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ABSTRACT

In this paper, we demonstrate an attachable energy-harvester-powered wireless vibration-sensing module for milling-
process monitoring. The system consists of an electromagnetic energy harvester, MEMS accelerometer, and wireless
module. The harvester consisting of an inductance and magnets utilizes the electromagnetic-induction approach to
harvest the mechanical energy from the milling process and subsequently convert the mechanical energy to an electrical
energy. Furthermore, through an energy-storage/rectification circuit, the harvested energy is capable of steadily powering
both the accelerometer and wireless module. Through integrating the harvester, accelerometer, and wireless module, a
self-powered wireless vibration-sensing system is achieved. The test result of the system monitoring the milling process
shows the system successfully senses the vibration produced from the milling and subsequently transmits the vibration
signals to the terminal computer. Through analyzing the vibration data received by the terminal computer, we establish a
criterion for reconstructing the status, condition, and operating-sequence of the milling process. The reconstructed status
precisely matches the real status of the milling process. That is, the system is capable of demonstrating a real-time
monitoring of the milling process.
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1. INTRODUCTION

Recently in the society of wireless sensors network, researchers demonstrated an innovative wireless sensing/monitoring
application for machining monitoring [1]. In the application, the wireless sensing system is used to sense, analyze, and
monitor the temperature of the milling cutter in the machining process. This real-time monitoring prevents the machining
failure caused by over-heating in the process and subsequently enhances the reliability of the machining tool. However,
the maintenance becomes difficult due to the battery replacement issue in the case of numerous sensors used in a sensor-
network. To address this issue, an energy-harvester-powered (i.e., toward self-powered) wireless sensing system is a
preferred solution. Nowadays, solar cells are comprehensively used as the energy harvesters for powering the wireless
sensing system. However, solar-cell-powered wireless sensing system is not suitable for indoor applications, especially
inappropriate for monitoring the machines in a factory. Therefore, researchers use vibrational energy harvesters [2] (such
as piezoelectric, electromagnetic, and electrostatic energy harvesters) instead of the solar cells to generate power for the
indoor applications. However, the circuit for piezoelectric energy harvesters is more difficult than electromagnetic
energy harvesters. Thus, electromagnetic energy harvesters are comprehensively utilized by the researchers to power the
wireless sensing systems for the indoor applications. That is, more appropriate for monitoring the machines in a factory.
More recently, researchers demonstrated an electromagnetic energy harvester powering a wireless sensing system for
health monitoring of a spindle [3]. However, both the harvester and wireless sensing system have to be embedded into
the spindle of the machine. Consequently, the spindle must be modified (i.e., customized/non-standard spindle). This
causes serious issues in design and manufacturing of the customized/non-standard spindle to both spindle- and machine-
manufacturers. More seriously, the customized/non-standard spindle may not be fully compatible with the existing
machines. This results serious problems in machining. Therefore, an attachable (i.e., nondestructive for the spindle) self-
powered wireless sensing system is needed. Hence, in this paper, we demonstrate an attachable energy-harvester-
powered wireless vibration-sensing system for machining monitoring.

*tkchung@nctu.edu.tw; phone 886-3-5712121 ext. 55116; fax 886-3-572-0634

Sensors and Smart Structures Technologies for Civil, Mechanical, and Aerospace Systems 2013,
edited by Jerome Peter Lynch, Chung-Bang Yun, Kon-Well Wang, Proc. of SPIE Vol. 8692,
86922U - © 2013 SPIE - CCC code: 0277-786X/13/$18 - doi: 10.1117/12.2009435

Proc. of SPIE Vol. 8692 86922U-1

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 04/27/2014 Terms of Use: http://spiedl.or g/terms



