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ABSTRACT: An all-in-one energy harvester module comprising a top piezo-
electric layer, a bottom piezoelectric layer, and a middle triboelectric layer was
fabricated based on flexible piezoceramic nanofibers to serve as a power source for
wearable devices. The top and bottom piezoelectric layers were manufactured by
modularizing electrospun piezoceramic nanofibers with an interdigitated
electrode, and the energy harvesting characteristics were maximized by laminating
the single modules in z-axis array arrangements. The triboelectric layer was
manufactured by attaching polydimethylsiloxane on both sides of an electrode
layer, and the energy harvesting characteristics were controlled according to the
surface roughness of the triboelectric modules. The output voltages of the
individual energy harvester modules of the all-in-one module were individually or integrally measured by hand pressing the lower
and upper parts of the module. The all-in-one energy harvester module generated a maximum voltage (power) of 253 V (3.8 mW),
and the time required to charge a 0.1 μF capacitor to 25 V was 40 s. The results of a simulated energy harvesting experiment
conducted on the all-in-one energy harvester module showed that 42 LED bulbs arranged in the shape of the “KICET” logo could be
turned on in real time without charging, and a mini fan consuming a power of 3.5 W was operated after charging a 10 μF capacitor
for 250 s. This work shows the potential of the all-in-one module as an ecofriendly flexible energy harvester for operating wearable
devices.
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■ INTRODUCTION

Flexible piezoelectric ceramics have received attention as an
environmentally friendly energy source for wearable devices
because they can help convert unused mechanical energy into
electrical energy regardless of the surrounding environment.1−3

Although the brittleness and poor deformation characteristics
of flexible piezoelectric ceramics have been overcome, the
energy generated remains low.4−6 To this end, hybrid energy
harvester modules have been proposed, such as the piezo-
electric−electromagnetic hybrid energy harvester module
(HEHM),7,8 piezoelectric−triboelectric HEHM,9−11 and tribo-
electric−electromagnetic HEHM.12 Among these HEHMs,
piezo-triboelectric HEHMs are more suitable as a green energy
source for wearable devices as they can not only generate high
energy in response to human movements regardless of the
surrounding environment but can also be manufactured easily
and cost-effectively.
In piezo-triboelectric HEHMs, a hybrid module design has

been studied to improve the module performance.13−15

Improving the performance of each layer of the piezoelectric
energy harvester module (PEHM) and triboelectric energy
harvester module (TEHM) is also important. The PEHMs in
recently developed HEHMs generally employ a top and
bottom electrode with the d31 operating mode in which an

electric field is formed vertically in the force direction.14,15 To
improve the piezoelectric characteristics, it is better to use an
interdigitated electrode (IDE) with the d33 operating mode in
which an electric field is formed horizontally in the force
direction.16,17 Furthermore, the output performance can be
further improved by fabricating the multimodules in a single-
module arrangement.17 There have been many studies to
improve the performance of TEHM.18−22 Especially, with the
increase in the surface roughness of the TEHM layer, more
electrons are induced on the TEHM surface, thus improving
the output characteristics.23 In this regard, controlling the
surface roughness can help improve the performance of
TEHMs. Furthermore, PEHM and TEHM layers hybridized to
an arch structure can help improve the output performance of
HEHMs, including an increase in the curvature radius of the
PEHM and increase in the contact area with the TEHM.24
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In this study, as a green energy source for wearable devices,
an all-in-one HEHM comprising a top-PEHM (T-PEHM)
layer, a bottom-PEHM (B-PEHM) layer, and a TEHM layer
with an arch shape was prepared and characterized based on
flexible piezoceramic nanofibers. The energy harvesting
performance of the T-PEHM and B-PEHM layers fabricated
using electro-spun piezoceramic nanofibers with an IDE was
optimized by employing a z-axis array arrangement of the
single modules. The surface roughness of the TEHM layer
based on polydimethylsiloxane (PDMS) was controlled to
improve the energy harvesting performance. The output
voltages of the individual PEHM and TEHM of the all-in-
one HEHM were measured individually or integrally. The all-
in-one HEHM generated a maximum voltage (power) of 253
V (3.8 mW). Experimental results showed that 42 LED bulbs
arranged in the shape of the “KICET” logo could be turned on
in real time. The time required to fully charge a 0.1 μF
capacitor to 25 V was found to be 40 s, and a mini fan with a
power consumption of 3.5 W was operated after charging a 10
μF capacitor for 250 s.

