
 

 
Abstract—This paper is dedicated to the study of the milling 

tool evolution on various major mechanics characteristics of 
the system workpiece–tool–material. The mechanical actions 
(forces and moments) measurement using a six-component 
dynamometer confirms the tool tip moments existence. The 
purpose of this paper is to highlight the dynamic evolution of 
the tooth mill cutter during the milling process.  This research 
is necessary to knowledge of cutter tooth behavior in material 
cutting to easily feature separate the cutter teeth 
characteristics than other dynamics characteristics generated 
by the cutting process. In order to reach this objective, an 
experimental device designed to obtain dynamic information 
provided by the dynamic system machine/tool/chip/workpiece 
and to emphasize both mechanical actions (forces and 
moments) and vibrations synchronized with rotational speed.    
 

Index Terms— dynamic, envelope, milling, torsor 
 

I. INTRODUCTION 

N current industrial market conditions based on 
increasing quality, reducing and increasing productivity 
thorough knowledge of dynamic phenomena generated by 

the cutting process is absolute necessary. A number of 
works have been completed in time getting the results but 
further knowledge in the form of three-dimensional dynamic 
phenomena which taking place between tool/chip/workpiece 
remains a challenge that needs scientific resources. For a 
long time vibration analysis has been used for the detection 
and the identification of the machine tool's condition.  
Understanding and controlling these problems have led to 
many scientific researches, mainly focused on the instability 
of cutting process and in particular on the chatter milling 
vibration [1], [2]. Many scientifically research is to 
characterize the manufacturing system, in particular the 
spindle, the tool, the workpiece, to determine the 
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imperfections or the defects of functioning in order to 
improve the stiffness, the damping or manufacturing 
precision, [3], [4], [5], [6]. The methods used in monitoring 
techniques may be classified into two groups, direct and 
indirect methods. The direct methods are to measure the 
sizes of tool wear surface such as using optical sensors. The 
indirect methods are to measure the characteristics closely 
related with the state of tool wear, such as the cutting power 
and acoustic emission, [7], [8], [9]. However, due to the 
complexity of the machining process and the uncertainty in 
the correlation between the process parameters and tool 
wear, it is hard to obtain a satisfactory solution in tool wear 
monitoring, [10]. A large variety of sensors are used for 
measuring vibrations; piezoelectric transduction is the most 
common type in vibration sensing in machining operation 
[3]. Current dynamic milling models deal with the 
determination of optimal cutting conditions by vibration 
analysis and by dynamic forces analysis for one direction, 
two directions and three directions. This approach is not 
enough for a real dynamic modeling because the cutting 
process generates both forces and torques (moments). For 
instant these moments are not taken into account. The main 
purpose of this research is to develop a dynamic analysis 
closer to reality, which can answer in terms of processing 
requirements in three-dimensional dynamic conditions. A 
model which by integrating the moments generated by the 
cutting process, moments expressed in the tooth of tool. 
This approach will bring the necessary information for 
transferability from a known material by a new material 
[11], [12], [13]. So is desired to obtain a complete dynamic 
model which contains the expression and determination of 
both forces, and the resulting moments. This research is a 
part of a larger project of developing a dynamic three-
dimensional cutting model by integrating the moments 
generated by cutting process [14]. Important results were 
obtained by an advanced analysis of vibration, spectral 
envelope analysis based on a Hilbert transform [15], to 
identify mechanical defects and obtaining a better response 
on the milling process quality [16].  In order to reach this 
objective, an experimental device designed to obtain 
dynamic information provided by the dynamic system 
machine/tool/chip/workpiece and to emphasize both 
mechanical actions (forces and moments) and vibrations 
synchronized with speed. This paper takes into account the 
dynamic evolution of the action of milling tool during 
cutting process. For the correct determination of the 
dynamic behavior of the mill cutter during the cutting 
process was adopted a mill cutter with a single tooth. In this 
case the impact tooth can be monitored and its evolution on 
a complete rotation of the tool. 
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II. RESEARCH SCOPE 

