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Abstract: On the Internet of Things (IoT) where all electronic devices are connected to the internet, a secure power
supply is necessary. Energy harvesting technology is attracting attention as ”enabling technology” that expands
the use and opportunities of IoT utilization. This technology harvests energy that dissipates around us, in the
form of electromagnetic waves, heat, vibration, etc. and converts it into easy­to­use electric energy. Alternating
current signals can be extracted from bio­mechanical pulsations using skin­attached piezoelectric elements with a
protrusion, as we reported previously. However, we found that the maximum voltage of the extracted signal was
unstable and low. This study demonstrates that piezoelectric elements can be stacked to stabilize and increase
the maximum voltage, and that the extracted signal can be used to charge a capacitor, after rectification using a
voltage­doubler rectifier circuit with Schottky barrier diodes.
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1 Introduction
In recent years, smartphones, tablet terminals, and
even sensors and home appliances such as televisions
and audio equipment have become connected to the
Internet. We are now living in an Internet of Things
(IoT)world in whichmany kinds of electronic devices
are connected through the Internet.

However, connecting all these electronic devices
to the internet requires a corresponding power sup­
ply. Primary batteries cause disposal­related envi­
ronmental problems. Energy harvesting is an alter­
native that collects and utilizes the unused energy in
our surroundings [?]. Photovoltaic­power generation
is a well­known energy­harvesting technology. Floor
power generation is also a form of energy harvesting.
Piezoelectric elements are embedded in the floor, and
electricity is generated when people walk on it. There
are other methods that use heat, vibration, moving, ra­
dio waves, pressure differences, bioderived materials,
etc.

This study focuses on energy harvesting using bio­
mechanical signals [?]­[?]. In particular, various at­
tempts have been made to convert human body fluc­
tuations into electrical energy using piezoelectric ele­
ments [?]­[?]. However, fluctuations based on human
actions generate electricity only when an action is per­
formed. On the other hand, the life­long heartbeat
could provide a semipermanent energy source; how­
ever, it requires surgery. If the heart’s motion would
be sensed outside the body, a semi­permanent energy

source could be obtained.
One possible way is to use piezoelectric elements

to convert the skin fluctuations caused by the pulsat­
ing cardiovascular system to alternating current (AC)
signals, which are then rectified, and used to charge a
capacitor. Research from this perspective has largely
focused on device manufacturing [?]. Its effective­
ness has only been verified using artificial pressure
and not in the human body.

In our previous study [?], a piezoelectric element
was attached to the human body, and it was confirmed
that the pulsations could be converted to AC signals.
However, the peak voltage was approximately 200
mV. To charge the capacitor, it is necessary to rec­
tify the AC signal using a diode­based rectifier circuit,
with a diode threshold voltage of approximately 600
mV; therefore, a higher maximum voltage is required.

We attempt to increase the output voltage by stack­
ing the piezoelectric elements. Furthermore, by intro­
ducing the lower threshold­voltage diode and rectifier
circuit, the capacitor can be charged.

2 Pulsation­Energy Extraction Using
Piezoelectric Elements

The purpose of this study is to convert bio­mechanical
pulsation energy into electrical energy using piezo­
electric elements. The piezoelectric element is placed
in close contact with the skin; the mechanical pres­
sure is converted into an AC signal rectified into a
positive­only signal by a rectifier circuit, and the recti­



Figure 1: Piezoelectric element used.

Figure 2: Piezoelectric element taped to the wrist.

Figure 3: Relationship between the piezoelectric ele­
ment and the skin.

fied signal charges a capacitor. Because this technol­
ogy generates electrical energy, no additional power
source is required during the entire process.

2.1 Previous Work [?]
A piezoelectric element is a passive device based
on the piezoelectric effect which generates a voltage
when pressure is applied. The piezoelectric elements
used in this study are shown in Fig. ?? (K2512BS1
of the THRIVE KINEZ series).

The piezoelectric component and electrode are
made of flexible materials and can be placed close to
the skin. The piezoelectric element outputs an elec­
tric voltage proportional to the change in applied pres­
sure; therefore, no voltage is generated under con­
stant pressure. Because the piezoelectric element in
Fig. ?? had no pre­attached lead wires, they were at­
tached by soldering, and the entire devicewas covered
with an insulation tape. The device was then fixed
to the wrist with medical tape (hereinafter referred to

Figure 4: Protrusion used.