■ RESULTS AND DISCUSSION

As shown in Figure 1a, the arch-shaped all-in-one HEHM
structure comprises three layers: T-PEHM, B-PEHM, and
TEHM. The T-PEHM and B-PEHM layers were prepared by
the warm isostatic press (WIP) process of BNT-ST/PVDF
(0.78Bi0.5Na0.5TiO3−0.22SrTiO3/poly(vinylidene fluoride-co-

trifluoroethylene)) nanofibers and IDE, and the TEHM layer
was prepared by attaching PDMS layers onto both sides of an
electrode layer (aluminum foil). The all-in-one HEHM was
fabricated by attaching the T-PEHM and B-PEHM layers onto
the upper and lower parts of the TEHM layer with an arch
shape, respectively. T-PEHM and B-TEHM were connected in
series, and PEHM and TEHM were connected in parallel.
Figure 1b shows the output voltages individually generated
from the PEHM and TEHM layers and integrally generated
from the all-in-one HEHM. The PEHM layers and TEHM
layer generated output voltages of 6.7 and 205.4 V,
respectively. As the PEHM was pressed, one large positive
peak was first observed due to the mechanical displacement of
the piezoelectric layer, and then, a small shoulder peak comes
out while hitting the TEHM surface. However, when the
pressing force was removed, it was detached at once, so only
one negative peak without the shoulder peak was observed.
The all-in-one HEHM with individual modules connected in
parallel generated an output voltage of 214.5 V, and the output
voltages generated from the individual module layers were
integrated. Figure 1c shows the working process and charge
transfer mechanism of the all-in-one HEHM according to the
operating states. The synchronous measurement results of the
individual module layers in the all-in-one HEHM were checked
with the corresponding output signal simultaneously, and each
part of the output signal was divided with respect to the related
operating process as marked. In the initial state without any
contact, no piezoelectric or triboelectric potential was
generated. (i) In the contact state where the contact with
the fingers begins, based on the coupling of the electrostatic
induction and triboelectrification, the accumulated opposite
charges on the BNT-ST/PVDF nanofiber surface of the
PEHM and on the PDMS surface of the TEHM tended to be
neutralized while approaching, which attracted compensated
charges from the electrodes of the TEHM. The triboelectric
energy was generated first in the TEHM owing to these
electron movements. No piezoelectric energy was generated in
the PEHM because of the insufficient displacement. (ii) In the
full-contact state, the piezoceramic nanofibers were stressed
because of the sufficient displacement and pressing force, and a
maximum piezoelectric energy was generated. The PEHM with
the IDE showed the d33 operating mode, yielding a much
higher voltage than the piezoelectric module with the top and
bottom electrode (d31 operating mode) at similar module
dimensions. The induced electrostatic charges on the TEHM
due to the electron movements were balanced, and the output
value gradually decreased. (iii) In the separation state, a
potential difference was generated again when the friction layer
was separated, and the TEHM exhibited a maximum negative
output voltage. (iv) In the full-separation state, although the
output voltage of the TEHM decreased gradually as the
potential difference was overcome, the PEHM generated a
maximum negative output voltage because of the sufficient
displacement. Furthermore, as the triboelectric charge is
generally compensated faster than the piezoelectric charge
while maintaining the residual deformation of the friction
electric charge, the maximum output voltage in the TEHM was
observed faster. After one cycle, the all-in-one HEHM returns
to the initial state without generating energy until the external
force and contact are applied again.
The material characteristics of the piezoceramic nanofibers

in the T-PEHM and B-PEHM were investigated to evaluate
the performance of the all-in-one HEHM, as shown in Figure

