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Chapter 1  

Introduction 

 

1.1 Background 

Cutting is a fundamental technology to change materials into the desired 
shapes. It has played major roles in producing products in many fields such 
as automotive and aerospace industries. Since cutting is an essential 
process when manufacturing a tremendous number of parts, its efficiency 
and accuracy significantly affect the productivity and the feasibility of the 
entire industry; subsequently, computer numerically controlled (CNC) 
machine tools have been introduced. The role of CNC is to automatically 
execute the sequence of multi-axial motions according to the target 
geometry accurately. The advent of CNC machine tools has led the cutting 
process of the production cycle to partial automation and not only has 
realized a massive cut down of the costs but also has achieved high 
precision. However, the cutting process using CNC machine tools still has 
several issues that require manual operations and the decisions of 
experienced manufacturing engineers. For example, a precise alignment of 
the jigs, workpieces, and tools [1], and an observation/analysis of the 
undesirable phenomena such as mechanical vibrations [2,3] and tool 
breakage [4] are the challenging issues that require manual decision-making 
based on the knowledge of the cutting process. Subsequently, the process 
is generally planned and operated by experienced manufacturing engineers 
based on their skills [5]; hence automation is impeded. Nowadays, such 
challenges are expected to be overcome in the manner of smart 
manufacturing. 
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1.1.1 Smart manufacturing and machine tools 
In the era of Industry 4.0, a concept that applies smart sensors, adaptive 

decision-making models, and data analytics technology into the 
conventional manufacturing process is suggested to achieve a further level 
of efficiency/quality enhancement, and perhaps the full automation in the 
production cycle [6,7], namely smart manufacturing (i.e., intelligent 
manufacturing). Even though there is no universally agreed definition of 
smart manufacturing, it is generally accepted as the compromisation of 
sensor-based data analytics, modeling, and simulation technologies from 
the shop floor level to the entire supply chain level along the production cycle. 
For example, Davis et al. define it as the dramatically intensified application 
of manufacturing intelligence throughout manufacturing [6] 

 

 
Figure 1.1. Conceptual framework of 

Industry 4.0 smart manufacturing systems [7]. 
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Attempts to construct a specific model of the smart manufacturing 
system have been made by previous researchers. Zheng et al. suggested a 
conceptual framework of the smart manufacturing systems (see Fig.1.1) 
covering subtopics such as design, monitoring, machining, control, and 
scheduling [7]. Lu et al. proposed a reference model for constructing a digital 
twin-driven smart manufacturing system [8]. Those number of research 
outcomes and the existing standards [9,10] share a common concept of 
bottom-to-top data flow (see Fig. 1.2), which means that data are collected 
and integrated from local manufacturing devices, then analyzed for data-
driven monitoring/optimization systems. In other words, for the realization of 
the smart manufacturing system in the broad scale, the information 
aggregation and analysis technology must be preceded at the scope of a 
single manufacturing device. Therefore, the research on which data is to be 
collected and how it is processed must be conducted first at the level of the 
manufacturing device. 

 

 

Fig. 1.2. Smart manufacturing vision [8]. 
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In this sense, machine tools are considered as the major subtopic of the 
smart manufacturing system, because the cutting process is one of the key 
components of manufacturing. Realizing lower downtime and higher 
productivity by applying cutting-relevant information are the main objectives 
of such smart machine tools technology [11-13]. Therefore, the cutting-
relevant information and its applications related to the challenges in 
conventional machine tool operations are being focused in this thesis. 

 
1.1.2 Challenges in cutting process and demands for cutting-

relevant information 
In the following subsection, the challenging issues of machining 

operations are addressed in the perspective of smart manufacturing, and its 
relevant intelligence is explained, respectively. 

 
1.1.2.1 Mechanical vibration 

Mechanical vibrations often occur in the cutting situation. The cutting 
force is generally periodic in the case of the milling process, and other 
practical situations such as the drilling with unbalanced teeth, and the 
turning/boring with runout. When the natural frequencies of the machine 
coincide with the frequency of the periodic cutting force, the forced vibration 
is excited. This type of mechanical vibration has been well-known to both 
machine tool makers and manufacturing engineers. Generally, 
countermeasures are taken by simply changing the spindle rotation 
frequency or reducing the amount of cut during the machining process 
supposing the dynamics of the machine tool is given [5]. Also, other 
approaches such as using specially designed tools, optimizing tool 
postures/paths, etc., exist, but they require sufficient knowledge and skills. 

Besides the forced vibration, self-excited machine tool vibrations (i.e., 
chatter vibration) are considered as huge obstacles because they can cause 
undesired tool wear/breakage, surface deterioration, and perhaps damage 
to the machine tools. Figure 1.3 shows examples of the chatter problem in 
numerous machining applications [3]. Since the stability against the chatter 
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vibration tends to be higher with less depth of cut, the material removal rate 
(MMR) must be reduced to ensure the chatter-free operation and it affects 
the tool-path planning. Therefore, whether the chatter vibration occurs or not, 
productivity significantly decreases. To clarify the mechanisms of chatter 
vibrations and suggest countermeasures, numerous studies were conducted 
throughout history and comprehensive mathematical models have been 
established [14-17]. Regenerative chatter vibration, the most common 
chatter vibration which occurs due to the regenerative effect of a chip 
thickness [18,19], mode-coupling chatter vibration, which occurs because of 
a cross-coupling of two vibrational modes existing in the plane of cut [20], 
and frictional chatter vibration due to the excitation effect from the contact 
between the flank face and the workpiece [21,22] are common types of 
chatter vibrations. 

 

 
Fig. 1.3. Chatter problem in numerous machining applications [3]. 
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Based on theoretical understandings of chatter vibrations, various 
countermeasures (e.g., specially designed tools [23-25], additional devices 
[26,27], etc.) have been proposed. Among those approaches, the most 
common way of avoiding the chatter vibration that is widely adopted in 
industrial situations is to optimize the cutting conditions such as a depth of 
cut (DOC) based on the stability lobe diagram (SLD) [2]. SLD, proposed by 
Merritt et al. [29] grounded on the work of Tlusty et al. [28], enabled 
prediction of the stability limit for the regenerative chatter vibration in terms 
of cutting parameters such as DOC and spindle speed. By selecting the 
optimized process parameters, maximized MMR and higher machining 
efficiency can be achieved without regenerative chatter vibration. The SLD 
method has been a critical contribution and further studies extended SLD to 
other machining situations (e.g., 2DoF [30]/3DoF [31] turning process, and 
milling process [32]). In the same manner, the stability analysis approach for 
mode-coupling chatter vibration has been proposed and it has been clarified 
that the different excitation mechanism results in different stability limit even 
with the same dynamics of the machine tool (see Fig. 1.4) [33,34]. This 
indicates that the correct countermeasure, or optimized parameter selection, 
corresponding to the mechanism must be chosen to avoid/suppress 
vibrations. 

Commercial functions such as Machining Navi from OKUMA Corp., and 
ChatterPro from MAL Inc. were developed as a countermeasure to the 
regenerative chatter vibration based on the SLD method, which changes 
spindle speed interactively to the nearest chatter-free value when the chatter 
is detected, given that the dynamics of the machine tool is known. However, 
without the precise information of current DOC, commonly unknown in 
general machining operations, the thoroughly optimized spindle speed/DOC 
cannot be calculated in terms of MMR. Also, the excitation mechanisms must 
be determined beforehand. In other words, the real-time monitoring system 
for DOC and the dynamics, and the vibration monitoring system that can 
extract the information required for distinguishing the mechanism of the 
vibration can contribute to the realization of an automatic vibration avoidance 



Chapter 1. Introduction     

 7 

system.  

 

Fig. 1.4. Experimental and analytical results of chatter vibration [34] 

 
1.1.2.2 Process geometry 

The quality of a finished product depends on the geometric accuracy of 
the machining system since the motion of the machine tool is directly 
transcribed to the workpiece surface. Defined as the ability of the machine 
tools to produce precise 3D shapes, the measurement and the 
compensation strategies have been one of the major concerns of this field. 
Its importance is already well known to the machine manufacturers, 
therefore pre-diagnosis/compensation of errors such as axis errors (e.g., 
backlash and pitch error), shape and mounting errors of axis guiding 
systems, axes alignment errors and thermal errors are conducted at the 
stage of machine tool manufacturing [35]. Also, the concept of the volumetric 
calibration was introduced by previous researchers, and extensive studies 
have been conducted to suggest measurement/compensation schemes [36-
38]. Measurement methods that measure the source of the error directly with 
reference materials (e.g., artifact and step gauge), and reference sensors 
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(e.g., interferometer) are practically utilized [39,40]. Figure 1.5 shows the 
example of the volumetric calibration system interface for machine tool 
geometry using metrology hardware [38]. However, the high cost and the 
installation space of metrology hardware are the current bottleneck in the 
industry. 

 

 
 Fig. 1.5. Interfaces between the metrology 

for error mapping and the machine [38]. 

 
Furthermore, there remain other sources of error besides the machine 

tool itself, such as the tool mounting, and the workpiece mounting. 
Consequently, manual measurements and inspections by skilled operators 
and metrologists at the shop floor level are still required, even assuming the 
previously calibrated theoretical machine tool without any geometrical errors. 
Therefore, for the next generation smart machine tools, self-identification 
and calibration/compensation technology using information related to 
geometrical errors is desirable. 
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1.2 Motivation and objectives of the thesis 

1.2.1 Motivations 
Demands for monitoring cutting-relevant data to resolve the problematic 

issues addressed in the previous section (e.g., cutting conditions, machine 
tool dynamics, and process geometries) are increasing to cut down the time 
and economic loss. By using monitored cutting-relevant information, the 
manual decision-making stages for the current trial-and-error strategy are 
eliminated and automated, therefore higher efficiency can be accomplished 
throughout the machining operations. From this viewpoint, this thesis 
focuses on the self-identification of such useful cutting-relevant information 
on machine tools only with practically available data, regarding practical 
scenarios. 

 
1.2.2 Research objectives 

To realize the high efficiency cutting by applying cutting-relevant 
information, the author carried out research as follows: 

 
1. Proposal of the DOCs and runout identification method based on easy-

to-achieve information 
For smart manufacturing systems, it is required to monitor the cutting 

process in real-time to recognize the present state of the process. 
Particularly, the axial depth of cut (ADOC) and the radial depth of cut (RDOC) 
are the key parameters when planning the vibration-free tool path with the 
high MMR. With the information on present ADOC and RDOC, precise 
predictions on the current stability margin become available, and also 
adequate countermeasures can be determined. 