Monitoring and diagnostic condition of the cutting tool in 
the machining process is very important since tool condition 
will affect the mechanical elements of the machine tool, 
quality process and unexpected failure: tool and workpiece 
damages [3], [6]. A successful diagnostic and monitoring 
solution depends on the ability of the system to identify 
process abnormalities and respond in critical time with the 
appropriate feedback actions [4], [5], [10]. The purpose of 
this paper is to highlight the dynamic evolution of the tooth 
mill cutter during the milling process.  This research is 
necessary to deepen knowledge of cutter tooth behavior in 
material cutting so you can easily feature separate the cutter 
teeth characteristics than other dynamics characteristics 
generated by the cutting process. Results of these 
experiments are injected into the optimization algorithm 
based on the envelope method developed for monitoring the 
milling process. Research on vibration analysis of rotating 
elements is developed monitoring techniques by the 
methods of envelope to detect defects on bearings or gears. 
The transposition of these methods adapted to the field of 
machining combined with resampling techniques and signal 
processing by applying FFT synchronous and Hilbert 
transform has demonstrated very promising results [16]. 

III. EXPERIMENTAL SETUP 

An experimental protocol was designed and developed 
for the acquisition, processing and analyzing of the three-
dimensional vibration and mechanical actions signal 
provided by the system: machine/tool/chip/workpiece, fig1. 
The experiments were performed on a five axes CNC 
horizontal machining center, were the torsor measurement 
(3 components of forces and 3 components of moments) 
was performed using 6- components dynamometer QZZ2 
[6].  

  

 
 

Fig. 1.  Experimental device 
  

IV. DYNAMIC MILLING TOOL EVOLUTION 

Dynamic behavior is received through PCB three-axial 
piezoelectric accelerometer fixed on the workpiece and a 
PCB unidirectional piezoelectric accelerometer placed on 
the spindle in the radial direction. The speed rotational for 
the tool is obtained by a laser sensor. To accomplish the 
objectives of this research a QZZ2 dynamometer [17] is 

used to measure simultaneously 6 components (forces and 
moments according to each direction) in the same time with 
vibrations signals and tool position, fig2. The cutting tool 
chosen with 63 mm diameter is a tool cutter with a SEMN 
120308T insert. The tests were performed both in X and Y 
direction with 120 m/min cutting speed and 0.1 mm/tooth. 
The signals were recorded with 25000 samples/sec, 32768 
samples buffer size and a 10000 samples block size. 

 
 

Fig. 2.  Milling test configuration 

A. Mechanical actions torsor characterization 

The main aim of the reported research is to investigate the 
possibility to assess the workpiece surface quality in milling 
by use the tool dynamic evaluation. Correlation between the 
output signals (cutting forces, vibration) and the type of 
features which appeared on the workpiece surface were 
investigated by use of time and frequency analysis of the 
output signals [16], [18]. In order to analyze the quality 
monitoring tool during the cutting process is carried out an 
analysis of the mechanical action of the forces and moments 
generated by the torque tool/ chip/workpiece. Thus for the 
above cutting conditions is obtained the evolution of forces 
(Fx, Fy, Fz) and moments (Mx, My, Mz) in amplitude type 
pick to pick, fig3 and fig4. 
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With the real-time data provided by the position 
transducers, the instant positions on the three linear axes and 
the angular position in the center of the tool are known. 
Starting at this position, tooth tip position is determinate. By 
measuring forces and moments in the center of 
dynamometer (1) with the tool position identification 
determine the moments of the tool tip (2). Dynamic 
behavior of the milling process is highlight by the waveform 
signal torsor measured in center of the dynamometer and 
transported to the tooth tip of the milling cutter. The forces 
and moments of the torsor are presented in the overall 
shape, for trend identification and amplitude information, in 
fig3 and fig4. Correlation between the output signals cutting 
forces, moments and vibration using a several processing 
techniques give the necessary information on the correct 
identification of the tooth during the cutting process. 
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Fig. 3.  Cutting forces signal 

 

 
Fig. 4.  Cutting moments signal 

 
Figure 3 presents the signals of forces Fx, Fy and Fz were 
there is a constant evolution of forces after the entry into 
material except for material output starting with the second 
50. The same trend is observed in the case of moments 
(fig4) were the input in material is with a very high energy 
compared with the output showing an important damping. 
The dynamics of the system tool/workpiece/chip is 
emphasized in the moments that input/output stages where 
the qualitative and quantitative variation of the signals is 
very important. In case when the tool is engaged 100% the 
system tool/workpiece/chip shows a constant behavior. 
When the tool is placed on the stage 0-100% or 100%-0 the 
variation of moments leads to a considerable increase in 
vibration and a decreased quality of workpiece surface. 
These observations serve to obtain an algorithm for 
determining the moments of the tooth tip based on the 
assessment feed variation during the milling process. 
  

