 
been tremendously damaged. When the stable state is 
transformed into the chatter state during the milling process, 
there is a transition state where the amplitude of vibration 
signal does not increase significantly, but it has been 
pregnant with chatter onset[19]

Tab. 1: Cutting conditions. 

 
 

Preliminary experiment has been conducted to examine the 
measured vibration signal and their FFT to check the chatter 
frequency. However, the chatter frequency is different since 
the chatter is influenced by the cutting parameters and the 
modal parameters of the machining system. 
Fig. 2 shows the measured vibration signal and their FFT, 
where a, b, and c are corresponding to stable, slight and 

severe chatter respectively. From the figure, when chatter 
occurs during milling, the distribution of the frequency 
components has been changed. In Fig.2b and 2c, the chatter 
frequency has obviously emerged, which is about 1137Hz 
and 1314Hz respectively. Chatter is well known to be close to 
the natural frequency of the system. 

  

Cutting state Spindle speed(rpm) Feed rate(mm/min) 
Axial depth of 

Cut(mm) 
Workpiece 

Stable 

8500 1500 

1 

         AL7050 Slight chatter 

Severe chatter 

2 

3 
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a.  

b.   

c.   
 
    Fig.2: The measured vibration signal and their FFT. (a) stable state, (b) slight state, and (c) severe chatter state.
 

3. METHODOLOGY OF THE PROPOSED CHATTER 
DETECTION 
In signal processing, Time-frequency analysis comprises 

those techniques that study and analyze a signal in both the 
time and frequency domains simultaneously, using various 
Time-frequency representations. In order to enhance and 
improve the accuracy of chatter detection, the measured 
vibration signal is preprocessed by 2-level wavelet  
decomposition. The sub-band with rich chatter information is 
selected and reconstructed for effective detection since the 
task of chatter detection is to find out the chatter frequencies 
from the measured signals. The suppression or elimination of 
the background noise that usually contaminate the signal in 
machining process is critical and inevitable for the feature 
extraction of chatter. The main scheme of the detection is as 
shown in Fig.3. 
 

 Fig.3: The overall workflow of the 
methodology. 

Firstly, accelerometer sensors are used to measure and 
obtain the vibration signal in the machining process. The four 
main stages of chatter detection are then carried out. 
Secondly, the obtained vibration signal is now decomposed 
using 2-level wavelet decomposition in order to allocate the 
chatter signals into certain frequency band and the selected 
band of interest with chatter information reconstructed. 
Thirdly, WSST is deployed to analyze the reconstructed 

signal of interest, and the wavelet synchro squeezing 
transform presents the full Time-frequency representation of 
the signal. Finally, the slight chatter, severe chatter was 
identified and detected as shown in section 4. The standard 
deviation, peak value, root mean square and variance was 
calculated and compared between the three cutting 
conditions. 

  
3.1 Wavelet synchro squeezing transform (WSST) 

Most of the real-world signals with oscillating modes can be 
expressed as a sum of amplitude-modulated components. A 
general expression for these kinds of signals with summed 
components is  

∑ 𝐴𝑘
𝑘
𝑘 = 1 (𝑡) 𝐶𝑜𝑠 (2𝜋𝜙𝑘(𝑡))   (1) 

Where 𝐴𝑘(𝑡) is the slowly varying amplitude and 𝜙𝑘(𝑡) is the 
instantaneous phase. 
One of the most basic forms of Time-frequency analysis is 
the short-time Fourier transform (STFT), but more 
sophisticated techniques have been developed, notably 
wavelet methods for unevenly spaced data. 
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The algorithm usually starts by obtaining the CWT of the input 
signal which must use an analytic wavelet to capture 
instantaneous frequency information. Using a phase 
transform, 𝜔𝑓 extract the instantaneous frequencies from the 

CWT output 
 

𝜔𝑓(𝑠, 𝑢)  =  
𝜕𝑡𝑊𝑓(𝑠,𝑢)

2𝜋𝑖𝑊𝑓(𝑠,𝑢)
   (2) 

Where (s) is the scale and denotes as s = 
𝑓𝑥

𝑓
 where 𝑓𝑥 is the 

peak frequency and f is the frequency. To extract the 

instantaneous frequency, consider a simple sine wave 𝑒𝑖2𝜋𝑓0𝑡 

 

𝑊𝑓(𝑒𝑖2𝜋𝑓0𝑡)  =  𝑒𝑖2𝜋𝑓0𝑢,   (3) 

 
Taking the partial derivatives of equation (2) above 
with respect to u,  
𝜕

𝜕𝑢
𝑊𝑓(𝑒𝑖2𝜋𝑓0𝑡)  =  𝑖2𝜋𝑓0�̂�(𝑓𝑥)𝑒𝑖2𝜋𝑓0𝑢  (4)  

The partial derivative is divided by the wavelet transform and 
i2𝜋 to obtain the instantaneous frequency 𝑓0. The (WSST) as 

described uses the continuous wavelet transform and its first 
derivative with respect to translation. 
Wavelet transforms are mathematical tools for processing 
and analyzing signal with varying features over different 
scales. Features can be frequencies varying over time, 
transients, or slowly trends. For this reason, it become 
suitable for the processing of the nonstationary signal 

obtained from the milling process for chatter detection. The 
wavelet transform (WT) converts the information into a group 
of wave-like signals, through which the original signal can be 
reassembled using the weighting coefficient of each signal 
(i.e., wavelet coefficients).  
Yoon and Chin[20] showed that (WT) has the same reliability 
as FFT, and it can also act as a noise filter.  
 
