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ABSTRACT The formation of exit burrs during the drilling of ductile metals such as aluminum is critical
in precision manufacturing and manufacturing automation. Because drilling burrs are difficult to remove,
methods to predict various burr types and/or implement burr minimization schemes that consider the various
attributes of burrs must be devised. In this study, not only drilling process conditions, including feed, cutting
speed, and drill diameter, but also an artificial neural network is implemented to predict the formation of
burrs during the drilling of aluminum-7075, which is widely used in the aerospace and automobile industries.
Based on the drilling conditions, the main exit burr characteristics, such as burr size and type, were classified
experimentally. Three different types of exit burrs (uniform burrs, uniform burrs with caps, and transient
burrs) were observed from the aluminum 7075 workpieces. The classification results were further analyzed
using burr control charts and an empirical equation, which enables the understanding of the overall influence
of the drilling conditions over the burr types. Moreover, acoustic emission (AE) sensor monitoring scheme
was utilized to sample the sensitive time-series signals during drilling burr formation. Subsequently, burr
types were predicted using artificial intelligence techniques, namely machining learning and deep learning.
First, backpropagation (BP) neural networks were constructed using the drilling conditions and AE signals
as input vectors. For a comparative prediction, a convolution neural network (CNN) was implemented to
obtain spectrogram image inputs from the sampled AE data. The proposed scheme is useful in predicting
drilling burr types by employing a sensitive sensor monitoring setup and advanced artificial intelligence
techniques, where both prediction results are well matched with experimental results. In addition, the CNN
model shows effectiveness for a commonly practiced manufacturing process as it predicts the burr types with
better accuracy than the BP network model (0.9375 over 0.8571).

INDEX TERMS Dirilling burr, burr type prediction, acoustic emission monitoring, AI, CNN.

I. INTRODUCTION

Machining burrs are defined as undesirable projections
toward the exit portion of machined parts. Machining burrs
often cause various problems during assembly and pro-
cess automation of precision components, not to mention
machined part quality. For instance, for ductile metals such
as the Al-7075 series, which are commonly used in the
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aerospace, marine, and automobile industries due to their
good mechanical properties such as a high strength—density
ratio [1], burr control is essential during machining. The
exit burr that occurs during drilling often generates irreg-
ularly shaped burrs such as ragged-shaped burrs and/or
caps up to the drilled hole dimension. Hence, the opti-
mal processing conditions including appropriate material
properties are often applied in advance to prevent the burr
generation or minimize the burr size. In general, the gen-
erated burr types are related to the machining conditions.
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However, as this correlation is not necessarily explicit — that
is, many variables such as the drill type/size (e.g., micro
drill) can result in unexpected changes — and considering the
significant amount of experimental data during machining,
an efficient drilling burr analysis/prediction scheme including
a burr control chart [2] is preferred. Owing to the recent
development of data analysis techniques and fast computers,
sensor monitoring during machining can be a valuable tool
to predict real-time machining status and machining results
including drilling burr formation [3]. Sensors are the main
equipment for data-based condition diagnosis, and by using
sensor information, an intelligent processing system can be
used to determine the prognosis [4]. Therefore, several types
of sensors/ sensing systems have been employed in burr
formation monitoring during machining. Schleier, M. et al
used a photodiode sensor to detect burr formation during
near-infrared fiber laser cutting [5]. Rimpault et al. predicted
the height of burrs produced during drilling for materials
made of carbon fiber reinforced polymers (CFRP), titanium
and aluminum alloys in terms of the thrust, torque, hole
diameter, circularity, and clearance tool wear using force sen-
sors [6]. Niknam et al. predicted the height of burrs produced
during milling using acoustic emission sensors and force
sensors [7]. Shimokura et al. measured the burr height using a
laser displacement sensor and programmed it to debug using
arobot [8]. Fitti et al. used laser vision sensors to detect burrs
in the horizontal holes of the cylinder [9]. Peilin used machine
vision and programmable logic controller (PLC) to recognize
and automatically identify Edge burrs in cylindrical metal
workpieces [10]. Pillai ef al. tried to calculate the dimen-
sion of the burr height using a machine vision system [11].
Adelmann et al. used machine vision and artificial neural
networks to classify interruption and post-cutting situations
through the presence or absence of burrs [12]. The abovemen-
tioned sensor schemes have certain limitations when used in
manufacturing applications, including insufficient sensitivity
and difficulties in setup. Therefore, a more sensitive and
practical sensor system such as an acoustic emission (AE)
system is required. AE refers to the transient internal stress
waves in subject material, generated by the release of strain
energy from a localized source(s) such as cutting actions.
The detected AE surface wave is amplified and processed
to determine the exact nature of the source. AE has been
applied in various precision manufacturing processes [13].
Lee et al. demonstrate that process control is possible through
AE sensors in precision manufacturing process monitoring,
such as grinding, chemical mechanical planarization (CMP)
and ultra-precise diamond grinding [14].