However, conventionally suggested methods for real-time monitoring of 
DOCs require expensive and hard-to-mount sensors, and complicated 
calibration processes which impede the automation. Also, they are 
vulnerable to vibrations occur in the cutting processes. Therefore, this 
research aims to propose a novel method to monitor those important 
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parameters (i.e., DOCs and end mill runout) in the square end milling 
process by analyzing frequency components of the cutting torque. Assuming 
efforts to predict the cutting torque using only the internal servo data by CNC 
tool makers and researchers in this field, the cutting torque data is expected 
to be available without mounting a dynamometer which is not practical [53, 
54]. The proposed method assumes easily achievable information about the 
cutting conditions (i.e., spindle rotation speed and feed rate) and tool 
parameters (i.e., helix angle, nominal radius, and the number of flutes) as 
the given inputs. The presented method only utilizes measured cutting 
torque data and the given inputs; therefore, it does not require any 
impractical previously tuned information (e.g., specific cutting forces). In 
addition, an index is suggested to offer information on the reliability of the 
monitored outputs to the user. Graphical abstract of this research is 
presented in Fig. 1.6. 

 

 

Fig. 1.6. Graphical abstract of research on DOCs and runout identification. 

 
 

 

Milling process geometry model

Flowchart of monitoring strategy

Experimental results of process monitoring

Research objective
Proposal of the DOCs and runout identification method based on easy-to-achieve information.
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2. Proposal of the contact detection method based on the machine tool 
servo, and the rotational center self-identification method 
As mentioned in the previous section, the process geometry dominates 

the quality of the final product. Several calibration schemes are already 
conducted to minimize the geometrical errors of the machine tool itself at the 
stage of machine tool manufacturing. However, because of the other sources 
of errors (e.g., tool/workpiece mounting, the inaccurate shape of tool edge, 
etc.) that commonly take place at the shop floor, such errors must be also 
considered when setting the program offsets (i.e., zero) by the operator. 

The most promising way to exclude such tool/workpiece-originated 
errors is to attain a relative position between the tool and the workpiece. In 
the general turning process, solutions for attaining the tool-workpiece 
relative position such as in-situ touch probes, external devices mounted with 
air/electric micrometers, and cameras are adopted, however, they are either 
indirect or cost/space-consuming.  

Therefore, this research aims to propose a novel direct contact 
detection method based on the internal data of the machine tool servo and 
the self-identification strategy of the rotational center as an application of the 
detection method. The former method compares the internal data of the non-
contact and contact motions, and then precisely identifies the contact 
position by processing it statistically. The latter method makes multiple 
contacts on the pre-machined surface of the workpiece with a redundant-
axis movement, and the rotational center identification is realized using the 
coordinates of contacts achieved by the former method. Graphical abstract 
of this research is presented in Fig. 1.7. 
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Fig. 1.7. Graphical abstract of research on contact detection and rotational center 

self-identification. 

  

Relative	 coordinates	 of	 identified	 contact	
points	on	pre-machined	workpiece	surface	

(0,	0),	(-0.205,	5)	
(-1.088,	-7),	(-3.979,	-14)	
(-8.391,	-20)	

Identified/measured	 diameter	 of	 pre-
machined	workpiece	

61.968	/	61.980	mm	

Relative	coordinate	of	identified	rotational	
center	

(-30.972,	1.235)	

Target/measured	 diameter	 of	 machined	
workpiece	

60.000	/	60.011	mm	

 

Contact detection / rotational center identification
strategy

Experimental results of contact detection

Experimental results of
rotational center identification

Research objective
Proposal of the contact detection method based on the machine tool servo, and the rotational center
self-identification method.
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1.3 Structure of thesis 

The present thesis consists of 4 chapters. 
Chapter 1 presents the background of the smart manufacturing concept 

and its application to machine tool operations. Among issues of the cutting 
process, the mechanical vibrations and the process geometry calibration are 
addressed. A brief overview of studies related to such problematic issues is 
presented, and current counter plans and their limitations are addressed. 
Moreover, demands on cutting-relevant information to overcome those 
limitations are described in terms of smart manufacturing. The motivation 
and objectives of the thesis are also described, mainly on what is the desired 
cutting-relevant information and how it can be attained in realistic scenarios, 
to realize high efficiency machining. 

Chapter 2 presents an identification strategy for the depths of cut and 
the tool runout. A novel integrated real-time monitoring method for the DOCs 
and the tool runout based on the frequency domain analysis of the cutting 
torque for the square end milling process is proposed in this chapter. The 
cutting torque estimation model for the square end mill process is described. 
Based on the analytical model, the proposed method focuses on the feature 
that the tool-runout-independent and the tool-runout-dependent cutting 
torque components are observed at different frequencies. The DOCs and 
the tool runout are calculated from the tool-runout-independent frequency 
components and the tool-runout-dependent frequency components, 
respectively. To offer a means for evaluating the monitored parameters to 
end users, a novel index is proposed, and a calculation method is presented, 
namely the reliability index. The results of experimental validations are 
presented. 

Chapter 3 presents two methods for identification of the tool-workpiece 
relative position, specifically the rotational center, in the general CNC turning 
process: a novel direct tool-workpiece contact detection method and a 
rotational center self-identification strategy. The former method identifies the 
contact coordinates by utilizing the internal data of the machine tool servo. 
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The latter method makes multiple tool-workpiece contacts on the pre-
machined surface with a redundant-axis movement. The rotational center is 
identified from those contacts by fitting a circle to the identified workpiece 
coordinates projected in the cross-sectional direction. The results of 
experimental validations are presented. 

Conclusions of the thesis will follow in Chapter 4. 
The structure of the thesis is summarized in Fig. 1.8. 

 
Fig. 1.8. Structure of thesis. 



 

Chapter 2  
Novel real-time monitoring method of depths of cut 
and runout for milling process utilizing FFT 
analysis of cutting torque 
 

2.1 Introduction 

The depth of cut (DOC) is a desired parameter to be monitored in the 
context of the smart manufacturing since it is the influential condition of the 
milling process. Particularly, DOC is the decisive parameter to the machine 
tool vibrations which limit the productivity of the milling process. Therefore, 
many studies focus on the DOC to avoid vibration problems [32,41,42]. The 
machine tool vibration is classified into several types whose generation 
mechanisms are different, e.g., regenerative chatter vibration, mode 
coupling chatter vibration [43], forced vibration [34], etc. Throughout the past 
studies, the basic mechanisms of these vibrations are clarified, and 
suppression methodologies are suggested. For the well-known regenerative 
chatter vibration induced by the regenerative effect, stability prediction and 
vibration suppression strategies are established, e.g., using the stability lobe 
diagram which shows the critical axial depth of cut (ADOC) [32,41,42] and 
critical radial depth of cut (RDOC) [43] against the spindle speed. [44]. Also, 
another study showed that the forced vibration can be reduced by selecting 
appropriate ADOC and RDOC since they have a major effect on the vibration 
magnitude [34]. Consequently, the information of the current DOCs is 
necessary for the monitoring of the current cutting status and/or suppression 
of general machine tool vibrations.  

Considering practical situations, the DOCs change drastically and time-
by-time, e.g., near entrance/exit of workpiece, due to complicated workpiece 
shape, etc. Hence, the monitoring of the DOCs is difficult in the real-time and 
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practical situation at present, while progresses on the digital twin 
technologies may allow the real-time simulation of DOCs in the future. In 
some cases, such as the milling process having relatively simple tool paths, 
approaches using computer-aided manufacturing (CAM) system is valid. 
However, it requires the precise geometric model of the workpiece/machine 
tool and accurate tool paths which are not practically achievable [45]. 
Considering processes such as the roughing process with material bulk, this 
CAM approach is limited due to the inconsistent/inaccurate geometry of the 
workpiece. Therefore, the necessity of a real-time DOC monitoring system 
arises. 

Various studies were conducted on the monitoring of DOCs. Prickett et 
al. [46] developed a monitoring system using displacement sensors mounted 
on the spindle. However, this method is practically unacceptable since these 
sensors are set in the machining environment. Gaja and Liou [47] proposed 
a DOC estimation method using the root mean square of the acoustic 
emission signal. However, a regression model and a neural network model 
have to be trained beforehand, and the transferability of the prediction model 
is yet to be studied. 

On the other hand, because both the amplitude and shape of the cutting 
force signal in the time domain follow geometrical features of the process, 
numerous past approaches focused on cutting force signals to monitor the 
DOC [48–52]. Altintas et al. [48] estimated the DOC from the ratio of two 
orthogonal cutting force components in a peripheral milling process. Tarn et 
al. [49] focused on the tool engagement period for the estimation of the DOC. 
Choi et al. [50] proposed a DOC identification algorithm based on indices 
extracted from the cutting force shape. Yang et al. [51] also categorized 
types of the cutting force shapes based on geometrical relationships 
between the DOC and the tool shape, and indices were extracted to estimate 
the DOC. Leal-Muñoz et al. [52] developed a DOC estimation method for 
only the finishing operation based on the engagement/disengagement time 
of the tool. The above methods successfully monitored the DOC in various 
conditions. However, cutting-force-based methods introduced above either 



Chapter 2. Novel real-time monitoring method of depths of cut and runout for milling process 
utilizing FFT analysis of cutting torque     

 17 

rely on parameters which must be achieved from the calibration cut prior to 
the actual cutting or the shape of the cutting force which is easily affected by 
the vibrations and noises in practical machining. Therefore, these 
approaches are not adequate to solve machine tool vibration problems.  
Moreover, the dynamometer required to measure the cutting force signal is 
extremely high in cost. In addition, it limits the workpiece geometry/size and 
is also difficult to be used with rotational axes mounted on recent multi-axis 
machine tools. Therefore, relying on the cutting force signals is not desirable 
for the practical situation. On the contrary, efforts to predict the cutting torque 
using the internal servo data are recently made by researchers and CNC 
machine tool makers [53, 54]. Even if the prediction of the cutting torque 
signal from the machine tool servo becomes possible, prior studies still 
cannot be utilized because they require multi-directional cutting force 
components which cannot be observed through the cutting torque. Therefore, 
this Chapter presents a real-time DOC monitoring methodology that can 
cover the situations with the machine tool vibrations utilizing only the cutting 
torque signal.  