B. Vibrations characterization 

Characterization of dynamic milling process is performed 
for 2 mm depth of cut with on tooth of milling cutter. The 
same evolution we have in the case of vibration were the 
input and output of material is done with the importance 
energy produced by the cutting process. The local analysis 
of milling cutter during the machining aims to determine the 

tool defects such as: wear, asymmetry cutter teeth, tooth 
load variable and more the bearing defects determination in 
the early stages. 

 

 
 

Fig. 5.  Evolution of cutting moments 

 
Figure 5 shows the waveform of the acceleration signal 
measured on the three directions during milling processing. 
It can be seen that the amplitudes of the X direction (the 
feed direction of the tool) and Y (the cutting direction of the 
tool) are much higher than the Z direction (axial direction of 
the tool). 

 
Fig. 6.  Acceleration time-domain signals during the constant milling stage 

 
The vibration signal form 1D accelerometer serves to 
highlight possible spindle/tool abnormalities such: 
unbalance, misalignment, bearing defect, etc. Vibration 
analysis continues to apply FFT on the signal measured in 
time and obtain frequency spectrum due to the milling 
process, figure 6 for the three stages (input stage, constant 
100% tool engagement and output stage). 
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C. Milling cutter tooth frequency 

Because is very difficult to identify the specific cutting 
times related for each tooth during the cutting a trial test was 
proposed in the configuration when the milling cutter has 
one single tooth. This situation allows correlation of 
vibration signals (in acceleration) with forces and moments 
signals to obtain cutting tooth frequencies evolution. 
Evolution tooth cutter is made throughout the mill tool 
during the cutting process. Thus the excitation frequencies 
generated by tooth impacts are quantified in terms both in 
material input tool (fig7) , the stage of constant evolution 
(100% diameter engagement), fig8,  but also the output of 
material, fig9. In this paper the interest is the dynamic 
analysis in the case when the milling tool is 100% engaged 
in cutting (ae identical with the diameter), although that 
entry and out of the workpiece requires more energy than 
the total engagement but there are also transient (fig5).   

 
 

Fig. 7.  Waveform signals for vibration during the input stage 

 

 
 

Fig. 8.  Waveform signals for vibration during the 100% engagement stage 
 

In all three cases, fig7, fig8 and fig9, can be observed that 
the signal frequency of the spindle accelerometer (1D) is up 
to 3800Hz is a different spectrum from the workpiece 
frequencies (X, Y and Z). The vibration signal from 1D 
accelerometer occurs both in dissociation between machine-
tool behavior/cutting processes as well for various defect 
identification that may appear in the main spindle. The 
frequency analysis of the milling tool during the cutting 
process is very important to determine with accuracy the 
frequencies resonance to obtain a qualitative Hilbert 
transform required to the SEA method [16]. For that 
purposed using time-domain diagram, or Short Time Fourier 
Transform (STFT), fig10. The STFT is based on the 
assumption that, for the duration of the selected time 
interval, the signals are stationary [20], [21]. 

 
 

Fig. 9.  Waveform signals for vibration during the total engagement stage 
 

The length of the time interval determines the frequency 
resolution, thus there is a compromise between the 
resolutions of time domain vs. frequency domain. Having 
good time-domain representation leads to lower frequency 
resolution and to having a higher frequency resolution leads 
to poor time-domain representation [4], [19]. 
 

 
Fig.10. Signals analysis for one tooth milling cutter in X direction during 

the total milling engagement (ae) 

 
In this case, with one tooth, the unbalance tool is present but 
with minimum influence for 606 rpm rotational speed. The 
advantage of this research is to investigate the tooth easily 
during the cutting in order to identify the right time-moment 
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of entrance/exit workpiece. The frequency resonance 
domain identified in the fig10 is 6500 – 7800 Hz, can be 
observed in fig7, fig8 and fig9. Knowing the frequency 
excitation for the tooth during the milling process is an 
important progress for monitoring and diagnostic analysis. 