AE also demonstrated sensitivity to transient material
behaviors including burr formation [15]. Therefore, an AE
sensor system can be a viable tool for in-process burr mon-
itoring. Burrs are greatly affected by parameters such as
shape, dimension, mechanical properties, cutting parameters
(cutting speed, feed rate, depth of cut, etc.) of the machined
part, and the cutting tool (material, shape, etc.). Therefore,
monitoring a drilling burr signal acquired with an AE sensor
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requires consideration of several factors. Artificial intelli-
gence takes these factors into account and enables the pre-
diction of burrs through the characteristic classification of
sensor signals. For machining processing monitoring, artifi-
cial neural networks such as fuzzy logic, ensemble, Bayesian
networks, decision and regression trees, and support vec-
tor machines are analyzed and predicted using various sen-
sors (acoustic emission sensor, image sensor, accelerometer,
etc.) [16]. Natarajan et al. used the teaching learning-based
optimization algorithm to prevent production waste during
turning [17]. Kuntoglu et al. used artificial intelligence neural
networks to analyze the relationship between measurement
variables such as tool wear and vibration in turning [18].
Akkoyun et al. analyzed the correlation between the burr
and slot widths formed after milling using image process-
ing through vision technology [19]. Mikotajczyk et al. used
ANN-based image processing to predict the tool life in turn-
ing operations [20]. Olivier et al. used a convolution neu-
ral network (CNN) to detect and classify faults in rotating
machines [21]. Artificial neural network analysis using image
processing is used in various ways, and CNN is the most
commonly used among them.

The purpose of this study is to implement an in-process
AE monitoring setup for drilling and predict the shape of
drilling burrs by adopting artificial intelligence (AI), which is
enabled by the development and implementation of advanced
signal processing and computational techniques. In partic-
ular, the results obtained from using an artificial neural
network (ANN) combined with backpropagation (BP), i.e.,
machine learning, and those obtained from using a convolu-
tion neural network (CNN)), i.e., deep learning, are compared
with experimental data to prove the validity of this study.
This will show the adaptability of the proposed approach by
connecting up-to-date Al data analysis to a specific subject
(burr formation) from a commonly practiced manufacturing
process.

II. DRILLING BURRS AND ACOUSTIC

EMISSION MONITORING

A. BURR FORMATION MECHANISM

AND BURR CLASSIFICATION

Drilling burrs are affected by many parameters, includ-
ing material properties and drill geometry/ conditions [22].
Fig. 1 shows typical drilling burrs with the definitions of burr
height (h) and burr thickness (t). Compared to entrance burrs,
exit burrs (near the tool exit side) contributes the most to burr-
related problems, as they are much larger and more compli-
cated in shape. Among the cutting conditions, parameters that
affect the burr size most significantly are feed rate and rpm
(spindle speed) [22]. For instance, the rpm is associated more
with the burr thickness, whereas the feed rate is associated
closely with the burr height [23]. Therefore, both parameters
are frequently utilized when analyzing drilling burrs [24].
According to the literature, burrs can be classified into three
types based on varying the two experimental parameters:
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FIGURE 1. Drilling burr definitions and typical burr types.

Type I (uniform burrs), Type II (uniform burrs with cap), and
Type III (crown burrs). A uniform burr has a relatively small
height and thickness. Typically, it has a cap connected to the
burr edge, which can either separate as the drill progresses
(Type I) or remain attached (Type II). A crown burr (Type III)
is owing to a larger thrust force near the center of the drilling
workpiece surface, which results in irregular and ragged-
shaped burrs. In this study, Type I and Type II burrs were
classified as Type A burrs, and Type III burrs were designated
as Type B burrs. Generally, Type B burrs are more detrimental
to machining precision, assembly, and deburring than Type A
burrs.

B. AE SETUP AND DRILLING BURR EXPERIMENTS

Fig. 2 shows the experimental setup comprising an AE sensor
(attached to the specimen holder). AE signals were measured
using a wideband UT-1000 AE sensor from PAC (Physical
Acoustic Corporation), an AEDSP-32/16, a DSP board to per-
form high-speed signal processing for AE signal sampling,
and a computer.

The signal detected by the AE sensor was amplified by
40dB by a pre-amplifier and converted into a digital signal via
AEDSP32/16. The input digital signal was processed using
the MISTRAS program, which controls the AEDSP-32/16
and displays data outputs and signals. The parameter settings
for the AE are shown in Table. 1.

The workpieces used in the experiment were rectangular
(60 x 80 x 5 mm) aluminum (Al7075, see table 2) speci-
mens. Table.2 shows the Chemical compositions (wt: %) and
mechanical properties of the workpiece.
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FIGURE 2. Experimental setup for drilling and AE sampling.

TABLE 1. Selected parameters and their levels.

AE sensor UT-1000
Threshold Value 38dB
High Pass Filter 20 kHz
Low Pass Filter 1 MHz

Sampling rate 5 MHz

Hit length 2k

Pre-amplifier 40 dB

TABLE 2. Compositions and mechanical properties of workpiece
(Al 7075) [25].

