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Abstract

In this study, two types of MEMS microphone array configurations including constant and multi-spacing

systems were investigated to confirm their noise attenuation capability for a tool wear monitoring system in turning.

The artificially generated sound signals collected by various microphones were filtered with delay and sum
algorithms to analyze the noise attenuation ratio of microphone arrays compared to the signal collected with a
single microphone. The results show that the microphone array with designated spacing between microphones
provides a high noise attenuation capability at specific frequency range, and the multi-spacing microphone array
can provide the better noise attenuation capability over the frequency range of 100 Hz to 1 kHz. With the artificial
noise generated by speaker inside the cutting chamber, the classification rate of tool wear monitoring with a single
microphone set has been reduced to 80% under the effect of the noise. With the implementation of the multi-
spacing microphone array set, the classification rate can be improved to 100% with a proper selection of spacing

between microphones.

Keywords: Microphone array, turning, tool wear monitoring, delay and sum

1. Introduction

Various sensor signal such as cutting force,
vibration, AE signal, and audible sound have been
reported for developing the monitoring system in
machining. However, different characteristics
belonging to various types of sensors make the
sensor selection closely depend on the process
characteristics and machine type.

An experienced technician can usually identify the
cutting condition by hearing the sound generated
during the cutting. At the same time, the non-contact
collection of sound signal also provides a much more
flexible installation of sensors for a system
development, especially for the related smaller
working space in the micro mechanical cutting.
However, the background noise from environment
always contaminates the signal and reduces the
chance to install sound based system in the
production line. Therefore, the successful
improvement of the noise attenuation performance for
sound based monitoring system plays an important
role in implementing the sound based monitoring
system in production line.

A number of studies for sound based monitoring
system in conventional cutting processes were
reported [1-5]. In micro cutting, Lu and Wan [6]
reported that the sound signal with frequency
between 20 kHz and 80 kHz also provide a valuable
feature for micro tool wear monitoring.

To address the noise attenuation methodology,
high pass and low pass filters have been proposed to
reduce the background noise in monitoring the tool
wear. However, it will not be easy to remove the
noise which has the energy at the same frequency
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span as the targeted sound signals. The other noise
attenuation methods such as microphone array [7-8]
and Wiener Filter [9] have also been reported and
studied while applying sound signal in condition
monitoring. Compared with the simple filter methods
mentioned above, the microphone array is employed
to reduce the non-stationary noise and provide a
promised solution for the noise attenuation in speech
recognition. However, in applying the sound signal in
manufacturing application, fewer studies have been
reported for applying the microphone array
techniques to the tool condition monitoring. In this
study, a multi-spacing configuration MEMS
microphone array is proposed and studied to reduce
the noise generated out of cutting point for the sound
based tool wear monitoring system. Delay and sum
algorithm was adopted for processing the collected
sound signals from various microphones. In the
performance test, the noise attenuation performance
by the proposed system was investigated with noise
generated at open space environment and inside
cutting chamber, compared with the traditional
constant space configuration of microphone array.

2. Experimental Set-up

To analyse the capability of multi-spacing MEMS
microphone array in noise attenuation and evaluate
its application to tool wear monitoring in turning,
experiments were conducted with broad band artificial
noise generated next to microphone in open and
close space. The MEMS microphones are installed
on a fixture to build up a microphone array system
and the artificial noise generated by a speaker is
located as shown in Fig. 1. The Knowles
SPMO0408LE5H-TB MEMS microphones with the
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bandwidth between 100~10,000 Hz were used in this
study, and the delay-and-sum algorithm was adopted
in processing the collected sound signal.

d: spacing between microphone

Microphones

Noise

@
b Fixture ——>/

Fig. 1 MEMS microphone array with space d and
noise generation Direction.

To develop an array system with a capability of
noise attenuation over a broad band, various spacing
between each MEMS microphone was setup to cover
various frequency span of interest. Fig. 2 illustrates
the arrangement of MEMS microphone on a fixture,
and the spacing between microphone and
corresponding designated frequency band (based on
the cut-off frequency) is shown in Table 1.

