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Abstract—Evaluating the quality of the machining process annotated by experts on
the floor in case of developing a silent anomaly is a challenging task. Components
wear, wrongly labeled processes, or highly imbalanced data are some examples of
real-world difficulties that may prevent the reliability of machine learning algorithms in
the manufacturing environment. Since human experts may face several challenges while
annotating such high-frequency data, this letter evaluates effective health indexes using
time–frequency analysis to extract reliable patterns or vibration signatures assigned to
the process quality or bearing health status. A benchmark dataset for process monitoring
of Brownfield milling machines over two years is utilized in this letter where the resulting
process is evaluated by experts in a gauging station. Vibration signals are collected from three different computer
numerical control (CNC) using a triaxial accelerometer, which is mounted on the rear side of the machines. Considering
a single operation, the extracted vibration signature is validated on two test CNC machines. As results show, the overall
energy level in the frequency range of 0–1 kHz while considering only radial axes gives effective insight into the quality of
the process and degradation pattern.

Index Terms—Sensor applications, computer numerical control (CNC), condition-based monitoring, discrete Fourier transform, industrial
dataset, industry 4.0, quality control, time–frequency analysis, vibration analysis.

I. INTRODUCTION

Additive and subtractive processes are two pillars in modern manu-
facturing and factories with their applications, benefits, and drawbacks
[1], [2]. However, due to market demand and technical progress,
such processes are constantly changing with research advancement,
which results in modifications in the production speed and process
operations. This raises the attention to developing a reliable system for
health monitoring [3], [4], [5] and process quality [6], [7] especially
in computer numerical control (CNC) machines as one of the most
robust and long-standing pillars of the production chain. Prevention of
catastrophic failures, predicting tool life, and consequently increasing
productivity along with quality are some advantages of comprehensive
tool condition monitoring (TCM) systems. However, this requires a
system that can correlate the turning variables and tool wear, capable
of sensing the changes while addressing their effects on the quality.
In [8], an indirect TCM system is discussed in detail. The analysis is
devoted to the progression of wear [9] without stopping the operation
through sensorial data correlation with tool wear and decision-making
methods, such as artificial neural networks, fuzzy logic, and hidden
Markov model. Regarding the level of complexity in CNC machining
centers in addition to extreme machining environments, tool wear mon-
itoring and analysis become multidomain with high-complexity tasks.
Although artificial intelligence techniques can be used as method-
ology, generalization is still one of the primary challenges for such
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advanced techniques mainly due to environmental and manufacturing
challenges, such as changes in the machining parameters or mainte-
nance methods. To address these real-world conditions and not rely
only on laboratory limited-time experiments [10], a challenging CNC
research dataset as a benchmark from a real production environment
has been published in [11], which is collected over a long period,
including different machines and operations. As noted by authors, it
contains main challenges that hinder the reliability of ML algorithms
in the manufacturing environment, such as missing precise annotations
for process quality, wrongly labeled process, high imbalance of healthy
and faulty process classes in addition to drift in classes between
different time frames because of components wear or hydraulic issues.
Therefore, supervising the level of quality for the produced pieces
evaluated by experts on the floor while a silent anomaly is developing
becomes a worst-case scenario in such a comprehensive database.
Addressing such a challenging task requires advanced monitoring of
critical components of the machine, which developing wear will cost a
significant shot-down. In this letter, the response of the installed triaxial
accelerometer on the rear bearing of two different four-axis horizontal
CNC machining centers is studied. The approach is to apply short-time
Fourier transform (STFT) to extract the vibration signature in addition
to evaluate effective health indicators on labeled healthy and faulty
processes in such a challenging dataset.

The rest of this letter is organized as follows. Section II presents
the methodology for evaluating overall energy distribution in addition
to extracting vibration signature, which is discussed in more detail.
In Section III, a brief description of the dataset on CNC machine
monitoring in addition to the acquired data and its experimental setup is
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presented. Finally, results and conclusions are presented in Sections IV
and V, respectively.