Figure 1. (a) Schematic of an all-in-one HEHM structure. (b) Output
voltages of individual energy harvester modules of the HEHM. (c)
Working principles of the HEHM according to operating states.
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2. The XRD patterns of the piezoceramic nanofibers based on
BNT-ST and PVDF-TrFE were measured in the 2θ range of

20−80°, and three different crystal phase peaks can be
observed, as shown in Figure 2a. BNT-ST piezoelectric
ceramic peaks (JCPDS 89-3109) can be observed, and the
(111) and (200) peaks between 40 and 47° can be observed as
single peaks without separation, indicating the polarization of
the BNT-ST ceramics distributed in the nanofibers by the
electrospinning process.25 The dominant β-phase (110) peak
and the negligible α-phase (100, 200) peaks of PVDF-TrFE are
observed. PVDF-TrFE copolymer polymers are semicrystalline
polymers with five crystal phases such as α-, β-, γ-, δ-, and ε-
phases. In general, α-phases dominate before the electro-
spinning process, while β-phases dominate after the electro-
spinning process because the dipoles are polled to one
direction because of the high voltages applied during the
electrospinning process.26 In the FT-IR analysis, the
absorption peaks at wavenumbers of 840, 878, and 1280
cm−1 indicate the β-phase of PVEF-TrFE, and the α-phase can
be observed at wavenumbers of 766, 941, 1146, and 1210
cm−1.27 The β-phase content (F(β)) can be obtained using the
equation based on Beer−Lambert’s law.28

β = { + }β β α α βF A K K A A( ) / ( / ) (1)

Here, Aα and Aβ are the measured absorbances at 766 and
840 cm−1, respectively, and Kα (6.1 × 104 cm2/ mol) and Kβ

(7.7 × 104 cm2/ mol) are the absorption coefficients at the
respective wavenumbers. F(β) was calculated to be 83%,
indicating that the PVDF-TrFE of the piezoceramic nanofibers
was well crystalized into the β-phase; therefore, good
piezoelectric properties can be expected. The XRD and FT-
IR results also show that PVDF-TrFE copolymers and BNT-
ST piezoelectric ceramics coexist without affecting each other.
To improve the energy harvesting performance of the all-in-

one HEHM, the performance of the PEHM layer was first
optimized according to the number of PEHM layers with z-axis
array structures connected in series, as shown in Figure 3a,b. In
the case of a single PEHM, the output voltages (currents) of
the individual T-PEHM, TEHM, and B-PEHM layers were 4.0
(1.5 μA), 204 (112 μA), and 3.4 V (1.0 μA), respectively, and
the output voltage (current) of the integral HEHM layer was
211 V (115 μA). The overall energy in the all-in-one HEHM is
believed to be integrally generated in the individual layers, and
most of the energy is generated in the TEHM layer. Although

there is a slight difference in the output voltages and currents
of the T-PEHM and B-PEHM due to the difference in the
forces acting from the top and bottom layers, the output
behaviors are well matched. In Figure 3c, with the increase in
the load resistance, the output currents of the T-PEHM,
TEHM, and HEHM decrease; however, the maximum power
is generated at a load resistance of 0.8 MΩ for the T-PEHM,
10 MΩ for the TEHM, and 0.9 MΩ for the HEHM. The
overall load resistance of the HEHM was reduced due to the
parallel connection of the rectified both PEHM and TEHM.29