Zn Cu Mg Al

5.1-6.1(Wt: %) | 1.22.0(wt: %) | 2.1-2.9(wt: %) | 89-91.6(wt: %)

Tensile Yield Elastic Hardness
strength strength modulus (Brinell)
570 MPa 455 MPa 72 GPa 150 HB

FIGURE 3. Detailed dimension of drilling tool (HSS, 135° drill point angle,
61mm (L) x 33mm (SL)x3mm (D); 75mm (L) x 43mm (SL) x 4mm (D)).

Fig. 3 shows the detailed dimensions of the HSS drill used
in the experiments, which were performed using two different
tool diameters (3 and 4mm).
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The cutting conditions were fixed through preliminary
experiments considering tool specifications. Eight different

TABLE 4. Drilling experimental results and burr types.

feeds and three different cutting speeds were evaluated during Material TYPE A TYPEB
the experiments. The cutting conditions used in the exper- Type II
. . . . Type I . Type 111
iments are listed in table 3. Burr height measurement was Uniform burr Uniformburr | oo
performed by a contour measuring machine with an inte- _with Cap
grated digital scale detecting unit (Contracer CV-624 with AL7075
the FORMPAK-1000 software), which had a resolution of
0.05 um and a vertical measuring range of 50 mm. Measure-
ments were repeated three times for the selected specimens.
Drill diameter 3 mm
TABLE 3. Cutting conditions. Spindle Feed (mm/rev)
speed(rpm) | 0.01 | 0.02 | 0.04 | 0.05 | 0.1 |0.15| 0.17 | 0.2
- 1000 1l I 1 1 I ar | o1 o| oI
Cutting parameter Setup value
1000 1T II 1 II II 1T I 1
Feed (mm/rev) 0.01, 0.02, 0.04, 0.05, 0.1, 0.15,0.17,0.2 1000 il I I I 101 I 11 I
Spindle speed (rpm) 1000, 1500, 1700 1500 I I I I I jm)t I
i 34 1500 I I 1 1I III 1II I I
Drill diameter (mm) : 1500 o | o0 |1 | oo [ m [m | I
1700 I 1 I 1 11 1 11 I
The generated drilling burr types based on the experimental 1700 I I i} I 1 il 1 I
conditions are listed in Table 4. First, Type I (uniform burr) 1700 I 1 1 1l I 11 1 1l

burrs were barely generated, except when the feed was low.
Second, Type II (uniform burr with cap) burrs were formed
with a gap attached to the edge of the exit hole at low feed
values, similar to Type I burrs. Third, Type III (transient burr)
burrs were formed around the exit and appeared in a ragged
shape.

As reported earlier [3], feed is a major factor that deter-
mines the generated burr types. For example, when the feed
was fixed at 0.1 mm/rev, the burr types are changed from
type II to type I burr as the rotational speeds increased from
1000rpm.

A drilling burr control chart (DBCC) was utilized for the
efficient analysis of burr formation based on drilling condi-
tions [26]. For the A-A section of Fig.1, the drilling thrust
force (F;) can be expressed in terms of the drill geometry,
and workpiece material parameters.

F; = fd x func(drill geometry (x, H, §, a, @),
X workpiece material (k, B)) (1)

Here f is feed, d is drill diameter, « is the point angle H is the
helix angle of the drill, § is the ratio of the web thickness to
the drill diameter, & is the shear strength, « is the point angel,
« is the rake angle, ¢ is the shear angle, and § is the friction
angle. The effective stress o, which directly influences the
burr formation mechanism can be expressed in terms of F
and the drill diameter [27]:
Fr Fy
A a2
where A is the effective cutting area.
Therefore, when compiling the DBCC for a specific drill
geometry and workpiece material, the normalized feed rate
(f /d) is the main parameter that determines the drilling burr
formation. In addition, the cutting speed reflects the cutting

@

o =
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Drill diameter 4 mm

Spindle Feed (mm/rev)

speed(rpm) | 0.01 | 0.02 | 0.04 | 0.05 | 0.1 |0.15| 0.17 | 0.2
1000 il il il I m | m | m | I
1000 il I I I

1500 I I I I m | m | mr | I
1500 I I I I

1700 il il I I m | m | m | m
1700 I I il I

conditions. The two parameters used in the DBCC are as
follows:

Fo=f/d S=KxdxN ?3)

where F, is a non-dimensional feed parameter, f is the
feed [mm/rev], d is the drill diameter [mm], S is the cutting
speed parameter, N is the spindle speed [RPM] and K is a
constant that renders the orders of the two parameters equal
(1072).

Fig.4. shows the distribution of the drilling burr shapes
of aluminum from experiments based on the two variables
(Fy, S). As shown in the figure, the boundary between
Type I and Type II is ambiguous, whereas the boundary
between Type III and the rest of the burrs (Type I and II)
is distinguishable. As expected, this result implies different
burr formation mechanisms between the two cases (Type A
and Type B).

In the DBCC shown above, the boundary line between
Type A (Types I and II) and Type B (Type III) was formed
via least square approximation. The fitted equation for the
boundary line is expressed as follows:

S = 10—4.7934 (Fn)—2.1290 4)
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FIGURE 4. Drilling burr control chart.