 The well-known continuous wavelet transform is defined by  

 𝑊𝑥(𝑎, 𝑡)  =  ∫ 𝑥
∞

−∞
(𝜏)𝑎

−1

2 𝜓∗(
𝜏 − 𝑡

𝑎
)𝑑𝜏  (5) 

   
Where 𝜓(𝑡) is the mother wavelet chosen, 𝜓∗  denotes the 

complex conjugate of 𝜓 . The instantaneous frequency of 

𝑊𝑥(𝑎, 𝑡) for signal x(t) can be derived by 

𝑊𝑥(𝑎, 𝑡)  =  −𝑖(𝑊𝑥(𝑎, 𝑡 )−1 𝜕

𝜕𝑡
𝑊𝑥(𝑎, 𝑡)  (6) 

The synchro squeezed transform 𝑇𝑥(𝑤, 𝑡) can be determined 

only at the centers 𝑊𝑖  of the successive bin [𝑊𝑖  −

 
1

2
∆𝑊, 𝑊𝑖  +  

1

2
∆𝑊] 

Assuming 𝑊𝑖  −  𝑊𝑖 − 1  =  ∆𝑊 
Therefore, summation of different contributions gives 

 

𝑇𝑥(𝑊𝑖 , 𝑡)  =  (∆𝑊)−1   ∑ 𝑊𝑥(𝑎𝑘 , 𝑡)−3/2(∆𝑎)𝑘

𝑎
𝑘:|𝑊(𝑎𝑘,𝑡) − 𝑊𝑖|≤

∆𝑊
2

 

 

The WT provides better resolution and noise filtering 
compared to an STFT[21, 22]. Tangjitsitcharoen et al.[23]  
identified that chatter frequencies can appear in different 
bands when using WT decomposition. 
Synchro squeezing transform is one of the most effective 
Time-frequency analysis method that can decompose 
complex signal into time-varying oscillatory components. The 
application of this (WSST) for chatter detection proves that 

the Time-frequency representation is a good choice. Over the 
years, different researchers have adopted synchro squeezing 
transform (SST) in chatter detection task because it is a 
useful tool for vibration signal analysis due to its high Time-
frequency (TF) concentration and reconstruction properties. 
However, existing (SST) requires much processing time for 
large-scale data.

4. RESULTS AND DISCUSSION 
Wavelet synchro squeezing transform (WSST) Time-
frequency domain analysis approach are reported to analyze 
frequency components of time-variant and nonlinear signals 
for mechanical diagnosis. This section investigates the 
properties of the measured signal under stable, slight 
chatter and severe chatter state. In most chatter 

applications, the first step is the decomposition of the signal  

 
into a group of new sub-signals, usually as a function of the 
dominant frequencies, specific frequency bands or just to 
minimize the noise effect. The difference between each 
method is the criteria and the mathematical manipulation to 
decompose and filter the original signal. The reconstructed 
signal for the three cases under study is illustrated in Fig. 4  
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Fig. 4: The reconstructed signal of the three-cutting state (a) stable state (b) slight chatter state (c) severe 
chatter state. 

 

The FFT result shown above has being the most employed 
methods in signal pre-processing, data labelling and 
determination of dominant frequencies is applied on the 
obtained signal. It is because chatter is characterized by a 
change in the frequency components and the energy 
distribution, rising uncertainty of the signal. However, it is 
common to use the frequency spectrum to compare 
machining conditions[24, 25]and signal analysis, identifying 
if the acquired signal corresponds to stable, slight or severe 
chatter cut as shown in Fig. 2. The result shows that when 
chatter happens, the vibration amplitude increases also 
leading to increase in standard deviation. In the three-
cutting state, the standard deviation values are 6.369, 
9.3288 and 15.1969 respectively. The peak value for the 
stable, slight and severe state is 40.8797, 67.1198 and 
84.9900 respectively. 
The result of the stable state shown in Fig. 5, reveal the 
absence of chatter and the cutting was stable as shown in 
the TF representation. The result also shows the grate 
difference between the pre-processed signal and the 
original signal without preprocessing. All other cutting 
conditions remains the same and the axial dept of cut is 
1mm, 2mm and 3mm for stable, slight chatter and severe 
chatter respectively. The TFR of the three cutting condition 
is presented in Fig 5. The result of the slight and severe 
state shown in Fig. 5 reveal the presence of chatter on the 
TF representation.    The analysis results confirms that the 
(WSST) Time-frequency spectrum can effectively capture 
the time-varying chatter components in the cutting process. 
This means that chatter state of the cutting process can be 

characterized by the Time-frequency spectrum of the 
vibration signal. 
 