Figure 5: The protrusion taped to the wrist [?].

Figure 6: The protrusion and the piezoelectric ele­
ment on the skin viewed from the side.

as ”tape”), at the point where the radial artery passes
close to the skin. Figure ?? shows the location, and
Fig. ?? shows the relationship between the element
and the skin.

The output signal from the piezoelectric element
was observed using an oscilloscope. Consequently,
an output signal, corresponding to the pulsations, was
observed; however, the maximum voltage was ap­
proximately 40 mV. The reason for this was believed
to be that the pulsations did not reach the piezoelec­
tric element sufficiently. Therefore, a protrusion (Fig.
??) was inserted between the skin and piezoelectric
element.

This is similar to pressing the wrist with a finger­
tip when examining a pulse. We used a disposable
electrode for cardiac electrocardiography with the ad­
hesive pad removed, leaving only the metallic part. If
the part of the protrusion that touches the skin is sharp,
it is painful; therefore, a rounded electrode was used.
(This is not mandatory; alternates can be used.)

Figure ?? illustrates the placement and fixing (by
tape) of the convex portion of the protrusion against
the skin. They were then taped over the top. Figure
?? shows the side view.

The waveform shown in Fig. ?? was obtained



Figure 7: An example of the extracted waveform
obtained by inserting a protrusion (20 mV/div, 100
ms/div) [?].

Figure 8: Maximum voltage (mV) in 10 measure­
ments.

when the output signal was observed using an oscil­
loscope. The period of this signal was approximately
0.7 s, which is almost the same as that of a heartbeat;
therefore, the obtained signal was judged to be from
pulsation. The maximum voltage of the extracted sig­
nal increases to approximately 80 mV.

2.2 Stabilization of Output Signal
The measurements were repeated 10 times. The tape
used to fix the protrusion and piezoelectric element
was changed for each measurement. The maximum
values of the obtained voltage signals, and their aver­
age value, are shown in Fig. ??. Although the pulsa­
tions could be transduced, there was a large variation
in the measurements, as shown in the figure, and a
stable output could not be obtained.

The cause of this variation was attributed to the
difficulty in maintaining a constant force while fix­
ing the tape. Fixing the protrusion and piezoelectric
elements, separately, increased the variation.

Therefore, we first fixed the piezoelectric element
and protrusion with insulating tape, as shown in Fig.
??, and then fixed them to the wrist with a single piece
of tape. In addition, because the force of the fixation

Figure 9: Piezoelectric element with protrusion fixed
with insulation tape.

Figure 10: Maximum voltage (mV) in 10 measure­
ments after devising.

varies with the length of the tape, the tape length was
standardized to 20 cm and the wrist angle was fixed.
Figure ?? shows that the output measurement results
were more uniform than those in Fig. ??.

3 Attempts to Increase Output
The piezoelectric element converts the bio­
mechanical pulsation pressure signal into a voltage
signal; which must pass through a diode rectifier
circuit. However, the diodes have a threshold voltage
(approximately 600 mV for silicon devices), even in
the forward direction, and no output is generated un­
less the voltage exceeds this threshold. As discussed
in the previous section, the output­signal voltage was
approximately 100 mV and could not be rectified at
this level.

However, piezoelectric elements with higher out­
puts were not available to us; therefore, we attempted
to increase the output­signal level using multiple
piezoelectric elements. The wrist area where the pul­
sation can be sensed is small, and even if multiple
piezoelectric elements were placed side by side, none
of them would detect the pulsation. Therefore, multi­
ple piezoelectric elements were stacked on top of each
other.

3.1 Two piezoelectric elements stacked
As shown in Fig. ??, the two piezoelectric ele­
ments with protrusions were placed directly above
each other. The piezoelectric element closest to the
skin was labeled 1, and the element on top of it was



Figure 11: Two piezoelectric elements on the skin
viewed from the side.

Figure 12: Maximum voltage (mV) of two piezoelec­
tric elements.

Figure 13: Force applied to one piezoelectric element.