Meanwhile, the cutter runout (i.e., tool eccentricity) is also a necessary 
parameter to be monitored in terms of smart manufacturing. Tool runout, 
which is the discrepancy between the rotational center and the geometrical 
center of the tool, causes uneven cutting loads on cutting edges and may 
result in deterioration of the cutting edge originated from the load 
concentration on certain flutes. In addition, it also affects the machining 
accuracy. To understand the load concentration, the effect of the runout 
geometry on the milling force was modeled in past studies [55,56]. These 
studies focused on modeling of geometrical displacements of cutter runout 
and the change of uncut chip thickness originated from it. Their approaches 
enabled the estimation of cutting forces under the occurrence of the tool 
runout. Based on the previous research on the cutting force models 
considering the effect of the tool runout, Hekman and Liang [57] developed 
a runout estimation method by a recursive calculation using the cutting force 
signals. Similarly, Seethaler and Yellowley [58] derived runout related Fourier 
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coefficients of multi-directional cutting forces for identification of the runout. 
Wang et al. [59] conducted further studies to exclude the need for the multi-
directional specific cutting forces when calculating the cutter runout. 
However, previous runout identification approaches require process 
information such as the DOCs and specific cutting forces, which is usually 
unable to be acquired without prior calibration tests in practical 
manufacturing situations. In addition, the impractical dynamometer is 
necessary for those approaches. Therefore, demand exists for a runout 
monitoring method which does not require such information and device. 

From these backgrounds, this research proposes a novel integrated 
concept of real-time monitoring method for the DOCs and the tool runout 
based on the cutting torque of the milling process. Besides the DOCs and 
the tool runout, an index that evaluates the reliability of the monitored values 
is also offered. The proposed approach only requires easily achievable 
information and does not require a calibration cut. In this Chapter, the cutting 
torque estimation model is first explained. Then, the monitoring method for 
the DOCs and the runout from the cutting torque signal is presented. 
Cutting/monitoring experiments are conducted to confirm the validity of the 
proposed method, and the results are described.  
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2.2 Cutting torque estimation model 

2.2.1 Single-mechanism cutting torque estimation model 
considering runout 

 

 
Fig. 2.1. (a) Schematic illustration of milling process and 

(b) Coordinate system of end mill geometry model. 

 
By several researchers, efforts were made to predict the cutting force 

on rotating cutting edges based on the geometrical structure of the tool (e.g., 
helix angle and nominal radius) and the cutting conditions (e.g., feed rate, 
DOC, and rotational speed). Assuming the cutting force as a function 
proportional to the cross-sectional area of the uncut chip [60], cutting force 
prediction models can be classified into two types: single-mechanism 
models and dual-mechanism models [61]. Simple single-mechanism models 
adopt a single proportional constant, namely the specific cutting force, in 
which the effect of only the material removal process on the rake face is 
considered, where the effect of the ploughing process on the flank face 
during the cutting is not considered [62]. Dual-mechanism models consider 
the effects of the material removal process and the ploughing process 
separately with two independent coefficients; the specific cutting force and 
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the edge force coefficient [63,64]. In this study, the approach of the simple 
single-mechanism model is adopted for the reduction of the number of 
unknown coefficients. Note that the idea of the convolutional analysis of the 
cutting torque is inspired from the previous research of S. Y. Liang et al. [65]. 

Figure 2.1(a) provides an illustrative example of the milling process by 
a square end mill. 𝑑! and 𝑑" represent the radial depth of cut (RDOC) and 
the axial depth of cut (ADOC), respectively. As the cutter rotates with an 
angular speed of 𝜔#, the cutting edges contact the workpiece sequentially 
from the bottom part usually because of the helical edges. Figure. 2.1(b) 
shows the geometry of the tool and the coordinate systems adopted in this 
model, assuming that the tool has a constant helix angle of 𝛽 and nominal 
radius of 𝑟#$%. 𝑋, 𝑌,	and 𝑍 axes correspond to the feed, the radial, and the 
axial directions of the process, respectively. The positive 𝑋 direction is set 
so that it agrees with the feed direction. The bottom edge of the reference 
cutting edge (i.e., the 1st cutting edge) is set to be the 𝑌& axis. Consequently, 
the 𝑋& and 𝑌& axes rotate with the tool rotation. The angular position of the 
𝑖'( cutting edge at an arbitrary height 𝑧 is calculated as follows, where 𝜃 
is the rotation angle of the cutter, 𝜙 is the angle of the reference cutting 
edge at height 𝑧 due to the helix (i.e., angular delay), and 𝑁 is the total 
number of flutes. Note that the 𝑌 axis is the angular origin of 𝜃 and 𝜙. 

 

𝜙 =
𝑧 tan 𝛽
𝑟#$%

(2.1)	

𝜙) = 𝜙 +
2𝜋
𝑁
(𝑖 − 1)

𝜃) = 𝜃 − 𝜙) (2.2)
 

 
Also, 𝜙)	is the angle of the 𝑖'( cutting edge at height 𝑧 with reference 

to 𝑌& axis and 𝜃) is the angular position of the 𝑖'( cutting edge at height 𝑧 
with reference to 𝑌 axis. 

In the practical milling process, the tool runout results in the change of 
the effective radii, which refers to the radii of the cutting edge trajectories 
under the effect of the tool runout. The geometries of the runout at the bottom 
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surface of the tool and height 𝑧 are illustrated in Fig. 2.2. As shown in the 
figure, the runout displacement vector 𝜀 is defined with two variables; the 
magnitude of the runout, i.e., eccentricity 𝜀, and the directional angle of it 
𝜃*+ in reference to the 𝑌 axis. The effective radius vector 𝑟) of the resultant 
trajectory in which the 𝑖'( cutting edge moves along is approximated as a 
sum of the eccentricity vector 𝜀 and the nominal radius vector 𝑟#$%,) of the 
cutting edge. Therefore, 𝑟⃗)	is derived as follows. 

 
𝑟) = |𝑟)| = >𝑟#$%,) + 𝜀>	

≈ 𝑟#$% + 𝜀 cos C𝜙 + 𝜃*+ +
2𝜋
𝑁
(𝑖 − 1)D , where		𝑟#$% ≫ 𝜀	 (2.3) 

 

 

 
Fig. 2.2. Runout geometries at bottom and arbitrary heights. 
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It should be noted that the direction of 𝑟#$%,)  depends on 𝜙 , and 
consequently 𝑟) is a function of 𝑧. This means the radius of the resultant 
trajectory affected by the tool runout varies by height even in the same 
cutting edge (see Fig. 2.2). 

As previously mentioned, the tangential component of the cutting force 
can be modelled as a linear function of the instantaneous cross-sectional 
area of the uncut chip and the specific cutting force. Figures 2.3(a) and (b) 
provide illustrations of the milling process without and with runout effect, 
respectively. 𝑐  is the feed per tooth, ℎ)  is the instantaneous uncut chip 
thickness of the 𝑖'(  cutting edge, and 𝜃-'  and 𝜃*.  are entry and exit 
angles of the tool immersion, respectively. Note that from the geometrical 
relationship, the instantaneous uncut chip thickness can be written as follows. 

 
ℎ) = ℎ-(𝜃)) + 𝑟) − 𝑟)/0

ℎ-(𝜃)) = 𝑐 sin(𝜃)) , where	𝑟#$% ≫ 𝑐	 (2.4) 

 

 
Fig. 2.3. Illustrations of milling process (a) without runout and (b) with runout. 

 
As shown in Fig. 2.3(a), 𝑟)/0 and 𝑟) are the same as 𝑟#$% of the tool 

because the runout does not exist. However, assuming the runout effect, the 
discrepancy between the nominal radii and the effective radii affects the 
instantaneous uncut chip thickness. Thus, Eq. (2.4) is transformed to Eq. 
(2.5) by substituting Eq. (2.3). 



Chapter 2. Novel real-time monitoring method of depths of cut and runout for milling process 
utilizing FFT analysis of cutting torque     

 23 

 

ℎ) = ℎ-(𝜃)) + ℎ*+(𝜙))

ℎ*+(𝜙)) = −2ε sin
𝜋
𝑁 sin P𝜙) − 𝜃*+ −

𝜋
𝑁Q

(2.5) 

 
Note that the instantaneous chip thickness function for each edge can 

be expressed with two separate components: the chip thickness due to the 
rotation of the tool ℎ- and the chip thickness due to the tool runout ℎ*+. 
Because the cutting edge only engages the workpiece between the range of 
𝜃-' and 𝜃*., a switch function named the tool engagement function 𝑔 is 
employed to express the tool engagement. The range of engagement can 
be written as Eq. (2.6) using RDOC; a down-milling and clockwise rotation 
situation is written for an example. 

 

𝑔(𝜃) = C1, 𝜃-' ≤ 𝜃 ≤ 𝜃*.
0, else 	

𝜃-' = cos/0 W
(𝑑! − 𝑟#$%)

𝑟#$%
X

𝜃*. ≈ 𝜋

(2.6) 

 
Strictly, the engagement range is also affected by the runout, yet it is 

approximated as Eq. (2.6) in this model concerning general cutting situations 
where 𝜀 is sufficiently smaller than 𝑟#$%. Moreover, the engagement range 
increases slightly by the relative feed motion, but this effect is also ignored 
since 𝑐 is sufficiently smaller than 𝑟#$%. Based on Eqs. (2.5) and (2.6), the 
infinitesimal cutting force in the tangential direction and the cutting torque 
can be expressed as follows using the specific cutting force in the tangential 
direction 𝐾' of the single-mechanism force model. 

 
𝑑𝑓',) = 𝐾'𝑔(𝜃 − 𝜙))ℎ-(𝜃 − 𝜙))𝑑𝑧 + 𝐾'𝑔(𝜃 − 𝜙))ℎ*+(𝜙))𝑑𝑧

𝑑𝜏) = 𝑟#$%𝑑𝑓',)
(2.7) 

 
where 𝑟#$% ≫ ℎ). 
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The infinitesimal cutting force function 𝑑𝑓',) and the infinitesimal cutting 
torque function 𝑑𝜏)  represent the tangential cutting force and the cutting 
torque loaded on the 𝑖'( cutting edge at a discretized 𝑧 plane, respectively. 
𝑑𝑧 refers to the distance between the discretized planes. Therefore, the 
entire cutting torque loaded on the 𝑖'(  cutting edge can be achieved by 
integrating the infinitesimal cutting torque in the axial direction. In Eq. (2.8), 
operators ∗  and ∙  indicate the convolution product and the general 
multiplication operation, respectively. 

 

𝜏)(𝜃) = ` 𝑑𝜏)
123!