Ill. ACOUSTIC EMISSION SIGNAL ANALYSIS AND BURR
PREDICTION WITH ARTIFICIAL NEURAL NETWORK

A. AE SIGNALS

From literature, AE energy levels (RMS) are known to be
closely related to the tool engaging depth [28] during plastic
deformation such as cutting. In addition, the friction and
shearing energies dissipated in the primary, secondary and
tertiary zones during cutting (drilling) are already known as
major sources of AE signal generations [29].

During drilling, burrs are formed after the initial fracture
as in fig.5. Regarding the AE signal processing, fracture
generates a very high amplitude signal set (a sudden burst)
and the signal with the highest amplitude near the end of
the process can be considered as the start point of the burr
formation. For that reason, after the initial fracture start point,
subsequent signals were analyzed as burr generation signals

(Fig.6).
Fig. 6 shows AE raw signals which were recorded during

Initial fracture

the entire drilling process, i.e., as the cutting edge enters the
specimen, performs drilling, and exited from the machining
end of the specimen. To correlate the AE signal with the
burr shape in the experiments, both time series and frequency
domain data were presented. Fig. 7 and 8 show the sig-
nals when the burrs of Type A and Type B are generated,
respectively.

As explained in [30], the start position of the material
fracture at the exit of the drilling is different for the two types
of burrs. For instance, the fracture starts at the edge for Type
A burrs, and at the center for Type B burrs. In addition, the

FIGURE 5. Typical drilling burr formation procedure.
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FIGURE 6. Typical AE raw signal during drilling process.
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FIGURE 7. Raw signal during drilling, raw signal, FFT and RMS during burr
formation (TYPE A; 1000 rpm, f = 0.01 mm/rev, d = 3mm).

larger thrust force induces plastic deformation earlier in the
process, which generates distinct AE signals. For the time
domain signals, the RMS of TYPE A and TYPE B decreased
and increased in general, respectively. The frequency domain
signal shows that the average value of the peak frequency of
TYPE A is slightly lower than that of TYPE B (40 kHz vs.
50 kHz).

Fig. 9 and 10 show the change in the RMS, AE energy,
and the peak frequency of AE signal based on the feed
changes. As shown in the figure, generally, the larger the
drill diameter, the larger the AE RMS and AE energy values.
The AE signals show a strong correlation with the generation
of Type A and Type B burrs, particularly in terms of feed
changes. For instance, the graphs have similarity to the burr
control chart results in the previous section. In addition,
changes in signal amplitudes (time series) and central fre-
quency are shown based on the drill diameter or burr type.
For more comprehensive results, more systematic analyses
involving various signal processing techniques are to be
conducted.
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FIGURE 8. Raw signal during drilling, raw signal, FFT and RMS during burr
formation (TYPE B; 1500rpm, f = 0.1mm/rev, d = 4 mm).
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FIGURE 9. Characteristics of AE signals from burr formation as feed
changes (d = 3mm).

B. BP LEARNING ALGORITHM (MACHINING LEARNING)

As in-process monitoring/classification is necessary for
precision manufacturing and manufacturing automation,
researchers have exploited signal processing combined with
Al to effectively analyze the nature of processed signals and
selected features [31], [32]. In this study, both machine learn-
ing (ANN with BP) and deep learning were used to analyze
AE monitoring signals during burr formation. To implement
both AI and in-process sensor monitoring simultaneously,
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FIGURE 10. Characteristics of AE signals from burr formation as feed
changes (d = 4mm).

BP ANNSs, whose learning and classification abilities have
been proven [33], were utilized. BP is a learning algorithm
that uses the error signal of the output layer to change the
connection strengths between the input/ hidden layer and
the hidden/output layer by backpropagating the error signal
to the hidden layer. ANNs (machining learning) with BP
learning algorithm have been utilized in many precision man-
ufacturing applications including AE monitoring [34]-[37].

Six types of input vectors (features) are selected: cutting
speed, feed rate, drill diameter, AE RMS, AE energy, and
peak frequency. According to Ahn and Lee [3], burr type
prediction using ANNs based on either cutting conditions
or AE monitoring signals as input demonstrated reasonable
accuracy; this validates the relevance of feature vectors and
outputs (burr types). Subsequently, the selected features were
fed into an ANN with BP learning as input vectors to predict
the burr type during machining (i.e., six input nodes, four
hidden layers, 6-12-23-13 hidden nodes, and one output node,
as shown in Fig. 11). The burr shape was classified as the
output layer. For the result, a value of 1 corresponds to
Type A (uniform burr, uniform with gap), whereas a value
of 2 corresponds to Type B (transient burr). Table 5 shows
the training data set. Among a total of 108 data sets, 80% of
the data set were used for training, whereas the remainder was
used for burr type prediction.

Figure 12 and Table 6 show the results obtained using the
BP neural network. It was observed that prediction results
were generally consistent with experimental data with an
accuracy of 0.857.
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FIGURE 12. Prediction results of burr types using BP ANN.