2. DESIGN

The conceptual approach of the attachable energy-harvester-powered wireless vibration-sensing system used to monitor
a milling-process is shown in figure 1. The self-powered system consists of an electromagnetic energy harvester, MEMS
accelerometer, and wireless module [4-7]. The harvester consists of a magnet and inductance. The inductance is attached
on the machine while several permanent magnets are attached on the spindle of the machine. During milling, the magnets
rotate with the spindle while the inductance is fixed on the machine. Due to this, a continuous relative-motion is
produced between the rotated magnets and fixed inductance, i.e., the magnets produces a periodic/varied magnetic flux
to the inductance. Due to the electromagnetic-induction, the periodic/varied magnetic flux induces a voltage output in the
inductance. That is, a periodic alternating power output is generated. This achieves harvesting mechanical energy from
the milling cutter’s rotation during the milling process and subsequently converting the mechanical energy to an
electrical energy. Furthermore, through an energy-storage/rectification circuit, the harvested electrical energy is rectified
in order to steadily power both the MEMS accelerometer and wireless module. This achieves a self-powered wireless
vibration sensing system. Meanwhile, vibration occurs while the milling cutter and work piece are physically contacted.
The system is able to sense the vibration and transmit the vibration signal to the terminal user (i.e., terminal computer).
After the terminal computer received the vibration data, the data are analyzed through a criterion we established in order
to indicate the actual status/condition/operating-sequence of the milling. That is, a real-time-monitoring of the milling.
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Figure 1. The conceptual approach of the self-powered wireless vibration-sensing system

3. FABRICATION AND TESTING

According to the conceptual approach in figure 1, the corresponding practical approach (also referred as an illustration of
the test setup) is shown in figure 2. According to the practical approach, the core devices are fabricated and subsequently
assembled as the energy-harvester-powered (i.e., self-powered) wireless vibration-sensing system. A photograph of the
devices we fabricated for the system is shown in figure 3. The system consists of an electromagnetic energy harvester
[shown in figure 3(a)], MEMS accelerometer (i.e., vibration sensor) [shown in figure 3(b)], and wireless module (i.c., a
microcontroller/RF-antenna transmitter) [shown in the right side of figure 3(c)]. The electromagnetic energy harvester is
fabricated by utilizing an inductance with NdFeB magnets. The inductance is fixed on the machine while the magnets are
attached on the spindle. The energy-storage/rectification circuit of the energy harvester is modified from a bridge-circuit
combined with voltage regulator, as shown in the left side of figure 3(c). The MEMS accelerometer we used in the
system is Analogy Device, AXDL 330. This accelerometer is sensitive to low-frequency vibration frequently occurred in
the machining process. The accelerometer is glued to the over arm of the milling machine in order to experience the
vibration generated from the cutting tool while milling. The wireless module utilizes a low-power-consumption ZigBee
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communication-protocol [8-9] based wireless transceiver (Pixie Lite, Flexipanel) with CC2420 ZigBee-ready RF
transceiver for wireless data-communication (i.e., transmitting the vibration signal from the module to the terminal
computer). A Microchip PIC18F2520 is used in the module for processing signals and controlling the RF transceiver. In
order to distinguish the sensor’s signal to noise, the output signal of the sensor is amplified by an instrumented amplifier
before transmitted to the wireless module. The wireless module is set beside the column of the milling machine to avoid
the swarf generated from milling. Finally, through integrating the energy harvester, MEMS accelerometer, and wireless
module, an energy-harvester powered wireless vibration-sensing system is achieved and ready for testing.

The illustration and photograph of the testing setup is shown in figure 2 and 4, respectively. A milling machine shown in
figure 4(a) is chosen to be monitored. The testing condition we decided in this paper is described as following. The
spindle is rotated with a rotational speed of 1650 rpm. The work piece is a SKD-11 tool-steel thick plate. The top and
side view of the thick plate is shown in figure 4(b) and 4(c), respectively. An 8-mm tungsten carbide milling cutter is
selected as the machining tool shown in figure 4(d).
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Figure 2. The corresponding practical approach of the self-powered wireless vibration-sensing system monitoring the
milling process through sensing/analyzing the milling cutter’s vibration (the approach is also referred as an illustration of the
test setup).
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Figure 3. The photograph of the (a) energy harvester, (b) MEMS accelerometer, and (c) wireless module with energy
storage/rectified circuit.
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Figure 4. The photograph of (a) the testing setup, (b) front view of the work piece, (c) side view of the work piece, and (d)
the milling cutter.