124
= 𝑟#$%𝐾'{(𝑔 ∙ ℎ-) ∗ 𝜆)} + 𝑟#$%𝐾'{𝑔 ∗ (ℎ*+ ∙ 𝜆))}

(2.8) 

 
where 

𝜆)(𝜃) = e
𝑑𝑧
𝑑𝜙)

=
𝑟#$%
tan 𝛽 ,

2𝜋
𝑁 (𝑖 − 1) ≤ 𝜃 ≤

2𝜋
𝑁
(𝑖 − 1) +

𝑑" tan 𝛽
𝑟#$%

0, else
 

 
𝜆), named a helical gradient function, is defined for the mathematical 

convenience to convert the integral operation of Eq. (2.8) in the axial 
direction to the angular domain. 𝜆) refers to the ratio of the height to the 
angular delay of the 𝑖'( cutting edge. Subsequently, the total cutting torque 
loaded on the entire tool can be obtained by the summation of torques acting 
on all cutting edges. 

 

𝜏(𝜃) =f𝜏)

5

)20

= 𝑟#$%𝐾' g(𝑔 ∙ ℎ-) ∗ hf𝜆)

5

)20

i	j + 𝑟#$%𝐾' k𝑔 ∗ gℎ*+ ∙ hf𝜆)

5

)20

ijl

= 𝑟#$%𝐾'{(𝑔 ∙ ℎ-) ∗ 𝜆} + 𝑟#$%𝐾'{𝑔 ∗ (ℎ*+ ∙ 𝜆)}

(2.9) 

 
 
For convenience, let the former runout-independent term of Eq. (2.9) be 
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𝜏- and the latter runout-dependent term be 𝜏*+. The total cutting torque can 
be written as follows. 

 
τ = 𝜏- + 𝜏*+	 (2.10) 

 
2.2.2 Frequency domain analysis of cutting torque 

The cutting torque can be transformed into frequency components using 
Fourier transform. According to the convolution theorem, the convolution in 
the time domain is converted into simple multiplication and vice versa. 
Therefore, Eq. (2.10) is converted into the frequency domain as follows, 
where 𝜃 = 𝜔#𝑡 . Here, the functions of the capital letters represent the 
frequency domain functions which are transformed using the Fourier 
transform. 

 
𝛵(𝜔) = 𝛵-(𝜔) + 𝛵*+(𝜔)	 (2.11)

where 
𝛵-(𝜔) = 𝑟#$%𝐾'{(𝐺 ∗ 𝐻-) ∙ 𝛬} 
𝛵*+(𝜔) = 𝑟#$%𝐾'{𝐺 ∙ (𝐻*+ ∗ 𝛬)} 

  
As the results of Fourier transform of Eqs. (2.5) and (2.6), functions 

composing the cutting torque can be described in a mathematical 
expressions in the frequency domain as follows. 

 

𝐺(𝜔) =
2 sin P 𝜔2𝜔#

(𝜃*. − 𝜃-')Q

𝜔 𝑒/)
6
76"

(9#$:9%&)

𝐻-(𝜔) =
1
2 𝑐𝑖𝛿(𝜔 + 𝜔#) −

1
2 𝑐𝑖𝛿

(𝜔 − 𝜔#)

𝐻*+(𝜔) = −𝜀 sin
𝜋
𝑁 𝑖𝑒

/)<9#':
=
5>𝛿(𝜔 + 𝜔#) + 𝜀 sin

𝜋
𝑁 𝑖𝑒

)<9#':
=
5>𝛿(𝜔 − 𝜔#)

𝛬(𝜔) = v
𝑒/)7=

6
6"

	 − 1

𝑒/)7=
6

56"
	 − 1

w
2sin C𝜔𝑑" tan 𝛽2𝜔#𝑟#$%

D

𝜔 𝑒/)
63! @ABC
76"!"()

	 (2.12) 
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Eq. (2.12) shows the Fourier transform of the functions composing the 
cutting torque signal. Since the mathematical model assumes the steady-
state condition, the cutting torque signal is assumed as infinitely periodic. On 
the other hand, even though the workpiece shape changes largely, the 
cutting process generally changes gradually since the feed rate is small in 
actual situations. Hence, data processing of the cutting torque of just one 
rotational period can be used approximately and is also practically sufficient 
to monitor the cutting conditions at that moment by utilizing the introduced 
model. In the experiments in this chapter, the measured signal is processed 
period by period, which means that real-time monitoring of the cutting 
conditions is possible. The cutting torque can be expressed in a form of 
Fourier series. Then, 𝛬 only consists of harmonic components of the tooth 
passing angular frequency 𝜔5 = 𝑁𝜔# and can be re-written as a periodic 
impulse function. 

 

𝛬(𝜔) = x2
sin C𝜔𝑑" tan 𝛽2𝜔#𝑟#$%

D

𝜔
𝑒/)

63! @ABC
76"!"() , 𝜔 = ±𝑘𝜔5		where	𝑘 = 0,1,2,⋯

0																										, else

(2.13) 

 
Therefore, the runout-independent torque 𝛵- is only composed of the 

tooth-passing angular frequency harmonics 𝑘𝜔5 as generally known. On 
the other hand, the runout-dependent torque 𝛵*+ is only composed of the 
frequency components at (𝑁𝑘 − 1)𝜔#  and (𝑁𝑘 + 1)𝜔# , i.e., neighboring 
components of the tooth-passing angular frequency harmonics. This means 
that 𝛵- and 𝛵*+ can be observed separately of each other at independent 
frequency components, except for the 2-flute end mill case where the 
neighboring components of the different tooth-passing frequency harmonics 
are superimposed on each other. Therefore, the formulation for the 
monitoring differs between 2 flutes and more than 2 flutes. 

Figure 2.4 shows a simulated example of the cutting torque for a 4-flute 
end mill in the frequency domain. The simulation conditions are shown in 
Table 2.1. As shown in the figure, 𝛵-  and 𝛵*+  appear independently. 
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Therefore, it can be concluded that parameters related to the DOCs and 
runout can be extracted separately from the tooth passing angular frequency 
harmonics and their neighboring frequencies, respectively. 
 

Table 2.1. Simulation conditions. 

Tool properties   

Helix angle  𝛽 [deg] 35 

Diameter  2𝑟!"# [mm] 6 

Number of flutes  𝑁  4 

Runout of tool  𝜀 [µm] 1 

Cutting conditions   

Spindle speed  60𝜔!/(2𝜋) [min-1] 1200 

Feed per tooth  𝑐 [mm/tooth] 0.025 

Axial depth of cut (ADOC)  𝑑$ [mm] 1.5 

Radial depth of cut (RDOC)  𝑑% [mm] 1.5 

 
 

 
Fig. 2.4. Simulated example of cutting torque for 4-flute end mill. 
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2.3 DOC and runout identification 

2.3.1 ADOC calculation 
As previously mentioned, 𝛵- is composed of harmonic components (i.e., 

integer multiples) of the tooth-passing frequency 𝜔5 of the cutting torque 𝛵. 
According to Eq. (2.12), components of the cutting torque are expressed 
using the helical gradient function 𝛬, the tool engagement function 𝐺, and 
the static instantaneous chip thickness 𝐻- which represent the effects of the 
ADOC, the RDOC, and the feed rate on the cutting torque, respectively. 
Therefore, the ADOC/RDOC can be monitored by calculating 𝛬 and 𝐺 ∗ 𝐻- 
from 𝛵-.  

Figure 2.5(a) provides a simulated example of the amplitude of 𝛬. For 
reference, the dotted line shows the result of FFT analysis for one rotational 
period in infinite time domain instead of regarding the signal as periodic. The 
vertical lines with crosses show the frequency components of the periodic 
signal 𝛬. Note that the former one is scaled in the vertical axis to the latter 
one so that the crosses lie on the dotted line. As shown in this example, the 
frequency spectrum of 𝛬 has periodic notches at frequencies 𝑘𝜔#$'+( =

𝑘 7=6"!"()
3! @ABC

 where 𝑘 = 0,1,2, … ,∞ . This is because 𝜆  is a form of a 

rectangular step function in the time domain, which means that the ratio of 
the height to the angular delay of the helical cutting edge is constant during 
the engagement. Since the frequency of the notches are determined by the 
ADOC 𝑑" , 𝑑"  can be conversely computed by the notch frequencies 
estimated from the cutting torque signal. Note that 𝐺 ∗ 𝐻-  shown in Fig. 
2.5(b) does not have notches although 𝐺 is also a step function. This is 
because of the convolution product operation between 𝐺  and 𝐻- . As a 
result, the cutting torque has notches due to the helical gradient function 𝛬 
as shown in Fig. 2.5(c). The dotted line in the figure shows the result of the 
FFT analysis for one rotational period in infinite frequency domain, and the 
vertical lines with crosses show the frequency components of the periodic 
signal. As shown in the figure, 𝛵- also has multiple notches at the same 
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notch frequencies as 𝛬. Based on the idea that 𝛵- has a notch-like shape 
transcribed from 𝛬, the nearest tooth-passing frequency around 𝜔#$'+( is 
searched from the shape of the frequency components of the cutting torque. 
Given 𝜔#$'+(, 𝑑" is calculated as follows. 

 

𝑑" =
2𝜋𝜔#𝑟#$%
𝜔#$'+( tan 𝛽

	 (2.14) 

 
Note that if 𝑑" is close to the axial pitch of the cutting edges 𝑑",D =

7=!"()
5 @ABC

, which is the case where the (𝑖 + 1)'( tooth starts to immerse the 

workpiece surface as the 𝑖'( tooth exits, the cutting torque hardly fluctuates 
in the time domain. Also, 𝜔#$'+( becomes near the tooth passing frequency. 
Therefore, the notch-like shape cannot be observed through harmonic tooth 

passing frequency components in such a case ( 𝑑" ≈
7=!"()
5 @ABC

), and only the 

zero-frequency component is observed. If 𝑑" is larger than the axial pitch 
of the cutting edges, 𝜔#$'+( is the same as the notch angular frequency 
when the ADOC is 𝑑" − 𝑘𝑑",D, where 𝑘 is a natural number. Note that the 

integer multiples of 𝜔#$'+( can be used simultaneously in the same manner 
to reduce the error of the monitoring. In this chapter, the ADOC of up to 
7=!"()
5 @ABC

 is monitored by using only 𝜔#$'+(. 
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Fig. 2.5. Simulated examples: (a) amplitude of Λ(𝜔), (b) amplitude of 𝐺(𝜔) ∗

𝐻&(𝜔), (c) amplitude of 𝛵&(𝜔) = 𝑟!"#𝐾'{(𝐺 ∗ 𝐻&) ∙ 𝛬}. 
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2.3.2 RDOC calculation 
Once 𝑑"  is calculated from 𝛵- , 𝛬 can also be estimated using Eq. 

(2.13). Subsequently, 𝐺 ∗ 𝐻- is calculated as follows. 
 