2. The measurements were performed five times.
The results are shown in Fig. ??. The piezoelec­
tric elements were able to output average maximum
voltage of 56 mV and 101 mV for piezoelectric ele­
ments 1 and 2, respectively. The average maximum
voltage of Piezoelectric Element 2 was equivalent to
that of a single piezoelectric element, whereas that
of Piezoelectric Element 1 was approximately half of
that value.

The reasons for this are discussed below: Figs. ??,
??, and ?? show the force applied to a single piezo­
electric element, and the forces applied to Piezoelec­
tric Element 2 and 1, when stacked. In these figures,
the tape is omitted. In the case of Piezoelectric El­
ement 2 in Fig. ??, the force pressing down on the
skin with the tape from above and the pulsation force
from below through Piezoelectric Element 1 are the
same as those in the case of the single piezoelectric
element in Fig. ??. This suggests that the average
output value of Piezoelectric Element 2 is equivalent

Figure 14: Force applied to piezoelectric element 2
when two piezoelectric elements are stacked.

Figure 15: Force applied to piezoelectric element 1
when two piezoelectric elements are stacked.

Figure 16: Illustration of why the output voltage of
Piezoelectric Element 1 reduces.

to that of one piezoelectric element. However, in the
case of Piezoelectric Element 1 in Fig. ??, the force
of the pulsation pushing up the skin is the same as that
of Piezoelectric Element 2, but the force to be fixed
by the tape is concentrated at one point through the
protrusion of Piezoelectric Element 2; thus, a larger
force is applied from the top than in the case of one
piezoelectric element. The force applied by the tape
is constant, and as mentioned earlier, the piezoelectric
element only reduces the response range of the piezo­
electric element to the pressure and does not generate
voltage at constant pressures.

This is illustrated in Fig. ??. The pressure­
response capability of both piezoelectric elements
was finite and identical, as indicated by the bold
boxes in the figure. The constant force required to



Figure 17: Arrangement of three piezoelectric ele­
ments.

fix them is indicated by the colored area in the figure.
The force required to fix Piezoelectric Element 1 is
larger than that required to Piezoelectric Element 2,
as shown in (b). This limited the range that detected
the pulsation and the output voltage was low.

3.2 Three piezoelectric elements stacked
As shown in the previous section, when two piezo­
electric elements are stacked, and the protrusions are
placed such that their positions overlap, the output
voltage of one of the piezoelectric elements decreases.
Therefore, we shift the positions of the protrusions.

Although the force applied to the lower piezoelec­
tric element should strictly be the same even if the
positions of the protrusions are shifted, the piezoelec­
tric element and electrode aremade of a flexible mate­
rial; therefore, the constant force applied to Piezoelec­
tric Element 1 (by the fixing tape) is distributed and
weaker than when it is sandwiched between the upper
and lower protrusions. In addition, even if the out­
put values of the two piezoelectric elements are equal,
their combined value does not exceed the threshold
voltage of the diode.

Therefore, the number of piezoelectric elements is
increased to three. Each of them are fixed individu­
ally with tape. When we tried to fix them with a sin­
gle piece of tape, the pulsation did not evenly reach
the three piezoelectric elements because the stacked
piezoelectric elements tilted.

Figure ?? shows the arrangement of the piezoelec­
tric elements. Piezoelectric Element 1 was fixed with
tape, and Piezoelectric Elements 2 and 3 were then
taped to both ends of Piezoelectric Element 1, avoid­
ing the protrusion at the center of Piezoelectric Ele­
ment 1. A side view of their arrangement is shown in
Fig. ??.

The output of each of the three piezoelectric ele­
ments was measured five times. The results are pre­
sented in Fig. ??. The average maximum voltage of
the three piezoelectric elements were 117 mV, 120
mV, and 131 mV for Piezoelectric Element 1, 2, and 3

Figure 18: Fixing arrangement of three piezoelectric
elements.

Figure 19: Maximum voltage of three piezoelectric
elements.

Figure 20: Half­wave rectification circuit using a
Schottky barrier diode.

respectively. The maximum voltage of each of these
elements was almost equivalent to that of a single
piezoelectric element, and the total output exceeded
350 mV.