IV. CONVOLUTION NEURAL NETWORK WITH WAVELET
PACKET TRANSFORM

In order to overcome the complicated feature selection
processes arising from a significant amount of AE time
series data and to enhance computational efficiency during
the supervised (machine) learning processes, deep learn-
ing (CNN) with wave packet transformation (WPT) [38] is
adopted. CNNs are a class of deep ANNSs that use convolution
instead of general matrix multiplication in at least one of their
layers [39]. CNNs are primarily used for image data pro-
cessing, such as image classification. In general, CNNs are
more computationally efficient and accurate than fully con-
nected networks, such as BP networks [40]. Moreover, CNNs
do not require previous signal processing, including feature
selection/extraction processes [41]. In addition to input and
output layers, the typical layer of a convolution network typ-
ically comprises three stages: First stage: convolution (linear
activation); second stage: detection, which involves nonlinear
activation (e.g., the rectified linear activation function); third
stage: pooling, where the output layer is modified further,
and the representation is rendered approximately invariant to
slight translations of the inputs [39].

In this study, a CNN technique was utilized for automatic
feature extraction from AE signals during burr formation and
classification of burr type using AE spectrogram images as
inputs.
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TABLE 5. Training data for the back propagation neural network.

Peak Spindle | Feed Diameter
No. | Frequency Energy RMS Speed | (mm/
(kHz) pm) | ren | ™
1 49438.48 29.19629 0.053593 1000 0.01 3
2 48828.13 37.9789 0.061067 1000 0.01 3
3 48522.95 30.24927 0.054521 1000 0.01 3
4 31738.28 46.38964 0.067523 1000 0.02 3
5 31738.28 57.72164 0.075322 1000 0.02 3
6 31433.11 379174 0.061111 1000 0.02 3
7 30517.58 55.28964 0.07371 1000 0.04 3
8 31433.11 67.64237 0.08153 1000 0.05 3
9 31127.93 44.51926 0.066123 1000 0.05 3
10 31127.93 31.97817 0.056069 1000 0.05 3
11 48828.13 3.776916 0.030476 1000 0.1 3
12 50048.83 66.76308 0.128182 1000 0.1 3
13 30517.58 55.94213 0.11735 1000 0.1 3
14 30517.58 13.8372 0.058345 1000 0.15 3
15 34179.69 11.45231 0.05319 1000 0.15 3
16 31738.28 9.895533 0.049302 1000 0.15 3
17 67138.67 349.255 0.293323 1000 0.17 3
18 30517.58 5.856864 0.037945 1000 0.17 3
19 69580.08 34.25124 0.091864 1000 0.17 3
20 46386.72 9.332621 0.047878 1000 0.2 3
21 79345.7 17.24799 0.065324 1000 0.2 3
22 31738.28 0.348633 0.009244 1000 0.2 3
23 33569.34 99.6763 0.098933 1500 0.01 3
24 30822.75 60.91414 0.077357 1500 0.01 3
25 65002.44 98.51939 0.098474 1500 0.01 3
26 65612.79 85.92467 0.092 1500 0.02 3
27 65002.44 61.89071 0.078117 1500 0.02 3
28 65307.62 75.94878 0.08648 1500 0.02 3
29 57678.22 77.3277 0.087327 1500 0.04 3
30 34484.86 63.49055 0.079032 1500 0.04 3
31 59204.1 61.13489 0.077565 1500 0.04 3
32 32043.46 69.21532 0.082555 1500 0.05 3
33 58898.93 78.61692 0.088231 1500 0.05 3
34 32348.63 61.22863 0.077564 1500 0.05 3
35 64697.27 25.55629 0.079333 1500 0.1 3
36 37841.8 30.64136 0.086865 1500 0.1 3
37 32958.98 12.31055 0.055025 1500 0.1 3
38 67138.67 9.308065 0.047866 1500 0.15 3
39 63476.56 59.8961 0.121535 1500 0.15 3
40 78125 71.44717 0.132899 1500 0.15 3
41 31738.28 17.59732 0.065891 1500 0.17 3
42 65917.97 26.03109 0.079969 1500 0.17 3
43 67138.67 38.49806 0.097447 1500 0.17 3
44 64697.27 16.80844 0.064316 1500 0.2 3
45 58593.75 8.078986 0.044575 1500 0.2 3
46 31738.28 6.511358 0.039991 1500 0.2 3
47 35400.39 41.15498 0.063633 1700 0.01 3
48 32653.81 27.14225 0.051775 1700 0.01 3
49 33569.34 30.67995 0.055071 1700 0.01 3
50 44555.66 50.58786 0.070559 1700 0.02 3
51 31738.28 50.84424 0.07071 1700 0.02 3
52 60119.63 54.5861 0.073351 1700 0.02 3
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TABLE 5. (Continued.) Training data for the back propagation neural
network.