𝐺 ∗ 𝐻- =
𝛵-

𝑟#$%𝐾'𝛬
	 (2.15) 

 
Although 𝐾'  is an unknown parameter, the effect of 𝐾'  can be 

removed by using the ratio between multiple frequency components of 𝐺 ∗
𝐻- since 𝐾' is common for all of the components. In this chapter, the first 
and the second harmonics of the tooth passing frequency are utilized for the 
calculation of the ratio as shown in Eq. (2.16). Note that other harmonic 
components can be used simultaneously to reduce the error of the 
monitoring. 

 

Ψ ≡
𝐺 ∗ 𝐻-(2𝜔5)
𝐺 ∗ 𝐻-(𝜔5)

=
𝛵-(2𝜔5)
Λ(2𝜔5)

Λ(𝜔5)
𝛵-(𝜔5)

	 (2.16) 

 
Figures 2.6 and 2.7 show the relationship between the angles 𝜃-', 𝜃*. 

and the ratio Ψ for 1,2, and 4-flute end mills. Figures 2.6(a) and (b) show 
explanations and schematic illustrations of the cutting situations for each 
corresponding 𝜃-' and 𝜃*.. Note that practical milling is conducted mostly 
clockwise (looking from the +z direction of a machining center), and the 
symmetry exists between the clockwise milling (see (i)-(iii) in Fig. 2.6) and 
the counterclockwise milling (see (iv)-(vi) in Fig. 2.6). Theoretically, the ratio 
Ψ depends on 𝜃-', 𝜃*., and the number of flutes 𝑁; thus, 𝜃-' and 𝜃*. can 
be calculated from the cutting torque and the monitored ADOC using the 
relationship provided in the figures assuming that 𝑁 is given. Consequently, 
the RDOC is monitored using 𝜃-'  and 𝜃*. . In the practical monitoring 
process, the relationships shown in Figs. 2.7(a)-(c) are calculated 
beforehand and stored as lookup tables. Note that 𝜃-'  and 𝜃*.  are 
independently identified prior to the RDOC. This means that the situation of 
up milling, down milling, and the intermediate milling process between them 



Chapter 2. Novel real-time monitoring method of depths of cut and runout for milling process 
utilizing FFT analysis of cutting torque     

 32 

can be classified, where the last one corresponds to the transient processes 
of the entrance/exit of the tool into/from the workpiece which occur in 
practical situations. 

 

 

 

 
Fig. 2.6. Cutting situations for corresponding 𝜃&' and 𝜃(): 

(a) explanations and (b) schematic illustrations. 
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Fig. 2.7. (left) Magnitude and (right) phase of ratio Ψ. 
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Note that the magnitude of the ratio Ψ becomes extremely large in Fig. 
2.7(c), e.g., near 𝜃-' ≈ 45°, 𝜃*. ≈ 135° and vice versa. The moment when 
the 4-flute end mill is immersed half the radius in the beginning of a slot 
milling process can be considered as an example. For such rare transient 
cases, the error of the monitoring becomes large by this calculation. 

 
2.3.3 Runout calculation 

As shown in Fig. 2.4, 𝛵*+ can be observed independently of 𝛵-. In this 
chapter, only the 𝜔# component is used for the runout calculation since it is 
only composed of the runout-dependent torque 𝛵*+(𝜔#) . The rotational 
component of the torque	 𝛵(𝜔#) can be derived from Eqs. (2.11) - (2.13) as 
follows for the case of 𝑁 ≠ 1, i.e., there is no runout for the single-flute case. 
Note that other harmonic components can be used simultaneously to reduce 
the error of the monitoring. 

 
𝛵(𝜔#) = 𝛵*+(𝜔#)	(∵ 𝛵-(𝜔#) = 0)

= 𝑟#$%𝐾'{𝐺 ∙ (𝐻*+ ∗ Λ)}
= 𝑟#$%𝐾'𝐺(𝜔#) ∙ {𝐻*+(𝜔#) ∙ Λ(0) + 𝐻*+(−𝜔#) ∙ Λ(2𝜔#)}

(2.17) 

 
Consequently, the tool runout parameters 𝜀 and 𝜃*+ can be calculated 

using 𝛵(𝜔#) as follows from Eqs. (2.12) and (2.17) for the case of 𝑁 ≥ 3, 
i.e., Λ(2𝜔#) = 0. 

 

𝜀 =
|𝛵(𝜔#)|2𝜋7𝜔#7

𝐾'𝑁𝑑" tan 𝛽 sin �
𝜃*. − 𝜃-'

2 � sin 𝜋𝑁

𝜃*+ =
𝜋
2 −

(𝜃*. + 𝜃-')
2 −

𝜋
𝑁 − ∠𝛵'

(𝜔#)

(2.18) 

 
It should be noted that 𝑑", 𝜃-', and 𝜃*. are already achieved from the 

previous monitoring steps. The remaining unknown parameter 𝐾' can be 
achieved from 𝐺 and Λ using Eq. (2.11) as follows. Here, only the tooth 
passing frequency component is utilized. Note that this specific cutting force 
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𝐾' is a useful parameter to know in practice since it reflects the effects of 
the tool geometry, workpiece strength, and cutting fluid. 

 

𝐾' =
𝛵-(𝜔5)

𝑟#$%{𝐺(𝜔5 − 𝜔#)𝐻-(𝜔#) + 𝐺(𝜔5 + 𝜔#)𝐻-(−𝜔#)}𝛬(𝜔5)
	 (2.19) 

 
For the case of 𝑁 = 2, Eq. (2.17) can be rewritten as Eq. (2.20) using 

the relationship of 𝐻*+(−𝜔#) = −𝐻*+�����(𝜔#). 𝐻*+����� is the complex conjugate of 
𝐻*+, i.e., 𝐻*+����� = Re{𝐻*+(𝜔#)} − 𝑗 × Im{𝐻*+(𝜔#)} where 𝑗 is an imaginary unit. 

 
𝛵(𝜔#)

𝑟#$%𝐾'𝐺(𝜔#)
= 𝐻*+(𝜔#) ∙ Λ(0) − 𝐻*+�����(𝜔#) ∙ Λ(2𝜔#) (2.20) 

 
By comparing the real/imaginary parts of the left and right sides of Eq. (2.20), 
𝐻*+ is calculated as follows. 

 

�Re
{𝐻*+(𝜔#)}

Im{𝐻*+(𝜔#)}
� 

= �Re
{Λ(0) − Λ(2𝜔#)} Im{Λ(2𝜔#)}
−Im{Λ(2𝜔#)} Re{Λ(0) + Λ(2𝜔#)}

�
/0

⎝

⎜
⎛ReW

𝛵(𝜔#)
𝑟#$%𝐾'𝐺(𝜔#)

X

Im W
𝛵(𝜔#)

𝑟#$%𝐾'𝐺(𝜔#)
X
⎠

⎟
⎞
	 (2.21) 

 
Consequently, the tool runout parameters 𝜀 and 𝜃*+ can be calculated as 
follows. 

 

𝜀 =
|𝐻*+(𝜔#)|

sin 𝜋𝑁
𝜃*+ =

𝜋
𝑁 +

𝜋
2 − ∠𝐻*+

(2.22) 
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2.3.4 Reliability index 
To evaluate the reliability of the monitored parameters, a reliability index 

𝜎 is introduced. The reliability index represents the similarity between the 
actual frequency components and the simulated frequency components 
based on the monitored parameters (i.e., cutting conditions). As an example, 
a reliability index that mainly evaluates the reliability of the ADOC and RDOC 
is defined as Eq. (2.23). Here, the sum of the absolute errors between the 
magnitudes of the harmonic tooth-passing frequency components of the 
actual cutting torque signal namely 𝑇(𝑘𝜔5) , and the simulated cutting 
torque using the monitored cutting conditions namely 𝑇&(𝑘𝜔5), is calculated. 
It is normalized with reference to the sum of the magnitudes of 𝑇(𝑘𝜔5) so 
that the cutting conditions do not affect the index, and then this value is 
subtracted from 1. 

 

𝜎 = 1 − h
1

∑ |𝛵(𝑘𝜔5)|%
E20

f>|𝛵(𝑘𝜔5)| − |𝛵&(𝑘𝜔5)|>
%

E20

i	 (2.23) 

where 

𝑚 = floor �
𝜔#$'+(
𝜔#

� 

 
A higher value means that the error is smaller, i.e., the monitored cutting 

conditions are more reliable. If the achieved cutting torque signal is noiseless 
and the monitoring is ideally accurate, the reliability index is 1. 

Figure 2.8 shows the flowchart of the reliability index calculation step. 
As shown in Eq. (2.23), the reliability index is affected by the integer 𝑚, 
which refers to the frequency range of ratio calculation. Considering practical 
situations where the high frequency components of the cutting torque signal 
are generally small, 𝑚 is set so that 𝑚𝜔5 is around the notch frequency of 
𝛬 in this chapter, and both the effects of ADOC and RDOC are evaluated 
sufficiently.  
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Fig. 2.8. Flowchart of reliability index calculation. 

 
It should be noted that the reliability index cannot be interpreted directly 

to the errors of the ADOC and RDOC since the reliability index refers to the 
error of the achieved and simulated cutting torque signals. The validity is 
confirmed through the cutting experiments later in this chapter. 

 

 
Fig. 2.9. Flowchart of monitoring strategy. 
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Figure 2.9 shows the overall flowchart of the monitoring strategy. Initially, 
the necessary information such as the spindle speed, the feed rate, the 
number of flutes, the helix angle, and the nominal radius of the tool are given 
from the user and the machine. Then, the ADOC, the RDOC, and the runout 
are calculated sequentially. Finally, the reliability index is evaluated. 
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2.4 Results and discussion 

Cutting experiments to confirm the validity of the proposed monitoring 
method are conducted on a 3-axis machining center (SPEEDIO S500X1, 
Brother Industries, Ltd.). Figure 2.10 shows a photograph of the 
experimental setup. A typical free-cutting brass (CuZn39Pb3) is used as the 
workpiece, and coated 1, 2, and 4-flute carbide square end mills with a helix 
angle of 35 degrees are used as the tools. The experimental conditions are 
summarized in Table 2.2. 

 The z-axial cutting force instead of the cutting torque is measured with 
a dynamometer (9275, KISTLER) set under the workpiece. This is because 
the z-axial cutting force is proportional to the cutting torque for the case of 
the square end mill. These two data are exchangeable using the nominal 
radius of the end mill 𝑟#$% and the cutting force ratio 𝑘1, i.e., the ratio of z 
axial component to tangential force. Therefore, the normalized z-axial cutting 
force and cutting torque can be regarded as the same and using the z-axial 
cutting force does not affect the logic of this proposed monitoring strategy. 
In the near future, the cutting torque measured/identified by the machine tool 
itself with sufficiently wide frequency band width may be available in practice. 
The magnitude of the tool runout is preliminarily measured using a dial 
gauge for comparison. On the other hand, the workpiece geometry after 
cutting is measured using a vision measurement machine (QVH4, Mitutoyo), 
which is sufficiently equal to the designed geometry for every experiment. 