In general, the lower the resistance at which the maximum
power is observed, the better its performance as a power
source. Although the TEHM, which generates the most energy,
shows the maximum power at a higher load resistance in the
all-in-one HEHM, the maximum power is observed at a lower
load resistance, similar to the resistance of the PEHM.
In other words, the advantage of the PEHM with the

maximum power at a lower load resistance and the TEHM
with the high output voltage can be integrally observed in the
HEHM. With the increase in the number of modules making
up the PEHM, the output voltages (currents) of the T-PEHM
increase to 4.0 V (1.5 μA) for the single module, 5.2 V (2.9
μA) for the dual module, and 8.8 V (3.3 μA) for the triple
module; the B-PEHM and T-PEHM show similar increasing
trends, as shown in Figure 3a,b. However, a similar power
density of 0.1 W/m3 was observed, even though the number of
PEHM layers increased. Although the amount of energy
generated in the TEHM was not particularly affected, the
output voltages (currents) of the all-in-one HEHM slightly
increased to 211 V (115 μA) for the single module, 214 V (119
μA) for the dual module, and 219 V (121 μA) for the triple
module. In general, the multiple modules based on the pure
PEHM, which is not hybridized, showed increased output
voltages and a similar output current with the increase in the
number of series-connected modules.16 In the case of the all-
in-one HEHM, however, even when the individual PEHM
layer was measured separately, the output voltage and output
current of the PEHM increased with the number of modules
connected in series. When separately measured, the contact
between the PEHM and TEHM surfaces was unavoidable, and
it is believed that the output current values increased because
of the electron movements due to electrostatic induction. In
the case of multiple PEHMs with over three layers, the low
flexible characteristics not only make it difficult to manufacture
the arch-shaped modules but also lead to poor structural
stability because of repeated displacements. Therefore, the
PEHMs in the all-in-one HEHM were optimized as a triple
module structure.
To improve the energy harvesting performance of the all-in-

one HEHM, the performance of the TEHM layer was
optimized by controlling the surface roughness of the PDMS
through a sanding and patterning process, as shown in Figure
4. In the all-in-one HEHM with the pure PDMS layer, a very
flat PDMS surface can be observed from the AFM analysis, and
the root mean square surface roughness (Rq) and the maximal
average surface roughness (Rz) of the pure PDMS were
approximately 30 and 40 nm, respectively. The PDMS surface
of the all-in-one HEHM with the sanded PDMS layer showed
a nanoscale surface roughness in the AFM image, and Rq and
Rz values were found to be 30 and 240 nm, respectively,
implying that the PDMS surface was rougher with a nanosize
of approximately 210 nm. On the other hand, the PDMS
surface of the all-in-one HEHM with the patterned PDMS

Figure 2. (a) XRD patterns and (b) FT-IR analysis spectra of the
piezoceramic nanofibers based on BNT-ST and PVDF-TrFE.
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layer showed a microscale surface roughness in the optical
image with Rq and Rz values being approximately 1.30 and
6.40 μm, respectively. To have both nanoscale and microscale
surface roughness, the PDMS surface of the all-in-one HEHM
was sanded after patterning; the patterned and sanded PDMS
have an Rq value of 1.28 μm and an Rz value of 6.43 μm. With
the increase in the nanoscale surface roughness of the PDMS,
the output voltage (currents) of the T-PEHM increased
significantly from 9.9 V (3.3 μA) for the pure PDMS to 14.2 V
(3.5 μA) for the sanded PDMS. The B-PEHM and T-PEHM
showed similar tendencies. In the TEHM, the output currents
(voltages) of the pure PDMS and sanded PDMS were 113
(202 V) and 138 μA (211 V), respectively. These results
indicate that, as the surface roughness of the PDMS increases
to nanoscale, although the output voltage of the TEHM
increases slightly, the current output of the TEHM increases
significantly. The high nanoscale surface roughness of the
PDMS is believed to have contributed significantly to the
increased output voltage of the piezoelectric layer because of