53 31127.93 51.30981 0.071132 1700 0.04 3
54 67138.67 49.84111 0.070047 1700 0.04 3
55 38452.15 139.1294 0.116966 1700 0.04 3
56 67140.81 40.3626 0.081351 1700 0.05 3
57 68969.73 48.15641 0.077084 1700 0.05 3
58 65917.97 71.96846 0.108612 1700 0.05 3
59 95214.84 60.84352 0.123268 1700 0.1 3
60 68359.38 61.69576 0.123819 1700 0.1 3
61 32958.98 10.39925 0.050556 1700 0.1 3
62 30517.58 34.8968 0.092659 1700 0.15 3
63 31738.28 26.09809 0.080071 1700 0.15 3
64 39062.5 79.2707 0.139942 1700 0.15 3
65 67138.67 48.70756 0.109777 1700 0.17 3
66 31738.28 31.29468 0.087798 1700 0.17 3
67 22738.28 286.9869 0.26515 1700 0.17 3
68 50048.83 20.88874 0.071694 1700 0.2 3
69 69580.08 17.38474 0.065493 1700 0.2 3
70 31738.28 21.00189 0.071768 1700 0.2 3
71 32043.46 33.55509 0.057392 1000 0.01 4
72 51879.88 33.33671 0.057245 1000 0.01 4
73 53405.76 52.53222 0.071836 1000 0.02 4
74 37231.45 70.20131 0.083048 1000 0.02 4
75 32043.46 110.2871 0.104069 1000 0.04 4
76 31536.62 149.1538 0.121155 1000 0.04 4
77 31127.93 82.51487 0.0901 1000 0.05 4
78 37231.45 362.7833 0.188697 1700 0.02 4
79 35536.62 357.848 0.187189 1700 0.02 4
80 37536.62 337.3971 0.182165 1700 0.04 4
81 36621.09 221.8679 0.190673 1700 0.04 4
82 37231.45 315.1098 0.175945 1700 0.05 4
83 35400.39 216.9633 0.188397 1700 0.05 4
84 37552.62 89.1098 0.147859 1700 0.1 4
85 92773.44 32.72709 0.090044 1700 0.15 4
86 30517.58 13.69141 0.058025 1700 0.17 4
87 31738.28 0.065334 0.004012 1700 0.2 4

A. WPT AND AE FREQUENCY DECOMPOSITION

AE raw signals from machining, including burr formation,
typically incorporate transient characteristics with combina-
tions of various dynamic events. One of the difficulties of
AE signal processing is the characterization of information
regarding events generated from an extensive signal dataset,
particularly if both the time- and frequency-domain analyses
cannot elucidate the clear relationship(s) between the pro-
cess parameters and sampled signals. Because the wavelet
transform (WT) provides selective resolutions for various
frequency levels of time-series signals, it is well matched to
acquire more organized information in the time domain at
various frequency ranges. In fact, WT is particularly useful
for transient events identification [42] and for extracting tran-
sient features in the signal via time- frequency localization.
Hence, the WT has been utilized for AE signal analysis in
manufacturing process monitoring [43]-[47].
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TABLE 6. Training data for the back propagation neural network.

Burr type
Input parameters -Type A=L 1
- Type B=1II
Spindle | Feed Diameter Peak Real
Speed | (mm/ (mm) Energy | RMS | Frequency | Output type
(rpm) | rev) (kHz)
1000 0.04 3 23.6179 | 0.048 | 50048.8281 | 0.9969 LI
1000 0.05 4 82.8572 | 0.090 | 27596.6218 | 1.0049 | L 1I
1000 0.1 4 49.8872 | 0.110 | 52490.2343 | 1.0285 11
1000 0.15 4 40.9349 | 0.101 | 48828.1250 | 1.1732 it
1000 0.17 4 108.2271| 0.164 | 48828.1250 | 1.7584 11
1000 0.2 4 75.6741 | 0.136 | 26536.8437 | 1.7506 I
1500 0.01 4 1678.76 | 0.405 | 20446.773 | 1.1630 | L 1I
1500 0.01 4 153.9645| 0.123 | 37537.7968 | 0.9892 LI
1500 0.02 4 164.2658| 0.127 | 40588.3789 | 1.0164 | L1I
1500 0.02 4 208.3391{ 0.143 | 27089.8437 | 1.0727 | L1I
1500 0.04 4 108.1057| 0.133 | 48828.1250 | 1.5328 L1I
1000 0.04 3 52.2560 | 0.071 | 50049.8281 | 0.9985 LI
1500 0.04 4 219.8963| 0.164 | 28310.5468 | 1.1882 | LI
1500 0.05 4 140.3909| 0.152 | 32348.6328 | 1.1425 | L1II
1500 0.05 4 183.4886| 0.173 | 32348.6328 | 1.1665 LI
1500 0.1 4 57.9204 | 0.120 | 31738.2812 | 1.9802 11
1500 0.15 4 55.7852 | 0.117 | 31738.2812 | 2.4212 I
1500 0.17 4 25.5526 | 0.080 | 30517.5781 | 2.1855 111
1500 0.2 4 24.3223 | 0.077 | 39062.5000 | 1.7999 11
1700 0.01 4 165.171 | 0.127 | 32958.9843 | 0.8266 | I, 1I
1700 0.01 4 111.1552] 0.104 | 36621.0937 | 1.0718 | L1I

The continuous wavelet transform (CWT) shifts through
all the areas of data points, which consequently yields smooth
and high-resolution outputs. For any square integrable func-
tion f(t), the CWT W (a, b) with respect to a wavelet basis
is defined as [48]

1 o0 —b
Wia.b)= - f Fw (’7) dr. 5)

Here, a is the scaling parameter (a>0), b is the shifting
parameter. In addition, i/ is the complex conjugate of a
wavelet 1, which satisfies the admissibility condition [48]:

/OO de<oo (©6)

—0 1]

where 1} denotes Fourier transform.