4 Rectifier Circuit and Capacitor
Energy Storage

Stacking the three piezoelectric elements and fixing
them with tape after shifting the protrusion positions,
an output signal exceeding 350 mV was obtained.
Then, we attempted to rectify the signal and charge
the capacitor using the rectified signal. However, a
general­purpose silicon diode has a forward thresh­
old voltage of approximately 600 mV. The maximum
voltage obtained in the previous section does not ex­
ceed that value; therefore, rectification is not possible



Figure 21: The waveform before rectification (100
mV/div, 200 ms/div).

Figure 22: The waveform after rectification (100
mV/div, 200 ms/div).

without modification.
Therefore, Schottky barrier diodes (1N5819),

which typically have a low threshold voltage of 150–
450 mV, were selected. As shown in Fig. ??, the
rectification waveform was observed across a 1 MΩ
load resistor, using an oscilloscope.

The waveforms before and after the rectification
are shown in Figs. ?? and ??, respectively. It was
confirmed that the rectification was achieved by using
stacked three piezoelectric elements and a Schottky
barrier diode.

Next, we replaced the resistor with a capacitor and
verified whether the capacitor could be charged. The
circuit diagram is shown in Fig. ??. An electrolytic
capacitor with a 1 µF capacitance was used.

The capacitor was charged when a large pulsation
occurred but was discharged before the next large pul­
sation occurred; as a result, electricity was not stored
in the capacitor. Increasing the capacitance to 10 µF
gave the same results.

The next point of interest was the negative volt­
age generated during the discharge period. For gen­
eral diodes, the reverse (leakage) current is extremely
small; however, it is not negligible for Schottky bar­
rier diodes. This was observed in Fig. ??. Therefore,
it was assumed that the capacitor charged in the for­

Figure 23: Half­wave rectification circuit terminating
in a single capacitor.

Figure 24: Capacitor charging using a voltage­
doubler rectifier circuit.

ward direction was discharged by the leakage current
in the reverse direction.

Therefore, we used a diode­bridge (full­wave) rec­
tifier circuit to eliminate discharge effect. However,
the rectified waveforms could not be obtained be­
cause in the full­wave rectifier circuit, rectification is
performed by two diodes in series (in both the forward
and reverse directions) resulting in double the diode
threshold voltage. The maximum voltage of the ex­
tracted signal did not exceed the threshold.

Therefore, a voltage­doubler rectifier circuit was
used. The corresponding circuit diagram is shown in
Fig. ??. This circuit requires only one­diode thresh­
old voltage because it is rectified with a single diode
in the forward or reverse direction.

The results are shown in Fig. ??. It was confirmed
that the capacitor was gradually charged and the volt­
age reached approximately 6 mV.

5 Conclusions
This study converted the mechanical energy of pul­
sations into electrical energy using piezoelectric ele­
ments. The AC voltage signals thus obtained using
commercially available piezoelectric elements were
rectified and used to charge a capacitor. The process



Figure 25: The waveform of a voltage doubler recti­
fier circuit (2 mV/div, 500 ms/div).

summary follows:

• A protrusion was inserted between the piezoelec­
tric element and the skin for effective pulsation
detection.

• The transducer output voltage was increased by
using three piezoelectric elements; they were
stacked by not aligning the position of the pro­
trusions, and each piezoelectric element was in­
dividually fixed with tape so that the pulsation
could be applied evenly.

• Schottky barrier diodes with low threshold volt­
ages were used for rectification.

• A voltage­doubler rectifier circuit was used
to eliminate the forward­threshold­voltage­
doubling issue of diode­bridge circuits.

• Finally, capacitor charging was accomplished.

In energy­harvesting, this is the first time that the pul­
sations in the human body have been converted into
electrical energy using piezoelectric elements.

In the absence of piezoelectric elements that can be
directly used in pulsation–electricity transduction, the
piezoelectric­element­stacking method used in this
study could be effective. If a pulsation extraction
output that exceeds twice the threshold voltage of a
general­purpose diode can be obtained using a sin­
gle piezoelectric element, it can be easily rectified by
connecting a full­wave rectifier circuit to the general­
purpose diode.

In this study, it was confirmed that the capacitor
could be charged, but examining the stability of the
results obtained and supplying the charge to electronic
devices remain issues.
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