the increase in the pressing pressure and the increase in the
output current of the triboelectric layer due to increased
contact surface area. The enhanced characteristics of each layer
were coupled in the all-in-one HEHM, thus significantly
improving the output voltage from 219 to 236 V and the
output current from 128 to 143 μA with the increase in the
nanoscale surface roughness. With the increase in the
microscale surface roughness of the PDMS, the output voltage
(currents) is improved from 9.9 V (3.3 μA) for the pure
PDMS to 21.6 V (3.8 μA) for the patterned PDMS because of
the higher pressure resulting from the microscale surface
roughness compared with the nanoscale surface roughness.
The output voltage (current) of the TEHM was slightly
improved from 202 V (113 μA) for the pure PDMS to 207 V
(120 μA) for the patterned PDMS. As the surface area under
microscale surface roughness is lower than that under
nanoscale surface roughness, the increase in the output voltage
and current of the TEHM was lower than that under nanoscale
surface roughness. The overall output voltage of the all-in-one

Figure 3. (a) Output voltages and (b) output currents of the all-in-one HEHM according to the module number of PEHM layers. (c) Output
currents and power of the all-in-one HEHM with the single PEHM according to the load resistance.
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HEHM with a microscale surface roughness was higher than
that with a nanoscale surface roughness because of the high
improvement in the T-PEHM and B-PEHM layers by the
increase of the pressing pressure. In contrast, the overall output
current of the all-in-one HEHM with a nanoscale surface
roughness was higher than that with a microscale surface
roughness because of the high improvement in the TEHM
layer by the increase of the contact surface area. In this regard,
to improve the performance of both the piezoelectric and
triboelectric layers, the all-in-one HEHM with nanoscale and
microscale surface roughness was prepared by the patterning
and sanding process. An output voltage of 253 V and an output
current of 149 μA were obtained. In other words, the output
characteristics of the TEHM layer were improved by
controlling the TEHM surface with nanoscale roughness, and
those of the PEHM layer were enhanced by adjusting the
TEHM surface with the microscale roughness. As a result, the
all-in-one HEHM generated maximum energy by controlling
the nanoscale and microscale surface roughness.
When applying the HEHM to a wearable electronic device,

the generated energy is generally used after charging a
capacitor for a stable power supply to the device. A charge−
discharge test was conducted, as shown in Figure 5a,b. The
energy generated from the individual PEHM, individual
TEHM, and all-in-one HEHM was used to charge 0.1, 1.0,
and 10 μF capacitors for 100 s, as shown in Figure 5a. With the

increase in the capacitance of the capacitor, the slope of the
charge curve for each module decreases, and the PEHM with
the lowest output voltage was unable to fully charge all the
capacitors in 100 s. The TEHM and HEHM fully charged the
0.1 μF capacitors to 25 V, and the HEHM with the highest
output voltage charged the 1.0 and 10 μF capacitors to 19.2
and 6.5 V in 100 s, respectively. Figure 5b shows the results of
the charge−discharge tests conducted on the PEHM, TEHM,
and HEHM for the 0.1 μF capacitor; the time required to
charge the capacitor to 25 V is more than 200 for the PEHM,
50 s for the TEHM, and 40 s for the HEHM. Although there is
no charge−discharge cycle for the PEHM due to the very low
generated energy, the charge−discharge process of the TEHM
and HEHM was linear with respect to time and showed good
reversibility. Furthermore, the HEHM with a higher output
voltage showed faster charging time than the TEHM. These
results show that, by hybridizing the PEHM and the TEHM,
the all-in-one HEHM not only exhibits an excellent charging
durability but also a high charging speed, thus making it more
applicable as a power source for wearable electronics. In the
first simulated energy harvesting experiment conducted on the
all-in-one HEHM, 42 LED bulbs arranged in the shape of the
KICET logo turned on in real time without charging, as shown
in Figure 5c. To make the KICET logo shape, 15 blue LED
bulbs and 27 red LED bulbs were used, all of which were
connected in a series. As the voltage required for illuminating