A. Milling cutter teeth evolution 

The frequency analysis is focused on both vibrations and 
mechanical actions (forces and moments) in the case with   a 
milling cutter type R365-080Q27-S15M265259, diameter 
80 mm with six teeth. Thus in the cutting process with 
multiples teeth case the tests were performed with 340 
m/min cutting speed, 0.1 mm/tooth and. For a better quality 
of the signals the tests were recorded with 40000 samples/ 
sec., 32768 samples buffer size and 10000 samples block 
size. The frequency analysis of the milling tool during the 
cutting process is very important to determine with accuracy 
the frequencies resonance to obtain a qualitative Hilbert 
transform (HT) required to the SEA method. 
 

 
 

Fig.11. Monitoring and diagnostic diagram 

 
Detection of individual tooth cutting periods is possible 
when taking into account, signal forces and moments in the 
same time with vibration signal and rotational speed. In this 
situation using Synchronous FFT (SFFT) is possible and 
provides high accuracy in frequencies identification. 
However, this method has its limitations due to a poor 
possibility of distinguishing an exit/entrance peak from the 
cutting signal when the cutting parameters like depth of cut 
are smaller. In the fig12 is presented the analysis of 
vibration signal as STFT and HT synchronized with 
rotational speed. Based on dynamic analysis presented in 
STFT and HT analysis each tooth behavior is identified, 
both entry and exist of the cutting. The same analysis is 
made with the mechanical actions signal (force and 
moments) were the discussion is performed between 
vibration-STFT and Hilbert transform applied to the 
mechanical torsor, fig13. Based on this method is 
emphasized the quality cutting for each tooth, providing the 
frequency during the each tooth milling period, the 
amplitude of the teeth impact and the frequency of the 
impact by signal enveloping. Applying the technical signal 
processing based on STFT and HT to use envelope signal in 
the fig12 and fig13 can be identified the fault frequencies 
generated by the milling process. The existence of cutter 
tooth wear is highlight by dynamic analysis performed in 

fig12 via STFT and HT.  The fig13 presented the forces and 
moments STFT diagram correlated with the envelope signal, 
following their evolution during the cut, and the existence 
of the wear tooth. It can be seen that the frequency of tooth 
impacts in material influences both vibrations, forces [22], 
and moments.  

 
 
Fig.12. Acceleration signal- STFT and acceleration signal - HT analysis for 

a milling cutter with 6 teeth 

 

 
 

Fig.13. Acceleration signal- STFT and mechanical actions signal - HT 
analysis for a milling cutter with 6 teeth 

 
Based on the signal transfer process, the fault signal 
transferred into the cutter mill imposes an impulsive 
motivation on the mechanical system of the accelerator 
sensor. The output response of accelerator sensor is the 
convolution of input and system unit impulse response 
function [19], [21]. The evolution analysis of the milling 
tool during the cutting process based on STFT and HT is an 
important contribution to the development of an on-line 
monitoring and diagnostic method for qualitative and 
quantitative evolution of the cutting milling process. 
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V. CONCLUSION 

In the context of economical current where costs, 
productivity and quality are indispensable conditions for 
competitiveness in industrial, developing methods and tools 
to help meet these conditions is essential. This paper aims at 
developing a method for analyzing complex dynamic 
parameters based on a series of purchase through a series of 
equipment and tools to obtain the requirements of quality 
and quantity. Is a dynamic analysis applies to the 
mechanical actions (the complete torsor) and the vibrations 
in order to develop a diagnostic and monitoring approach in 
three-dimensional case.  The measured parameters by the 
FFT synchronous method highlight clearly the machine 
tool's vibrations source, their amplitude and the intervention 
mode to eliminate or minimize them. To understand the 
dynamic phenomena due to the milling process a complex 
experimental protocol was designed and realized. The tests 
included two types of trials: the first one with a milling 
cutter with one single tooth and the second one with a 
milling cutter with six teeth. The dynamic analysis on a 
single tooth provides the information to understating and 
prepares the dynamic analysis of the milling process in the 
case with 6 teeth. Based on relevant analytical and 
numerical methods novel types of time– frequency 
representations have been applied to acceleration signals to 
be exploited for the detection of specific cutting events 
occurring in milling process and to properly identify 
frequency components using STFT and HT. An important 
approach in monitoring process is based on the 
Synchronous Envelope Analysis (SEA) applied on cutting 
vibration [13] continuing with the dynamic analysis of the 
forces and moments.  The goal is to create a three 
dimensional dynamic model with the integration of the 
cutting moments. Obtaining the moments at the tooth tip of 
the tool represents an important step forward towards 
determining the central axis of the torsor, characterization 
parameter of the milling process quality in question of the 
workpiece's surface. 
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