For the discrete wavelet transform (DWT), if we set a = 2,
b = k2 (involute power of 2; j, k: integers), then the wavelet
has the form v; ; = 272129t — k) and the discrete wavelet
coefficients ¢; ; can be defined [48] as

Cjk = / @O @)dt. )

The DWT, which involves a series of low- and high-pass
filters, is typically appropriate for image compression and
real-time applications. The low-pass filtered signals represent
the approximated shape(s) of the time series f(t), whereas the
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high-pass-filtered signals reflect the signal details. In addi-
tion, DWT affords a higher computational efficiency than
CWT since it reduces data redundancy [30].

As the resolution of DWT is relatively low in the high fre-
quency region, WPT, which further decomposes the detailed
information of the high frequency signals can be an alter-
native to the DWT. Fig. 13 illustrates the decompose tree
for WPT. The WPT approach has been implemented to
understand the frequency characteristics of the drilling pro-
cess [49], [50]. In the present study, WPT is implemented
to decompose the AE signal during drilling burr formation.
WPT was applied to sampled AE signals, which are decom-
posed into approximate (low frequency) and detailed (high
frequency) components.

SMNMMA%mm%Mh%mm

i 3

Level 1 M\MM A bbbyt D
H G H G

!
Level 2 JV“\‘W PN M«W AD  Phewad DA vl DD

H G H ] G H [ G H_ G

i k] i 3 L1 3
Level 3 )NM‘)MNJ M W ‘IJWJ& O I T [ CPN T n
m AD ADA ADD DAA DAD DDA DDD

FIGURE 13. WPT decomposition tree for AE signals (H: low pass filter,
G: high pass filter, A: approximation, D: Detailed) Note that DWT only
considers approximation samples of each level [51].

The decomposition of the approximate and detailed
components of frequency ranges was calculated using
Egs. (8) and (9), respectively [52].

1.

[0, Efsz ] (®)
Leoi Leomion

[Efs2 , zfsz ] ©))

where f; is the sampling frequency, and 2 is the number
of components in the jth level. It shows that the AE signal
is decomposed into a set of wavelet components and each
component has a specific frequency range. In this work,
we used MATLAB to extract wavelet packet decomposi-
tion and energy percentage functions. The wavelet energy
content of each decomposed component is determined as
follows [53].

t
ECi() =) (f(0)y’ (10)
=)

EC;(t) represents the ith energy component at a certain
level. The total energy of a specific level is defined as the
sum of the energies of all components. The energy ratio for
each component and the total energy are used to determine
the energy ratio (EPC) for each component, as shown in Eq
(11) [53].

EC; (1)

EPCi(t) = ——~" j=1...2¢ 11
D= Erm © (n
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FIGURE 15. Typical spectrogram inputs for the CNNs.

In this study, the optimal level was set to 3 (i = 3)
for WPT (three-step decomposition involves 23 = 8 com-
ponents). Daubechies wavelets, known for their compact-
ness and high adaptability to irregularly shaped signals, and
Shannon-entropy ratios were used for the analysis of AE
signals during drilling burr formation. AE frequency decom-
positions using WPT are performed on the Type A and B
signals. Fig.14 shows the AE raw signals during the drilling
that were subjected to wavelet transform with eight com-
ponents at a frequency interval of 125kHz. The frequency
range of the decomposed components is as follows. (0-125),
(125-250), (250-375), (375-500), (500-625), (625-750),
(750-875), (875-1000) kHz.

Table 7 shows the energy percentage at each frequency
band after the wavelet transform of the raw signal. The fre-
quency range that is the most sensitive to burr formation is
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FIGURE 16. Convolutional neural network architecture for the spectrogram inputs.

indicated. As shown in the table, both Type A and Type B
have the highest energy percentages at the first frequency

TABLE 7. Wavelet energy portions of each frequency band.

band (0-125 kHz). Compared with Type B, the waveform Frequency TYPEA
energies of Type A were more concentrated in the first fre- Ranges (kHz) -125 | -250 | -375 | -500 | -625 | -750| -875 |-1000
n nd.

auency band félirvi}v]s?oﬁi 97.49| 1.94 | 0.03 | 0.36 | 0.02 | 0.02 | 0.02 | 0.11
B. AE SPECTRAL INPUTS TYPE B

For each process, the AE signal data were acquired at a Rz;egzge(?(gz) -125 | -250 | -375 | -500 | -625 | -750 | -875 |-1000
sampling rate of 5 MHz. The AE signals obtained from Energy % of

the final drilling (burr formation region) were transformed AE waveform |55-30| 7:82 [ 1.251 1.39 1 0.05 1 0.08 | 0.28 | 0.34

into spectral images. Each image generated by the spec-
trogram using the first frequency band data contained
656 x 875 pixels.