MEMS Microphone M1, M2, M3,
M4, M5, M6
d: spacing between microphone

Fig. 2 An arrangement for a MEMS microphone array.

Table 1
Spacing for multi-spacing microphone array
d1 a2 d3 a4 d5
Microphone Gap (mm) 238 28.4 335 425 57.2
Effected Frequency (kHz) 7.0 6.0 5.0 4.0 3.0

In the evaluation of microphone array applying to
the tool wear monitoring in turning, a developed
monitoring system equipped with MEMS microphone
array was tested in a platform as shown in Fig. 3. In
which, a set of microphone array is installed next to
the cutting point. The artificial broad band noise was
generated by speaker next to cutting point. The
cutting parameters are shown in Table 2.

e @ LT '
Fig. 3 Installation of MEMS microphone array for
tool wear monitoring.

Table 2

Worpiece and cutting parameters
Cutting Feed Rate Depth of Cutting Workpiece
Speed (um/rev) Cut(um) Length Diameter
(m/min) (mm) (¢ mm)

100 2 200 10 10

3. Results and Discussions
3.1. Noise attenuation with pure noise in open space

An experiment is conducted first to evaluate the
performance of the microphone array with only the
artificial generated broad band sound signal next to
array at an open space field. The generated audible
signal obtained from M1 and M3 Microphone as
shown in Fig. 2 are shown in Fig. 4, along with both
signals which was processed by the delay-and-sum
algorithm. For this microphone array set-up, the
spacing between each microphone is 57.2 mm and
the designated frequency is around 3 kHz.
Comparing the signal obtained from a single
microphone signal (M1 and M3) to that processed by
the microphone array, the signal from 2 kHz to 5 kHz
and around 7 kHz is reduced significantly by applying
the microphone array to the system. Fig. 5
demonstrates the signal obtained from a single
microphone and also processed by a microphone
array with the designated frequency at 5 kHz. The
frequency span referring to high noise attenuation
ratio is moved to the higher frequency range
compared to the results shown in Fig. 4. It fits well to
the fact that the lower cut-off frequency will increase
with the decrease of microphone spacing. By
continuously reducing the spacing between two
microphones to 23.8 mm referring to the designated
frequency of 7 kHz, the noise attenuation can only be
observed at the frequency span higher than 4 kHz.
The noise attenuation ratios for each frequency span
along with various spacing are shown in Fig. 7. The
results show that the noise attenuation efficiency for
frequency span lower than 5 kHz increase as the
spacing between microphone increases, except for
the FEg case. And for the frequency span between 4
kHz and 7 kHz, the array with the spacing of 42.5 mm
(FE4) provides the best performance. For the
frequency span higher than 7 kHz, the microphone
array with the lowest spacing between microphones
(23.8 mm, FE7) shows the best results.
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Fig. 4. Frequency domain signal with single microphone
and constant spacing microphone array (Designated
frequency: 3 kHz).

Freq. domain for Moise

4 6
Frequence(kHz)

Fig. 5. Frequency domain signal with single microphone
and constant spacing microphone array (Designated
frequency: 5 kHz).
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Fig. 6. Frequency domain signal with single microphone
and constant spacing microphone array (Designated
frequency: 7 kHz).
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Fig. 7. Noise attenuation efficiency for microphone array
with various spacing between microphones.

Based on the above discussion, a multi-spacing
microphone array with various spacing design might
provide a better overall performance in noise
attenuation compared to the constant spacing array.
A multi-spacing array is proposed in this study with
the spacing arrangement as shown in Table. 1. The
noise attenuation rate for each frequency span is also
shown in Table 3. The average of 50.2% attenuation
rate can be obtained. This result demonstrates that
the improvement of noise attenuation is obtained with
the multi-spacing configuration compared to the
constant spacing configuration with the average noise
attenuation of 20%.
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Table 3
Noise attenuation with multi-spacing microphone
array

Frequency Span (kHz) 12 243 34 45 56 67 7-8 89

Effected Frequency for selected
FE3 FE3 FE3 FE3 FES5 FES FE7 FE7
array (kHz)