The experimental conditions can be classified into three types: constant 
RDOC and constant ADOC, changing RDOC and constant ADOC, and 
changing ADOC and constant RDOC. A schematic of each type is shown in 
Figs. 2.11, 2.12, and 2.13, respectively. 

For the first type, both the RDOC and the ADOC of the tool path are set 
to be constant for a single condition as shown in Fig. 2.11, and several 
conditions are evaluated. The cutting experiments are conducted with the 1, 
2, and 4-flute end mills. For the second type, the RDOC of the tool path is 
linearly increased during the cutting process whereas the ADOC is set to be 
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constant as shown in Fig. 2.12. The 4-flute end mill is utilized. For the third 
type, the RDOC is set to be constant whereas the ADOC is increased linearly 
along the tool path as shown in Fig. 2.13. The 4-flute end mill is utilized. 
 

Table 2.2. Experimental conditions. 

Workpiece material  CuZn39Pb3 

Tool properties 

Helix angle  𝛽 [deg] 35 

Diameter  2𝑟!"# [mm] 6 

Number of flutes  𝑁  1, 2, 4 

Cutting conditions   

Spindle speed  60𝜔!/(2𝜋) [min-1] 1200 

Feed per tooth  𝑐 [mm/tooth] 0.025 

Axial depth of cut (ADOC)  𝑑$ [mm] 0.5 - 7 

Radial depth of cut (RDOC)  𝑑% [mm] 0.5 - 5 

  
 

 
Fig. 2.10. Experimental setup. 
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Fig. 2.11. Schematic illustration of first type of experiment: constant RDOC and 

constant ADOC: (a) front view and (b) side view. 

 

 
Fig. 2.12. Schematic illustration of second type of experiment: changing RDOC 

and constant ADOC: (a) front view and (b) top view. 
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Fig. 2.13. Schematic illustration of third type of experiment: constant RDOC and 

changing ADOC: (a) front view and (b) top view. 

 
The experimental results of constant ADOC/RDOC tool path are shown 

in Tables 2.3, 2.4, and 2.5 for 1, 2, and 4-flute end mills, respectively. The 
monitored values are the calculated average values throughout the tool path 
excluding the transient entrance/exit conditions of the tool into/from the 
workpiece. As shown in Table 2.3, only the RDOC and the ADOC values are 
compared for the 1-flute end milling processes since there is no runout for a 
1-flute end mill. During the 2-flute end milling experiments, the tool has been 
detached and reattached; therefore, there exists a change of the runout 
value (see Table 2.4). As shown in the tables, the parameters are monitored, 
and the errors are evaluated compared to the measured values for all the 
cutting conditions with constant RDOC and ADOC. Figure 2.14 shows an 
example of the monitored data for the 4-flute end milling process with RDOC 
of 3 mm, ADOC of 0.5 mm, and runout of 1.5 µm. As shown in the figure, 
the proposed method successfully tracks each parameter. 

It should be noted that the monitored runout amplitudes for the 2-flute 
end milling process shows greater error than the cases of the 4-flute end mill. 
This error is due to the additional calculation in Eq. (2.21), which is required 
only for the 2-flute end mill case. 
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Fig. 2.14. Results of first type of experiment: constant ADOC/constant RDOC. 

 
Table 2.3. Results of first type of experiment: 1-flute end mill. 

Designed Monitored 

𝑑% 	[mm] 𝑑$	[mm] 𝑑% 	[mm] 𝑑$	[mm] 
Reliability 

index 
1 0.5 1.223 0.466 0.88 
1 0.5 0.903 0.453 0.83 
2 0.5 2.113 0.473 0.91 
5 0.5 5.162 0.494 0.98 

0.5 2 0.601 1.921 0.93 
0.5 3 0.554 2.968 0.98 
0.5 5 0.725 5.441 0.90 
1 5 0.798 4.632 0.89 
1 2 0.946 2.041 0.97 
3 2 3.179 2.176 0.88 
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Table 2.4. Results of first type of experiment: 2-flute end mill. 

Designed Measured Monitored 

𝑑% 	[mm] 𝑑$	[mm] 𝜀	[μm] 𝑑% 	[mm] 𝑑$	[mm] 𝜀	[μm] 
Reliability 

index 
0.5 5 

1 

0.563 5.269 1.46 0.94 
1 0.5 1.121 0.529 2.82 0.92 
3 0.5 3.142 0.527 3 0.91 
5 0.5 5.083 0.453 0.59 0.83 

0.5 1 

4.4 

0.586 0.907 5.02 0.84 
0.5 2 0.571 2.041 4.97 0.97 
0.5 3 0.452 3.265 2.68 0.88 
1 5 0.962 5.164 6.8 0.96 

 
Table 2.5. Results of first type of experiment: 4-flute end mill. 

Designed Measured Monitored 

𝑑% 	[mm] 𝑑$	[mm] 𝜀	[μm] 𝑑% 	[mm] 𝑑$	[mm] 𝜀	[μm] 
Reliability 

index 
1 0.5 

1.5 

1.136 0.453 1.50 0.85 
3 0.5 2.924 0.51 1.71 0.97 
5 0.5 5.209 0.453 1.43 0.85 

0.5 0.5 0.599 0.480 1.44 0.94 
0.5 1 0.524 1.134 1.28 0.87 
0.5 2 0.536 2.128 1.04 0.93 
0.5 3 0.51 3.080 1.19 0.97 

 
Figure 2.15 shows the relationships between the reliability index and the 

DOCs error of the experimental results. The DOCs error is calculated in 
percentage by comparing the measured values and the monitored values. 
As shown in the figures, the reliability index tends to have large values when 
the error is small. Therefore, the reliability index can be useful information to 
evaluate the monitoring error. 
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Fig. 2.15. Relationship between reliability index and relative errors. 

 
Figures. 2.16 and 2.17 present the monitored parameters and the 

calculated reliability index for the second and third types of experiments, 
respectively. The measured runouts of the tool for both conditions are 1.5 
µm. The dotted lines represent the instantaneous DOCs calculated by the 
workpiece/tool geometries along the feed direction. Focusing on the range 
where the reliability index is relatively high, the DOCs are successfully 
tracked even though the DOCs rapidly change in the transient states. 
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Fig. 2.16. Results of second type of experiment: constant ADOC and linearly 

increasing RDOC. 

 

 
Fig. 2.17. Results of third type of experiment: linearly increasing ADOC and 

constant RDOC. 
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The above monitoring process for each tool rotation cycle is completed 
in under 1 ms, utilizing the developed Matlab code and a notebook computer 
with Apple M1 processor running at 3.20 GHz. Since the time of 1 ms spent 
for the proposed monitoring method for each tool rotation cycle is much less 
than the revolution period of the tool of 50 ms, the developed method can be 
executed in real-time. Also note that the sampling rate of the z-axial cutting 
force signal is 1 MHz which is more than enough. Considering that the 
sampling rate is in a trade-off relationship with the computational cost, higher 
execution speed is achieved by choosing an adequate sampling rate; hence, 
milling process with higher spindle speeds can be covered. Although the 
monitoring is conducted here in the timestep of the tool revolution cycle, the 
number of tool revolutions can be chosen flexibly, e.g., one monitoring cycle 
for 3 tool revolutions, on demand for the spindle speed coverage.  



Chapter 2. Novel real-time monitoring method of depths of cut and runout for milling process 
utilizing FFT analysis of cutting torque     

 48 

2.5 Summary 

A novel integrated real-time monitoring method for the DOCs and the 
tool runout based on the frequency domain analysis of the cutting torque for 
the square end milling process is proposed in this chapter. The proposed 
method focuses on the feature that the tool-runout-independent and the tool-
runout-dependent cutting torque components are observed at different 
frequencies. The former is observed at the integer multiples of the tooth 
passing frequency, and the latter is observed at the neighboring frequencies 
of them. Based on this feature, the notch frequency due to the helix of the 
tool is searched from the shape of the tooth passing frequency harmonics, 
and the ADOC is calculated from it first. For the next step, the RDOC is 
calculated using the monitored ADOC value from the ratio and phase 
difference between the tooth-passing frequency components of the cutting 
torque. With the monitored ADOC and RDOC values, the specific cutting 
force and the tool runout are calculated from the tool-runout-independent 
and tool-runout-dependent frequency components, respectively. Finally, an 
index for evaluating the reliability of the monitored outputs is calculated. 

Experiments are conducted to confirm the validity of the proposed 
method. The desired parameters, i.e., the DOCs and the tool runout, are 
monitored from the z-axial cutting force, which is proportional to the cutting 
torque. 3 types of the cutting conditions, i.e., tool paths with constant ADOC 
and constant RDOC, constant ADOC and changing RDOC, and changing 
ADOC and constant RDOC, are tested. As a result, the DOCs and the tool 
runout are monitored successfully even for the transient conditions where 
the tool enters/exits the workpiece. In addition, the relationship between the 
suggested reliability index and the relative errors of the DOCs is investigated. 
The index is shown to be correlated with the monitoring error of the DOCs; 
therefore, it can be said that the introduced index indicates the reliability of 
the monitored parameters. 



 

Chapter 3  
Novel rotational center self-identification method 
of machine tool by utilizing multiple tool-workpiece 
contacts with redundant-axis movement 

 

3.1 Introduction 

In the general CNC turning process, the dimensional accuracy of a 
finished product strongly depends on the relative position between the 
workpiece and the tool set by the user. Therefore, its identification, e.g., the 
relative vector from the rotational center of the workpiece to the cutting edge, 
has to be conducted precisely. Conventionally, the relative position between 
the workpiece and the cutting edge is identified by slightly cutting the 
workpiece within the finishing allowance and measuring its diameter 
manually; automation is impeded. 