4. RESULTS AND DISCUSSION

The test result of the self-powered wireless vibration-sensing system monitoring the milling process (the SKD-11 tool-
steel thick plate milled by the 8-mm tungsten carbide cutter) is shown in figure 5. In figure 5, the blue solid-line
represents a real operating-sequence of the milling (i.e., idle, milling, and then idle; the status is referred to the right axis
of the figure). The red dash-line represents the base line of the sensing signal of the capacitive MEMS accelerometer
(that is, the base line is corresponded to the bias-voltage for activating the accelerometer). Due to this bias-voltage, the
output voltage signals of the accelerometer are oscillated above and below the base line while the accelerometer
experiences the vibration produced by milling. Subsequently, the output voltage signals (i.e., vibration data) produced by
the accelerometer are transmitted from the system to the terminal computer by the wireless module of the system.
Because we set the wireless module to send signals from the system to the terminal computer once per every two
seconds, there are total 56 data received by the terminal computer during the milling lasting for 110 seconds. These data
received by the terminal computer are fitted by the black curve in the figure. According to the data, line, and curve, the
correlation between the operating-sequence of the milling and the output voltage signals (indicating the vibration)
received by the terminal computer is obvious. While the cutter mills the work piece, the terminal computer received
oscillated voltage signals with a magnitude either higher than 1.3V or lower than 1.0 V. This result shows the vibration
produced by the milling does oscillate the accelerometer resulting in oscillated output voltage signals. However, not all
of the produced output voltage signals are far apart from the base line. Therefore, we use an oscilloscope with a sampling
frequency of 2500 Hz to record/analyze the vibration signals. The analyzed result shows at least 70 % of the signals are
out of the range of 1.0 V- 1.3 V. That is, most voltage signals (at least 70% of the signals) are capable of indicating the
vibration occurred in the milling. That is, the system successfully senses the vibration occurred in the milling.

Through analyzing the vibration data we obtained, we establish a criterion capable of reconstructing the milling process
with different operating-sequence, milling status, and milling conditions (note: this is extremely important toward a real-
time monitoring). For the milling process with a typical operating-sequence (i.e., whether milling the work-piece), the
flow chart of the criterion is shown in figure 6(a). Based on the experimental data shown in figure 5, some of the data
received while milling have no significant difference with those received while idling. Thus, in this case, using one
voltage-amplitude data in figure 5 as a criterion to directly indicate/distinguish the real-time milling status/condition may
result in error. As we mentioned in pervious section, the oscillated output voltage signals have at least 70% of chance
capable of indicating the vibration occurred in milling status. To reduce the chance of false-indicating/detection in
monitoring, the actual milling sequence/status is indicated by the criterion with a consequent data set (more than just one
amplitude data). That is, the self-powered wireless vibration-sensing system determines the status of the milling process
is “Stopped” if the terminal computer had received two continuous data which the amplitude of the voltage signal of both
data are ranging from 1.0V to 1.3 V. Due to this, the probability of false-detection is significantly decreased to 10%. On
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the other hand, because the data far away from the range of 1.0 V - 1.3 V only occurred while milling the work piece, the
system determines the status of the milling process as “Proceeding” after receiving this sort of data once. Based on the
criterion, we successfully reconstruct the milling status/condition/operating-sequence shown in figure 6(b). The
comparison of the reconstructed and real milling status/condition/operating-sequence [figure 6(b)] shows the system is
capable of demonstrating a real-time monitoring of the milling process.
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Figure 5. The test result of the self-powered wireless vibration-sensing system monitoring a milling process. The milling
cutter and work piece is the 8-mm tungsten carbide cutter and SKD-11 tool-steel thick plate, respectively.
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Figure 6. (a) The flow chart of the criterion for indicating the status, condition, and operating-sequence of the milling. (b)
The comparison of the real and reconstructed (criterion-based) milling status, condition, and operating-sequence.
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5. CONCLUSION

We have successfully demonstrated the energy-harvester-powered (i.e., self-powered) wireless vibration-sensing system
for read-time monitoring of a milling-process. The electromagnetic energy harvester harvests the mechanical energy
from the milling and subsequently converts the mechanical energy to electrical energy to power the MEMS
accelerometer and wireless module. The result shows the system successfully senses the vibration occurred in the milling
and subsequently transmits the vibration data (voltage signals) to the terminal computer. Furthermore, based on the
criterion we established through analyzing the vibration data received by the terminal computer, the operating-sequence
of the milling machine is successfully reconstructed. This achieves a real-time monitoring of the milling process toward
an intelligent machining-monitoring system. In the future, we will investigate and develop more advanced smart-
machining functions for the self-powered sensing system.
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