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Abstract: A cymbal transducer is made up of a piezoceramic disk sandwiched between two dome-shaped metal endcaps. High
circumferential stresses caused by flexural motion of the metal endcaps can induce the loss of mechanical input energy. Finite
element analysis shows that the radial slots fabricated in metal endcaps can release the circumferential stresses, and reduce the loss
of mechanical input energy that could be converted into electrical energy. In this letter, the performance of a slotted-cymbal
transducer in energy harvesting was tested. The results show that the output voltage and power of the cymbal are improved. A
maximum output power of around 16 mW could be harvested from a cymbal with 18 cone radial slots across a 500 kQ resistive
load, which is approximately 0.6 times more than that of the original cymbal transducer.
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INTRODUCTION

The use of wireless sensors and wearable elec-
tronics has grown steadily over past few decades.
These electronics have all relied on the use of elec-
trochemical batteries for providing electrical energy
to the device. However, the increase in power used by
the electronics has led to a reduction in battery life
and has limited the functionality of the devices. In an
effort to extend the life, researchers have begun in-
vestigating methods of obtaining electrical energy
from the ambient energy surrounding the device (Ji-
ang et al., 2005; Priya, 2005; Yoon et al., 2005; Jiang
and Hu, 2007; Kim et al., 2007; Mateu and Moll,
2007). Piezoelectric materials have received the most
attention because they can directly convert strain
energy into electrical energy. Kim et al.(2004; 2005;
2006; 2007) developed a novel circular configuration
for power harvesting called a ‘piezoelectric cymbal’
in which two dome-shaped metal endcaps are bonded
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on either side of a piezoelectric circular plate. The
research was performed on a cymbal with a dimen-
sion of @29x1 mm?. The results show that the cymbal
transducers are capable of withstanding high force
applications while producing useable power. How-
ever, high circumferential stresses caused by flexural
motion of the metal endcaps can induce the loss of
mechanical input energy and decrease the energy
transmission coefficient.

In this letter, a new slotted-cymbal structure is
presented to set free the circumferential stresses, and
the mechanical input energy expended in metal end-
caps can be decreased, which will then increase the
energy transmission coefficient. The performance
containing the output voltage and power of the cym-
bal transducer with fringe radial slots and cone radial
slots was evaluated.

SAMPLE PREPARATION

The original cymbal has avoided the high-stress
concentration in the metal endcaps just above the
edges of the ceramic metal bonding layers at the
edges of cavities (Newnham et al., 1994; Newnham
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and Zhang, 2001; Ke et al., 2004). However, finite
element analysis shows that flexural motion of the
metal endcaps could introduce high circumferential
stresses, as shown in Fig.1a. The high circumferential
stresses result in decrease in the energy transmission
coefficient, because some mechanical energy is ex-
pended in the metal endcaps, which should be con-
verted into electrical energy. Fig.1b shows that the
high circumferential stresses in the metal endcaps are
decreased obviously by the radial slots. Same as the
non-slotted-cymbal transducer, a slotted-cymbal
transducer can be easily fabricated. The only differ-
ence between them is the tailoring slots before
punching. The form of slots includes fringe radial and
cone radial slots, as shown in Fig.2. The metal end-
caps were fabricated from phosphor bronze (Liu et al.,
2002; Chen and Shi, 2007; Li et al., 2007). The pie-
zoelectric disk was constructed by PZT5H. The metal
endcaps were bonded on the piezoceramic disk by
using epoxy colophony and curing at 80 °C for 6 h,
and the electrical connections were made on the
slotted cymbal by soldering the conductive wires at
the edge of the transducer (Kim et al., 2006).

Fig.1 (a) Circumferential stresses in the original cymbal
under 30 N; (b) Circumferential stresses in the slotted
cymbal under 30 N
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Fig.2 (a) Schematic diagram of the original cymbal trans-
ducer; (b) Fringe radial slots in the cymbal endcaps edge;
(c) Cone radial slots in the cymbal endcaps

PZT disk diameter, same as the diameter of brass endcaps,
@=35 mm; depth of cavity, d.=1 mm; apex diameter of cavity,
@4=7 mm,; base diameter of cavity, &.=25 mm; sheet thickness
of PZT disk, t,=2 mm; sheet thickness of endcap, t,=0.5 mm

EXPERIMENTAL RESULTS AND DISCUSSION

Fig.3 shows the picture of experimental setup. A
mechanical shaker (HEV-50) was controlled by a
high-power amplifier and a function generator
(HEAS-5). This shaker can provide a maximum force
of 50 N in a frequency band of 5~3000 Hz. The output
voltage from the slotted cymbal was measured using
an oscilloscope (DS-5000). In order to avoid any
interference from the noise in the surrounding envi-
ronment, all experiments were performed on an iso-
lated bench (Kim et al., 2004).