To realize automation, the method using touch probe sensors or tool 
setters are commonly adopted to the practical CNC turning process [66]. 
However, since the position of only the tool is measured, the positional error 
of the rotational center is included; preciseness lacks. On the other hand, 
this error can be excluded by feedbacking the diameter error of the machined 
workpiece measured by an external machine mounted with air/electric 
micrometers [67]. However, this is an ex-situ method [68], i.e., it is not 
capable of immediate compensation, and additional equipment is necessary 
[69]. For this concern of the downtime loss of the machine due to the ex-situ 
scenario, several in-situ workpiece measurement methods based on 
mounting various types of sensors on the machine are suggested [70-72]. 
Still, these methods require precise alignment of the sensors and the 
additional costs due to the installation of the sensors. Consequently, an in-
situ method to identify the diameter error without additional equipment is 
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desired. 
Meanwhile, in the author’s understanding, there has been no research 

to realize machine tools which can self-identify their machining errors, e.g., 
diameter error, without additional sensors and/or precise reference surfaces. 
However, the author have realized that such self-identification becomes 
possible by utilizing multiple direct contacts between a tool and a pre-
machined workpiece surface with redundant-axis movement of recently 
available multi-axis machine tools, e.g., turning centers equipped with a Y-
axis, since number of these machine tools has increased in the market for 
process consolidation in shops. For example, the rotational center 
coordinates and the diameter of the workpiece in turning can be smartly 
identified, which can be used for future automation. 

In order to realize the above smart self-identification strategy, a precise 
detection method for the direct contact between the tool and the workpiece 
is required, which is analogous to the touch probe method but uses the tool 
edge instead of the touch probe. Precedent researchers suggested a variety 
of such direct approaches. Machine-vision-based and optical approaches 
are commonly utilized for commercial usage; however, they require a precise 
sight alignment [68], which is undesirable. On the other hand, several 
researchers reported acoustic-emission-sensor-based contact detection 
methods [73-77]. In addition, Castaño et al. proposed a conductance-
sensor-based method targeting conductive materials [78]. Nevertheless, 
equipping external sensors to the machine tools is cost/space-consuming 
and fragile in a machining environment. Meanwhile, a sensor-less method 
utilizing a disturbance observer of the internal servo system is proposed as 
an alternative to the above sensor-based methods [79]. Concerned with the 
precision of the contact detection, the above studies [73-77,79] reported that 
they successfully detected the tool-workpiece contact under sub-micron 
order error for precision machining. However, they rely on the high 
positioning resolution of precision machine tools, which is at least ten times 
higher than general machine tools. Therefore, the above methods are not 
suitable for the scale of the general CNC turning process. In addition, their 
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threshold-based judgment of the contact state from the signals contains an 
error because of the delay from the actual and precise contact timing. 

From these contexts, this study firstly proposes a direct tool-workpiece 
contact detection method by utilizing the internal data of the machine tool 
servo for the general CNC turning process. The threshold-originated-error is 
excluded by processing the time-sequential internal data regressively. 
Furthermore, servomechanism-originated-error is excluded by comparing 
the data of non-contact and contact motions. Secondly, the rotational center 
self-identification strategy based on multiple tool-workpiece contacts on the 
pre-machined surface with a redundant-axis movement is proposed. The 
pre-machined workpiece surface is regarded as a cylindrical shape centered 
on the rotational center of the machine, and the workpiece profile can be 
identified from multiple contact points by fitting a circle to the workpiece 
projected in the cross-sectional direction. Then, experimental results of the 
contact detection are presented. Lastly, an outer diameter turning 
experiment is conducted to confirm the validity of the rotational center 
identification method.  
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3.2 Concepts of proposed method 

Two methods are proposed in this research: precise contact detection 
and rotational center identification. Figure 3.1 provides a schematic 
illustration of the proposed methods. 𝑝) refers to the 𝑖-th contact point used 
for the rotational center identification, and 𝑑𝑧),):0  refers to the Z-axial 
distance between the 𝑖-th and the (𝑖 + 1)-th contact points. In the former 
method, the moment of contact is identified by processing the time-
sequential internal data backwardly. In the latter method, the redundant-axis 
movement, specifically referring to the Y-axis in this research, is utilized so 
that multiple contacts are made on the pre-machined surface. Using the 
information extracted by these contacts, the workpiece profile, including the 
rotational center, is identified. The detailed concepts of the proposed 
methods are explained as follows. 

 

3.2.1 Contact detection method 
The proposed contact detection method involves a two-step sequential 

motion of the machine tool; an aircut motion and a cut motion. Here, the 
aircut/cut motion refers to a rotation without/with a radial feed-axis (X-axis) 
movement of the tool, respectively. The same spindle movement is 
commanded for both motions. 

Figure 3.2 shows the flowchart of the contact detection. First, the spindle 
servo data, namely the spindle torque command signal in this research, 
during the aircut motion is achieved. Then, during the cut motion, the tool is 
fed along the X-axis and contacts the workpiece surface with a bit of removal 
of the workpiece material within the finishing allowance; accordingly, the 
torque command signal of the spindle servo arises following the 
ploughing/cutting force (i.e., contact force). Afterwards, the tool retreats. 

Under the assumption that the torque command signal of the aircut 
motion shows sufficient repeatability, e.g., torque ripples corresponding to 
bearing kinematics and cogging torque, the influence of the contact force on 
the torque command signal can be observed by comparing the cut motion to 
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the aircut motion. In other words, the torque command signal of the 
previously recorded aircut motion is subtracted from the signal of the cut 
motion. The exact moment of the contact is identified by processing the 
subtracted signal. Then, the rise of this subtracted signal due to the contact 
is sampled backward from the moment when it exceeds the set threshold to 
the moment when it falls below the mean value of the idle-rotation state. The 
sampled data is fitted by a regression line/curve, specifically a regression 
line in this research. Subsequently, the moment of the intersection between 
the fitted line and the mean value of the idle-rotation state is identified to be 
the exact moment of the initial contact. The positional signal of the X-axis 
servo is achieved during the cut motion; thus, the coordinate of the contact 
point can be obtained. The detailed signal processing method including the 
selection of the threshold value is explained with a numerical example in the 
further part of this chapter (see Chapter 3.2). 

Note that the repeatability of the torque command signal of the idle 
rotation is important; thus, the influence of the mechanical structure (e.g., 
positions of bearing rollers and rotor) inside the spindle should be considered. 
For this purpose, the C-axis is rotated in the counter direction to initialize the 
spindle position after the aircut. For example, if the C-axis is rotated 90 
degrees for the aircut motion, it is rotated -90 degrees before starting the cut 
motion. 

 

3.2.2 Rotational center identification 
Suppose a cylindrical workpiece is mounted on a typical 4-axis (X-Y-Z-

C) CNC lathe, where the Y-axis is necessary for the rotational center 
identification. The workpiece is pre-machined without the accurate 
information of the rotational center; therefore, the diameter is unknown, but 
the pre-machined surface can be regarded as a cylindrical shape centered 
on the rotational center of the spindle. Figures 3.1 and 3.3 provide schematic 
illustrations of the proposed rotational center identification method. A basic 
circle fitting based on least squares method is utilized here [80]. As shown 
in the figures, contacts are made at multiple points (minimum of 3 points 
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including the point where the pre-machining was conducted, but more points 
are recommended for the accuracy of the identification; discussed later in 
this chapter) at different Y-axis, namely redundant-axis, positions. To avoid 
the overlapping of contacts, the Z-axis positions may be also moved slightly 
for each contact. Since the Y-axis is the redundant-axis, which is 
independent of the pre-machining, the diameter of the workpiece and the 
rotational center coordinates can be attained by fitting a circle in the X-Y 
plane with the calculated contact coordinates on the cylindrical surface. In 
this research, the coordinates of the contact points are acquired using the 
proposed contact detection method, and the circle is fitted by the Gauss-
Newton algorithm. 

 

 
Fig. 3.1. Schematic of contact detection and rotational center identification. 
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Fig. 3.2. Flowchart of contact detection. 

 

 
Fig. 3.3. View in Z-axis during rotational center identification. 
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3.3 Data processing 

3.3.1 Experimental setup 
The contact detection experiment and the outer diameter turning 

experiment are carried out to confirm the validity of the proposed methods. 
Figure 3.4 shows a photograph of the experimental setup, and Table 3.1 
shows the experimental conditions. A CNC lathe (Okuma Corp., 
SPACETURN LB3000EX) is utilized, and a tool insert (Mitsubishi Material 
Corp., TCMW16T308 HTi10) mounted on a tool shank (Steel, ISO C45) is 
used to contact a cylindrical workpiece (Brass, ISO CuZn39SN1). The 
contact detection experiment is conducted with a workpiece diameter of 68 
mm, and the outer diameter turning experiment is conducted with a diameter 
of 62 mm. 

To ensure enough repeatability of the spindle torque command, the 
workpiece is rotated a total of six turns for each aircut/cut motion. After five 
preliminary revolutions, the tool is fed toward the workpiece for the cut 
motion from 5 mm above the surface to a depth of cut of 0.1 mm, and then 
it is pulled back to the initial position. 

For the contact detection experiment, the set of the aircut and cut 
motions is conducted 30 times so that enough samples to evaluate the 
proposed method can be obtained. The X/C-axes are controlled 
simultaneously for the contact detection here. The contact position is 
calculated using the proposed method from the obtained servo signals. 
Since the workpiece is pre-machined, the X-axis and Y-axis positions of the 
pre-machining process, namely 𝑥'!F* and 𝑦'!F*, are regarded as the true 
contact coordinates. The Y-axis position of the 30 aircut and cut motions is 
unchanged from that of the pre-machining, i.e., 𝑦'!F*; thus, the errors of the 
proposed contact detection method are evaluated by comparing the 
detected X-axis positions of the contacts with 𝑥'!F*. To avoid the overlapping 
of contacts, which can affect the preciseness of the contact detection method, 
the Z-axis position is moved slightly for each contact. Note that 𝑦'!F* is a 
roughly set value without the knowledge of the precise position of the 
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rotational center. 
Afterwards, the outer diameter turning experiment is conducted to 

confirm the validity of the rotational center identification method. 5 points at 
different Y-axis positions, ranging from 𝑦'!F* − 20	𝑚𝑚 to 𝑦'!F* + 5	𝑚𝑚 in 
this experiment, are utilized. Since the position of the pre-machining process 
is regarded as the known true contact coordinates, 4 additional contacts are 
made. Note that this Y-axis position range is selected to be nearly the 
maximum extent while avoiding the flank face interference; thus, the Y-axis 
position range is dependent on the tool insert shape and the roughly known 
diameter. Note also that only one contact is made for each Y-axis position. 
Using the positional information extracted from these contacts, the rotational 
center is identified. Next, the workpiece is turned to the set target diameter 
using the identified rotational center, and the diameter of it is measured with 
a micrometer. The error between the target and measured diameters is 
evaluated. 