During the slight chatter state, the frequency peak value 
increased and also the time-domain illustration shows the 
increase in the signal amplitude. The slight chatter state is 
sometimes considered as the transition state and the 
detection of the slight chatter could also be said to be the 
detection of chatter onset. All the cutting is done without 
coolant, the spindle speed is 8500rpm and the feed rate is 
1500mm/min and the axial dept of cut is 2mm. On the 
reconstructed signal, the frequency band of 1000 – 1500Hz 
which contains rich information of the chatter was 
processed and the slight chatter frequency was observed at 
1137Hz. The frequency components appear quite clearer 
on the severe state and was observed at 1314Hz after 
analyzing the reconstructed frequency band of 1000 – 
1500Hz. The severe chatter state result also reveals the 
increase in chatter intensity when chatter occurred and on 
time domain, causes transients and amplitude modulations 
by increasing degree of collision between the milling tool 
and workpiece as time went on. The TF representation also 
reveals that it clustered more closely during severe chatter, 
with higher intensity compared to the slight chatter state. 
Hence the (WSST) method fully and effectively presents the 
chatter frequency of the milling process in Time-frequency 
representation.  The counterpart STFT result is presented 
in Fig .6 and comparation were made between the 
traditional STFT and the new proposed method (WSST).

 
a.  

b. 
 

 

 

 

c. 
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Fig.5: Wavelet synchro squeezing transform of the original and reconstructed signal. (a) stable case (b) slight 
chatter case (c) severe chatter case, (spindle speed 8500rpm, depth of cut 1mm). 

 
 

4.1 Comparison between the traditional STFT and the 
proposed method 

Time-frequency analysis has been a powerful tool used to 
analyze how the frequency contents of a nonstationary 
signal changes over time. In signal processing, Time-
frequency analysis is a body of techniques and methods 
used for characterizing and manipulating signals whose 
statistics vary in time, such as transient signals. 
Considering the fact that the vibration signal obtained from 
machining process are nonstationary, that makes it suitable 
to analyze using Time-frequency analysis method. In this 
subsection, the Time-frequency representation (TFR) of the 
STFT and the (WSST) is compared based on the (TFR) 
resolution and the processing time. The both methods are 
used to analyze signal with varying characteristics which 
generate a Time-frequency representation result.  With 
reference to Fig 5 and Fig 6, it shows that the new method 
(WSST) provides a superior (TFR) with high resolution 
better than the traditional STFT. The rotating frequency and 
its harmonics, chatter frequency is clearly indicated in the 
(TFR). The (WSST) also offers variable Time-frequency 

resolution and is particularly useful when precise 
localization in time and frequency domains is required, 
while (STFT) provides a fixed Time-frequency resolution 
suitable for many applications. 
Considering the processing time, the actual processing time 
depends on various factors, such as the implementation, 
hardware resources, window parameters, number of 
decomposition levels and specific wavelet used in the 
WSST. Additionally, the number of wavelet scales used for 
the decomposition can impact the processing time. The 
(WSST) typically involves more computation time 
compared to the STFT due to the use of wavelet transforms. 
The processing time for the (STFT) generally scales linearly 
with the length of the input signal since each time frame 
needs to be processed. The STFT can be efficiently 
implemented using Fast Fourier Transform (FFT) algorithm, 
which allows for fast computations. Due to its simpler 
computations, the STFT often has faster processing time 
compared to the WSST. However, the actual processing 
time will depend on various factors as earlier mentioned 
and should be considered. 

 
 

a.  b.  c.  
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Fig 6: Short-time Fourier transform (STFT) of the original and reconstructed signal. (a) stable case (b) slight chatter case 
(c) severe chatter case, (spindle speed 8500rpm, depth of cut 1mm). 

 

Tab.2, present the statistical features of the three state and the increasing values of the peak value from stable, slight and 

severe chatter state is an indication that the occurrence of chatter causes increment of the vibration amplitude. Chatter is 
clearly seen to be related with the tremendous increase of the cutting amplitude and dominate with a high intensity over time. 

 
Tab.2: Statistical features. 

5. CONCLUSION 
This paper presents a Time-frequency (TF) analysis 
method suitable for chatter detection based on wavelet 
transform in milling processes. The proposed method 
characterizes the significant transition from stable, slight 
chatter to severe chatter in the cutting process. 
Considering the nonstationary signal and the background 
noise associated with the signal of the machining process, 
a wavelet-based decomposition has been employed. 
Based on these techniques, a chatter detection (TF) 
representation has been generated, and the comparison 
between WSST and STFT results indicates that the 
WSST outperforms the STFT in various aspects. The 
WSST provides superior Time-frequency localization,  

 
reduced frequency smearing, improved energy 
concentration and minimized cross-term interference. 
Due to its notable accuracy and speed, this proposed 

method is appropriate for chatter detection and extensive 
tests on actual cutting data obtained from milling 
processes demonstrated the validity of the method. 
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a.  b.  c.  

   

Cutting state Standard deviation Peak value Root mean square Variance 

Stable 6.3696 40.8797 6.3695 40.5715 

Slight chatter 

Severe chatter 

9.3288 

15.1969 

67.1198 

84.9900 

9.3286 

15.1969 

87.0258 

230.9456 
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