II. METHODOLOGY

Evaluating the level of machining quality or process itself only
relying on experts on the shop floor may not give information about
silent anomaly or tool wear in its early developing stage. Therefore,
extracting a vibration signature for each process considering the fin-
ishing quality assigned by experts on the shop floor is the main goal. To
do this, once the vibration signal is acquired, the challenging task is to
analyze it correctly to monitor the vibration levels and patterns within
to detect abnormal vibration events in addition to the health status of
processes. This can be achieved by studying various parameters, such
as root mean square (rms), standard deviation, peak amplitude, kurto-
sis, crest factor, skewness, and many others [12]. However, special care
should be considered while selecting the most effective parameters. To
understand vibrations’ destructive capability, rms is the most suitable
parameter since it is directly related to the energy level. According to
the well-known Parseval theorem, which refers to the unitary of Fourier
transform, the rms value of a time signal can also be obtained in the
frequency domain. Spectrum analysis provides a clear picture of the
vibrations because the vibration’s frequency together with different
frequency components and noise elements can be determined. Such
approaches provide additional advantages especially when considering
signal processing schemes in real-time monitoring systems where
calculations are mostly based on frequency analysis. Therefore, the
most intuitive approach is taking the acceleration time domain signal
and performing fast Fourier transform. However, due to the nonsta-
tionary characteristic of such signals, applying STFT is necessary [13].
Therefore, first, the time signal is segmented into narrow time intervals,
and then, it is followed by taking the Fourier transform of each segment.
Finally, the rms value is calculated in the band of interest from the ob-
tained spectra. The rms of a spectrum, which is often called the overall
level, is a representation of the overall energy in a spectrum and it is
evaluated in a range of 10–1000 Hz in most vibration-based condition
monitoring.

III. BENCHMARK DATASET FOR CNC
MACHINE MONITORING

Although recent developments towards cyber-physical systems
and the Internet of Things, opened the doors to digitalization [14],
[15], accessing datasets from a real production environment, which
are acquired over a long period, plays a crucial role in building
robust data-driven models and improving their reliability in the
industry.

A. Data Collection

The utilized public dataset in this letter focuses on the quality process
failures in addition to some condition anomalies that are detected only
after machine maintenance. Three different CNC machines (M0l, M02,
and M03) in the production plant are used as test cases. The data are
collected regularly during the time interval of October 2018 to August
2021. Each operation represents a specific process performed by a
different tool with unique parameters. It is important to mention that
the process flow changes over time and the machines produce different
parts.

Fig. 1. Schematic sketch of the experimental setup: four-axis machin-
ing center with mounted triaxial accelerometer [11].

TABLE 1. Type of Operation and Associated Settings [11]

B. Experimental Setup

Data are collected from different four-axis horizontal CNC machin-
ing centers during production using a triaxial accelerometer mounted
to the rear end of the spindle housing to minimize effects due to
the extreme machining environment. Fig. 1 shows the schematic
of the experimental setup where three axes of the accelerometer
are in alignment with the linear motion axis of the machine. The
sampling frequency is 2 kHz and there is no further information
from the controller. In this dataset, the machine performs a sequence
of several operations following customized design using different
tools on aluminum parts. The dataset is built with 15 different tool
operations named OP01–OP15 due to the sequence of several op-
erations with specific characteristics of the different speeds, feed
rates, durations, and operation types such as end mills, straight,
and drill. Table 1 represents a list of some operations with main
settings.

For the sack of simplicity, end mills, OP10 with a speed of 250 Hz,
feed rate of 50 mm/s, and duration of about 45 s is considered in this
letter.

IV. RESULTS AND DISCUSSION

Selecting randomly the period of the test, the acquired time signals
on three orthogonal directions by considering both labeled healthy
and faulty processes are represented in Fig. 2 for M01. As shown in
this figure, the total duration of the process may become longer or
shorter. Due to axial forces during machining, the detection between
the healthy and faulty processes considering the axial axis (x) is
challenging. As shown in this figure, the vibration level is increased in
both the y-axis and more evidently in the z-axis for the faulty process.
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Fig. 2. Comparison between acquired vibration signals on M01 re-
garding X-Y-Z axes during test 1 in August 2021 and test 2 in February
2021, labeled as faulty and healthy processes, respectively.

Fig. 3. Vibration Spectrum signature of M01 under OP10 for pro-
cesses, labeled as healthy processes evaluated from February 2019
to February 2021, including 29 tests considering incremental index.