 
3.3.2 Contact detection processing 

Figure 3.5 shows an example of the achieved servo signals. 𝜏")!(𝑡) 
and 𝜏+F'(𝑡)  refer to the torque command signals of the aircut and cut 
motions, respectively. Note that the difference of the torque commands at 
the beginning has no essential meaning since the C-axis control is off, and 
the reason of the counterclockwise rotation of the spindle near the end of the 
signal is to initialize the spindle position for the next contact, see Section 2.1. 
If the exact moment of the contact is given as 𝑡+, which can be identified 
from 𝑥'!F*(true contact coordinate) and the X-axis position signal, it can be 
observed that 𝜏")! and 𝜏+F' have sufficient repeatability for 𝑡 < 𝑡+ (see Fig. 
3.5(c)). The difference between the torque commands of the aircut and cut 
motions starts to appear as the tool begins to contact the workpiece surface. 
Note that the rise of 𝜏+F' itself by the contact can hardly be judged (see Fig. 
3.5(b)); hence, the signal of the air cut motion and its subtraction is essential 
for the precise contact detection in standard-accuracy machine tools. 

Figure 3.6 shows an example of the subtracted signal Δ𝜏 = 𝜏+F' − 𝜏")!. 
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Let 𝑡4 be the time when the spindle starts to rotate and 𝑇 be the cycle time 
of rotation. 𝜂 and 𝜅 refer to the mean and the standard deviation of Δ𝜏 for 
𝑡4 + 4𝑇 ≤ 𝑡 < 𝑡4 + 5𝑇 , respectively. In other words, they are calculated 
during the rotation just before the tool starts to be fed. When Δ𝜏 reaches a 
set threshold of 𝜂 + 4𝜅, namely point A in the figure, it is sampled backward 
from point A to the point where it first reaches 𝜂, namely point B. Then, a 
straight line is fit against the rising signal of the section A-B. Note that this 
threshold has to be larger than the noise level of the aircut motion, and it 
also has to be small enough so that the depth of contact does not exceed 
the finishing allowance. Moreover, 4  times the standard deviation shall 
include 99.994% of the data, i.e., the reliability is high. For these reasons, 
𝜂 + 4𝜅 is chosen as the threshold. The intersecting point between the fit line 
and the horizontal line of the mean value 𝜂 is calculated, which is shown as 
point C in Fig. 3.6. Consequently, this moment is identified to be the 
calculated contact time. From the position signal of the feed axis servo, the 
coordinate of the contact point is obtained. Note that the rising signal of the 
section A-B is fit as a linear function here considering that the fitting range is 
small. 
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Fig. 3.4. Experimental setup. 

 
Table 3.1. Experimental conditions. 

Workpiece properties  

Workpiece material Brass CuZn39Sn1 

Workpiece diameter (i) 68 (contact detection) 
(ii) 62 mm 

(rotational center identification) 
Tool properties  

Tool material HTi10 coated carbide 

Nose radius of tool 0.8 mm 

Rake / clearance angle of tool 0 / 7 deg 

C axis rotational speed 24 min-1 

X axis approaching speed 
(X axis approaching feed rate) 

244.8 mm/min 
(10.2 mm/rev) 

Maximum depth of cut 0.1 mm 

Sampling rate 100 kHz 

Number of samples for moving average 100 
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Fig. 3.5. (a) X-axis position signals, (b) spindle torque command signals, and (c) 

magnified view of spindle torque command signals. 

 

 

Fig. 3.6. Example of signal processing method. 
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3.3.3 Gauss-Newton method for identification of workpiece profile 
Given that the coordinates of the multiple contact points on the pre-

machined surface are extracted from the results of the contact detection 
method, the coordinates of the rotational center (𝑥+, 𝑦+) and the diameter 𝐷 
of the workpiece are identified using an iterative algorithm based on the 
nonlinear least-squares optimization, the Gauss-Newton algorithm. 
Consequently, the rotational center and the diameter of the workpiece are 
obtained. 
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3.4 Results and discussions 

 
Fig. 3.7. Results of contact detection experiments. 

 
Figure 3.7. shows the histogram of the iterative contact detection 

experiments with a bin-width of 0.34 µm and the fitted normal distribution. 
From the results, it can be said that the proposed contact detection method 
shows repeatability ( 𝜎 ) within a few microns error. Compared to the 
commercial touch probe sensors for the standard accuracy machine tools, 
whose repeatability are generally 0.5	µm [81], the proposed method shows 
a close value without the sensor. However, note that these sensors are only 
for the information of the workpiece, that is, the tool information will be added 
to this and become a worse repeatability. The mean value of the contact 
detection errors (𝜇) is 13.46 µm. This error originates from the linearization, 
which refers to the discrepancy between the fitted regression line and the 
actual curvature of the subtracted signal corresponding to the actual process; 
e.g., nose radius and cutting-edge radius (which is large if the tool wear is 
large) affect the process (see Fig. 3.6). Further consideration of these effects 
is expected to reduce this error at the next step of this research. 

Table 3.2 and Fig. 3.8 show the result of the outer diameter turning 
experiment. It should be noted that the coordinates presented in the table 
are calculated relatively from the true contact point of the pre-machining 
process (𝑥'!F*, 𝑦'!F*), and this relative coordinate system is common for the 
contact points and the identified rotational center. Note that the point 𝑝0 is 
set as the origin of this coordinate system. As shown in the table, the error 
between the target and measured diameters is 11	µm. 
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Table 3.2. Result of outer diameter turning experiment. 

Relative coordinates of identified contact 
points on pre-machined workpiece surface 

(0, 0), (-0.205, 5), (-1.088, -7) 
(-3.979, -14), (-8.391, -20) 

Identified/measured diameter of pre-
machined workpiece 

61.968 / 61.980 mm 

Relative coordinate of identified rotational 
center 

(-30.972, 1.235) 

Target/measured diameter of machined 
workpiece 

60.000 / 60.011 mm 

 

 
Fig. 3.8. Utilized contact points for identification. 

 
Note that choosing the possibly widest extent of the redundant-axis 

position range is desirable while considering the tool-edge geometry, i.e., 
rake/flank angle, for accurate rotational center identification. Also, the 
identification error can be decreased by increasing the number of contact 
points utilized for the identification. 
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3.5 Summary 

Two methods for identification of the tool-workpiece relative position, 
specifically the rotational center, in the general CNC turning process are 
proposed in this chapter: a novel direct tool-workpiece contact detection 
method and a rotational center self-identification strategy. The former 
method identifies the contact coordinates by utilizing the internal data of the 
machine tool servo. Especially, the servomechanism-originated-error is 
eliminated by comparing the data of non-contact and contact motion. In 
addition, the threshold-originated-error is excluded by processing the time-
sequential internal data backwardly. The latter method makes multiple tool-
workpiece contacts on the pre-machined surface with a redundant-axis 
movement. The rotational center is identified from those contacts by fitting a 
circle to the identified workpiece coordinates projected in the cross-sectional 
direction. Experiments have been carried out to confirm the validity of the 
proposed methods. The results showed that the proposed methods can 
realize good accuracy and repeatability, i.e., error of 13.46 µ m and 
repeatability of 1.18 µm for the contact detection and error of 11 µm for the 
rotational center identification. For future work, the author expect that the 
proposed self-identification concept can be utilized in further applications 
such as identification of centers of rotational tables of 5-axis milling 
machines, perpendicularity between machine tool axes, and so on. 



 

Chapter 4  

Conclusions 

 
For the high efficiency cutting process on machine tools, attempts to 

apply the concept of smart manufacturing to the machining process have 
been made. In this manner, studies to resolve problems that exist in the 
machining operation are conducted relying on information achieved from the 
cutting process. Despite the fact that deep theoretical understandings have 
been achieved, and a sufficient number of countermeasures have been 
proposed as outcomes of previous studies, the industrial application has 
been limited because the necessary cutting-relevant information is often 
complicated and cost-consuming to be achieved/analyzed. To overcome 
these limitations and realize practical smart solutions, research on self-
identification methods of cutting-relevant information is carried out. The aims 
of this thesis are to propose real-time self-identification methods of the DOCs 
and runout for the square end milling process, and to propose the tool-
workpiece relative position identification method for the general turning 
process. The main contributions and findings are summarized as follows: 

In Chapter 2, a novel integrated real-time monitoring method for the 
DOCs and the tool runout based on the frequency domain analysis of the 
cutting torque for the square end milling process is proposed. The notch 
frequency due to the helix of the tool is searched from the shape of the tooth 
passing frequency harmonics, and the ADOC is calculated from it first. For 
the next step, the RDOC is calculated using the monitored ADOC value from 
the ratio and phase difference between the tooth-passing frequency 
components of the cutting torque. With the monitored ADOC and RDOC 
values, the specific cutting force and the tool runout are calculated from the 
tool-runout-independent and tool-runout-dependent frequency components, 
respectively. Finally, an index for evaluating the reliability of the monitored 
outputs is calculated. Experiments are conducted to confirm the validity of 
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the proposed method. The desired parameters, i.e., the DOCs and the tool 
runout, are monitored from the z-axial cutting force, which is proportional to 
the cutting torque. 3 types of the cutting conditions, i.e., tool paths with 
constant ADOC and constant RDOC, constant ADOC and changing RDOC, 
and changing ADOC and constant RDOC, are tested. As a result, the DOCs 
and the tool runout are monitored successfully even for the transient 
conditions where the tool enters/exits the workpiece. The computation time 
is below the machining operation time; therefore, the real-time monitoring 
system can be realized. In addition, the relationship between the suggested 
reliability index and the relative errors of the DOCs is investigated. The index 
is shown to be correlated with the monitoring error of the DOCs; therefore, it 
can be said that the introduced index indicates the reliability of the monitored 
parameters. 

In Chapter 3, two methods for identification of the tool-workpiece relative 
position, specifically the rotational center, in the general CNC turning 
process are proposed: a novel direct tool-workpiece contact detection 
method and a rotational center self-identification strategy. The former 
method identifies the contact coordinates by utilizing the internal data of the 
machine tool servo. Especially, the servomechanism-originated-error is 
eliminated by comparing the data of non-contact and contact motion. In 
addition, the threshold-originated-error is excluded by processing the time-
sequential internal data backwardly. The latter method makes multiple tool-
workpiece contacts on the pre-machined surface with a redundant-axis 
movement. The rotational center is identified from those contacts by fitting a 
circle to the identified workpiece coordinates projected in the cross-sectional 
direction. Experiments have been carried out to confirm the validity of the 
proposed methods. The results showed that the proposed methods can 
realize good accuracy and repeatability, i.e., an error of 13.46 µm and 
repeatability of 1.18 µm for the contact detection and an error of 11 µm for 
the rotational center identification. 
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