Noise Reduction Rate for each
847 49.50 40.80 41.16 69.20 42.66 65.74 89.04
frequency span (%)

Average Noise Reduction Rate 08
for all frequency range(%)

The increase of microphones numbers for a
microphone array, in theory, can improve the noise
attenuation efficiency. To analyze the effect by
increasing the number of microphones in the array
design, the noise attenuation performance obtained
from the multi-spacing microphone arrays with two
and three microphones installation for each frequency
span design were investigated, respectively. Fig. 8
shows the attenuation efficiency at each frequency
span for both cases. Based on the results, the array
with 3-microphone setup demonstrates the better
performance in noise attenuation than 2-microphone
setup. Especially in the frequency range lower than
the 6 kHz, the significant improvement of noise
attenuation can be observed by increasing the
microphone number from two to three for each
frequency span.
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Fig. 8. Noise attenuation efficiency for multi-spacing
microphone array with various spacing between
microphone.

3.2. Noise attenuation with pure noise in chamber

Cutting process is always occurring inside a
chamber, and the reverberation plays some kinds of
role in sound analysis. To confirm the capability of
microphone array for noise attenuation in a machining
chamber, the tests with the same installation as
shown in section 3.1 are conducted again in a
chamber for machining. Fig. 9 is the noise
attenuation rate for each frequency span with various
spacing design for constant spacing microphone
array inside a chamber. Over 60% of noise
attenuation rate can be observed with the frequency
band higher than 3 kHz. Moreover, the higher noise
attenuation efficiency than those tests in the open
space are observed. This might be caused by that
the microphone array in a chamber not only has
reduced the sounds coming out of off-beam direction,
but also the reverberation generated from around the
wall.
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Fig. 9. Noise attenuation for frequency span by constant
spacing microphone arrays

3.3. Multi-spacing microphone array for tool wear
monitoring system

To evaluate the benefit of applying multi-spacing
microphone array to a tool wear monitoring system,
an experiment was conducted on a turning platform
with linear motor and air bearing guide. The tool wear
level corresponding to the signal collection is shown
in Fig. 11. The flank wear is 18 um after cutting. The
time domain artificial noise signal is shown in Fig.
12(a). Comparing with the signals obtained during
cutting, its energy level is around one third of the
sound signal during cutting. .

Fig. 11. Flank wear on turning tool (18 um)
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Fig. 12. Time domain sound signal from single microphone
(a) artificial noise (b) sound signal collected during cutting

To evaluate the improvement of noise
attenuation and contribution to a tool wear monitoring
system by installing a microphone array, systems
integrated with only a single microphone and a
microphone array were studied respectively. A neural
network based tool wear classifier is designed for the
tests. The signals collected from a single microphone,
processed by a constant spacing microphone array,
and a multi-spacing microphone array were used to
training a monitoring system. In contrast, the other
set of sound signals collected from another
experiments were used for evaluating the system
performance. With the implementation of a speaker
to generate noise into the system, the classification
rate of system decreases from 97.5 % to 80% for the
single microphone system. By applying the constant
spacing microphone array, the classification rate for
tool wear monitoring can increase to 91.7% with noise
effect. By implementing the multi-spacing
microphone array to the system, 100% classification
rate can be obtained by completely reducing the
effect from the noise.
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4. Conclusions

A multi-spacing MEMS microphone array was
proposed and evaluated by implementing them to an
open and close field with the artificial noise covering
all frequency range, as well as to a turning process
for tool wear monitoring. The results demonstrate
that the microphone array with designated spacing
between microphones provides the noise attenuation
at specific frequency range, and the multi-spacing
microphone array can provide the better noise
attenuation capability over the frequency range of
100~10,000 Hz. With the artificial noise generated by
speaker inside the cutting chamber, the classification
rate can be improved from 80% to 100% by
implementing the multi-spacing MEMS microphone
array set to a tool wear monitoring system compared

to adopting only single MEMS microphone.
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