Fig.3 Experiment setup: (a) shaker; (b) an arbitrary
function generator and an amplifier; (c) energy harvest-
ing circuit; (d) digital oscilloscope

Fig.4 shows the schematic diagram of the elec-
tronic circuit. The equivalent circuit of the cymbal
transducer is modeled as a current source in parallel
with a capacitance C, (Wang et al., 2007). The recti-
fication circuit including a diode rectifier bridge and a
filter capacitor is used to store the electrical energy
generated from the slotted-cymbal transducer, and
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the magnitude of the filter capacitor is 10 uF. A large
capacitor is selected as the storage medium because
of two prime reasons: (1) a capacitor can be easily
charged by various methods such as pulses of current
or constant current, and (2) capacitors have an ex-
tremely long lifetime (Kim et al., 2006). The per-
formance containing the output voltage and power of
the cymbal transducer was measured with the circuit
directly across the load resistor without any ampli-
fication (Wang et al., 2007). The output power would
reach maximum at an optimum resistive load which
is equal to the equivalent impedance of the cymbal
transducer. The resonance frequency of the cymbal
transducer is usually more than 10 kHz; however, it
works at low frequency. The effect of slots on the
resonance frequency of the cymbal transducer is
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Fig.4 Schematic diagram of the energy harvesting circuit

120
a
100} @
2/ 80 L
(5]
g
= 60f
g —=—18 slots
= 40} —e—12 slots
§. —a—6slots
=] 3slots
20 L -
o —<— 0 slot
0
16
1} ®

—=—18slots
—e—12 slots
—a— 6 slots
—v— 3 slots
—<—0slot

l(l)O 260 3(I)O 4(I)0 5(I)O 6(I)0 7(I)O 8(I)O 9(I)010IOO
Resistive load (kQ)
Fig.5 Output voltage (a) and power (b) of the fringe

radial slotted-cymbal transducer as a function of resis-
tive load with various slots

Output power (mW)

ignored. In all the measurements the magnitude of
the mechanical vibrations was kept constant at 120
Hz under 30 N.

Fig.5 shows the results of the cymbal with
fringe radial slots as a function of the resistive load
with various slots. A maximum power of around 14.5
mW can be harvested from the 18-fringe slotted-
cymbal transducer across a 520 kQ resistor. It is
shown that the voltage of the slotted cymbal in-
creases with the load resistance. The voltage reaches
about 112 V across the 1000 kQ resistor. However,
the output power will decrease with increase in the
resistive load when the resistive load is larger than
the optimum resistive load. The experimental results
show that more slots cause the larger voltage and
power across the same resistive load, because more
slots can release more circumferential stresses and
increase the energy transmission coefficient. How-
ever, too many more slots will cause difficulties in
fabrication and reduce the rigidity of the cymbal
metal endcaps (Ke et al., 2004).

Fig.6 shows the results of the cymbal transducer
with cone radial slots as a function of the resistive
load with various slots. A maximum power of around
16 mW can be harvested from the 18-cone radial
slotted-cymbal transducer across a 500 kQ resistive
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load. A 90 V voltage was obtained when the output
power was 16 mW. Comparison of Figs.5 and 6
shows that the output voltage and power of the cone
radial slotted-cymbal transducer are larger than those
of the fringe radial slotted-cymbal transducer across
the same resistive load. It means that the output
voltage and power of the slotted cymbal increase as
the slot length increases.

CONCLUSION

The objective of this paper was to improve the
performance of the cymbal in energy harvesting by
setting free the circumferential stresses in metal
endcaps. The performance of the cymbal transducer
including output voltage and power with fringe radial
slots and cone radial slots was tested. The results
show that the performance of the cymbal can be
improved by fabricating radial slots in the metal
endcaps, and that the energy transmission coefficient
of the cymbal transducer can be increased as well.
The output power of the 18-cone radial slotted
cymbal can reach about 16 mW, which is approxi-
mately 0.6 times more than that of the original
cymbal transducer, and the output voltage and power
of the slotted cymbal increase with the growth of the
number and length of the radial slots.
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