It should be mentioned that labeling healthy processes by ignoring
the level of vibration is also noted. To extract reliable signatures follow-
ing the steps mentioned in the methodology sections, M01 is selected
as the test machine. The modulus of three orthogonal directions is con-
sidered as the output signal, and it is segmented where each window’s
length is equal to 2.048 s considering 4096 samples. By analyzing the
discrete Fourier transform, Fig. 3 shows the spectrogram for the labeled
healthy process from February 2019 to February 2021, including 29
tests. The faulty processes are presented in Fig. 4, which were evaluated
between February 2019 and August 2021, including only four tests. As
mentioned earlier, M01 is performing OP10 at 250 Hz, and comparing
the results from STFT, there is a clear growing peak around 500 Hz in
addition to low-frequency components and small growth around 750
Hz. Such a pattern can represent bearing degradation or mechanical
misalignment. Interestingly, semihealthy processes were observed in
the first three labeled healthy processes, which were performed in
February 2019. These three processes are called here as semihealthy
processes because the vibration signatures are quite similar to assigned
faulty processes, as shown in Fig. 4. This can be due to wrong labeling
or an indicator of developing a faulty process while the quality is still

Fig. 4. Vibration Spectrum signature of M01 under OP10 for pro-
cesses, labeled as faulty processes evaluated between February 2019
and August 2021, including 4 tests with incremental index.

Fig. 5. Absolute value of rms evaluated in the range of 0–1 kHz M01
under OP10 for processes. (a) Labeled as healthy process including 29
tests from February 2019 to February 2021. (b) Labeled as faulty pro-
cesses evaluated between February 2019 and August 2021, including
four tests with incremental index.

acceptable. The M02 is considered a second test machine to evaluate
the performance of the algorithm to extract the vibration signature on a
different test machine whose component’s status may be different and
the scheduled maintenance is managed differently in terms of time.
Similar results on vibration signature were found concerning M02.
Following the extracted vibration signature, the overall level in the
range of 0–1 kHz is evaluated as the first health indicator or index.
Fig. 5 shows the rms for M01 under OP10 for the healthy processes
evaluated between February 2019 and February 2021, including 29
tests, and faulty processes evaluated on four tests between February
2019 and August 2021. To compare with the extracted results from the
spectrogram, evaluating rms in the interested frequency band seems
less sensitive mainly due to dominant lower frequency harmonics.

To improve effectiveness, different approaches, such as changing the
frequency band of interest or combining different frequency bands, can
be applied in addition to selecting specific axes as customized output.
To increase sensitivity by removing axial forces during machining and
consequently excluding the x-axis, the resulting overall level for the
same frequency band is represented in Fig. 6. As shown in this figure,
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Fig. 6. RMS value excluding the x-axis, evaluated in the range of 0–
1 kHz M01 under OP10 for processes. (a) Labeled as healthy process
from February 2019 to February 2021. (b) Labeled as faulty processes
evaluated between February 2019 and August 2021, including four
tests.

it is evident that the defined health index reports an increased level of
energy following extracted results from the spectrogram. Also in this
figure, for the first three processes that were performed in February
2019, the health indicator represents much higher values than the rest.
This highlights an abnormal behavior regarding the bearing’s status
while the result of the process on the gauging station is assigned as
acceptable quality.

V. CONCLUSION

Concerning a tradeoff between a reliable TCM system and final
product quality while addressing industrial challenges, this letter
evaluates the impact of the critical component’s vibration signature
regarding the process quality. To do this, a challenging public dataset
of Brownfield milling machines containing vibration signals for CNC
machines is utilized as a benchmark. The dataset is built on 15 different
tool operations and contains “good” and “bad” labels as the quality
of the final product evaluated by the gauging station. The triaxial
accelerometer is installed on the rear bearing and the signal is acquired
at 2 kHz. In this letter, Eed mills (OP10) with a speed of 250 Hz, feed
rate of 50 mm/s, and duration of about 45 s is considered. To extract
the vibration signature, the modulus of three orthogonal directions is
considered as the output signal, and it is segmented where each win-
dow’s length is equal to 2.048 s. As a first step and in an unsupervised
approach, there is a clear difference in the spectrogram of healthy
and faulty processes. Comparing this result with assigned labels,
an interesting confusion is observed that may be a result of wrong
labeling or growth of salient anomaly. A further step is considered
by evaluating the overall energy in a spectrum in a range of 0–1 kHz
as a simple health indicator. As results show, the defined health index
demonstrates a reliable performance to reflect the quality of the process
and degradation pattern. However, to reach comprehensive monitoring

and prediction, further indexes are required to be extracted, which is the
future step of this work considering different operations and machines.
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