For each process, the AE signal data were acquired at a
sampling rate of 5 MHz. The AE signals obtained from the
final drilling (burr formation region) were transformed into
spectral images. Each image generated by the spectrogram

VOLUME 10, 2022

using the first frequency band data contained 656 x 875 pix-
els. Fig. 15 shows typical spectroscopic images correspond-
ing to the two burr types. The ranges of the X-axis (frequency
axis) and Y-axis (amplitude axis) were specified as 125 kHz
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FIGURE 17. CNN training performance.

TABLE 8. Structure of CNN network model for classification.

Z
°

.|Layer name

Description

Image input

656x875x%3 images with “zero center” normalization

Convolution

8 3x3convolutions with stride [1 1] and padding ‘same’

Batchnorm

Batch normalization with 8 channels

Relu

Activation function of convolution layer

Maxpool

2x2max pooling with stride [2 2] and padding [0 0 0 0]

Convolution

16 3 x3convolutions with stride [1 1] and padding 'same’'

Batchnorm

Batch normalization with 16 channels

Relu

Activation function of convolution layer

O [0 [N [ |W»n [ W | | —

Maxpool

2x2max pooling with stride [2 2] and padding [0 0 0 0]

—
(=}

Convolution

16 3 x3convolutions with stride [1 1] and padding 'same’

—
—_

Batchnorm

Batch normalization with 16 channels

NS}

Relu

Activation function of convolution layer

—
w

Maxpool

2x2max pooling with stride [2 2] and padding [0 0 0 0]

—
£

Convolution

32 3 x3convolutions with stride [1 1] and padding 'same’

—
w

Batchnorm

Batch normalization with 32 channels

—
(=)}

Relu

Activation function of convolution layer

—
~

Fully
connected

2 fully connected layer

—
<)

Softmax

Activation function of convolution layer

—
e}

Classputput

Classoutput

and 0.05 Hz, respectively. After transforming the signal into
an image using a wavelet transform, it is used as input to the
CNN. The network architecture and explanatory diagram are
shown in Fig 16 and Table 8, respectively.
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C. NETWORK SETUP AND TRAINING

The input layer picture contained 656 x 875 pixels. The
first layer was a convolutional layer with eight feature maps,
whose kernel size was 3 x 3. The second layer was a
2 x 2 max pooling layer. The third layer was a convolutional
layer with 16, 3 x 3 feature maps and a 2 x 2 max pooling
layer. The fourth layer was a convolutional layer with 16,
3 x 3 feature maps and a 2 x 2 max pooling layer. The fifth
layer was a convolutional map comprising 32, 3 x 3 feature
maps that were fully connected to the output layer, and the
output layer contained one neuron corresponding to the shape
of two burrs. The R-type and softmax functions were used as
activation functions. The learning rate of the training network
was 0.001, and training was performed for seven cycles.
Among the AE signals in frequency band 1 (0-125 kHz), 80%
of the dataset was used for the training, and the remainder was
used for burr type prediction (Fig 17).

V. CONCLUSION
In this study, two Al approaches, i.e., machine learning and
deep learning, were used to predict the shapes of burrs that
occurred during the drilling of A17075 via AE sensor monitor-
ing. As the drill progressed during the cutting process, an AE
signal peak was observed immediately before the tool exits
the workpiece owing to changes in the cutting mechanism
(exit burr generation) at the end of the cut. Hence, the AE
signals after the peak were sampled and analyzed as signals
relevant to the occurrence of drilling burrs.

First, we examined a BP neural network whose inputs
were AE signals combined with nondimensionalized
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cutting parameters. Subsequently, we examined CNNs
using spectrograms as inputs after AE frequency decom-
position via WPT. The conclusions obtained were as
follows:

o Three different types of exit burrs (uniform burrs, uni-

form burrs with caps, and transient burrs) were observed
in the aluminum workpieces. Uniform burrs and uniform
burrs with caps were primarily observed when the feed
values were less than 0.1 mm/rev, whereas transient
burrs were observed at higher feeds.

AE signals from the exit burr formation experiments
show a strong correlation with generated burr types with
variations of drilling parameters.

The BP neural network model was implemented using
AE signal parameters (peak frequency, RMS, and AE
energy) and drilling process conditions (feed, rpm, and
diameter) as inputs. The prediction results showed that
the combined input results were reasonably consistent
with the experimental results, with a prediction accuracy
of 0.85714.

Using WPT for the generation of AE signal spectrogram
inputs, CNNs were successfully implemented for the
automatic feature selection process and classification of
generated burr types. Considering the satisfactory pre-
diction accuracy (0.9375) and adaptability to practical
machining processes of the proposed scheme, it can be
concluded to the latter is viable for various manufactur-
ing applications.

As the adaptability of the latest deep learning technologies
to a specific aspect of a manufacturing application is shown
through the presented study, the future goal is to widen the
scope of the implementation to more general machining pro-
cesses and features.
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