Figure 4. (a) Output voltages and (b) output currents of the all-in-one HEHM according to the surface roughness of the PDMS in the TEHM
layer.
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an LED bulb is about 2 V, an output voltage of 84 V or more
was generated each time when pressing the all-in-one HEHM
for illuminating the 42 LED bulbs in real time. Another
simulated energy harvesting experiment was conducted in
which a mini fan with a power consumption of 3.5 W was
operated after charging a 10 μF capacitor for 250 s, as shown in
Figure 5d. The HEHM was connected to a rectifier circuit with
the capacitor. The mini fan operated well with the energy
obtained from the capacitor when fully charged by pressing the
HEHM continuously. With the two simulated energy harvest-
ing experiments, we confirmed the feasibility of the all-in-one
HEHM as an environmentally friendly flexible energy harvester
for operating wearable devices.

■ CONCLUSIONS

An all-in-one HEHM structure with three layers, namely, a T-
PEHM, a B-PEHM, and a middle TEHM layer with an arch
shape, was manufactured based on flexible piezoceramic
nanofibers as an ecofriendly flexible energy source for wearable
devices. The flexible piezoceramic nanofibers in the PEHM
were prepared by electrospinning and were modularized with
IDEs using a WIP process. The energy harvesting performance
of the PEHM was significantly improved by employing a z-axis
array arrangement of the single modules, and the energy
harvesting performance of the TEHM was controlled by
regulating the surface roughness of the PDMS. Most of the
energy was generated in the TEHM layer, and the load
resistance, at which the maximum power is observed, was low
in the PEHM layer. The all-in-one HEHM layer exhibited the
advantages of the PEHM and TEHM layers. Charge−
discharge tests conducted on the HEHM showed that it
exhibits excellent charging durability and high charging speed.

The all-in-one HEHM generated a maximum voltage (power)
of 253 V (3.8 mW), and the time required to charge a 0.1 μF
capacitor to 25 V was 40 s. The simulated energy harvesting
experiments conducted on the all-in-one HEHM showed that
42 LED bulbs arranged in the shape of the KICET logo could
be turned on in real time, and a mini fan with a power
consumption of 3.5 W operated well after charging a 10 μF
capacitor in 250 s. This work provides new insights into the
design and application of flexible hybrid energy harvester
modules as a green energy source for wearable devices.

■ EXPERIMENTAL PROCEDURE
To fabricate the PEHM layer, piezoceramic nanofibers were prepared
by electrospinning and were modularized with the IDE using the WIP
process.16 High purity bismuth(III) oxide (Bi2O3), sodium carbonate
(Na2CO3), titanium oxide (TiO2), and strontium carbonate (SrCO3)
were purchased from Kojundo chemical, and poly(vinylidene fluoride-
co-trifluoroethylene) (PVDF-TrFE) with a composition of 75/25 mol
% was purchased from Measurement Specialties. Solvents of N,N′-
dimethylformamide (DMF; 99.5%) and high purity acetone
(99.995%) were purchased from Sigma-Aldrich. BNT-ST
(0.78Bi0.5Na0.5TiO3−0.22SrTiO3) piezoceramics were prepared
using a general solid-phase reaction method, and crystal structures
of the BNT-ST nanofibers were analyzed by X-ray diffraction (XRD;
max 2200 V, Rigaku Corporation) and Fourier transform infrared
spectroscopy (FT-IR; ParkinElmer, Frontier 2/Spotlight 400). The
BNT-ST powders (60 wt %) with a size of less than 20 μm were
mixed in PVDF-TrFE solutions (PVDF-TrFE:DMF:acetone = 2:5:5).
The homogeneous precursor solution was loaded into a 10 mL plastic
syringe with a 21 G metal needle, and the needle was connected to a
voltage power supply. A high voltage in the range of 10−15 kV was
applied to the metal needle, and the precursor solution was supplied
for 8 h at a rate of 1 mL/h. The BNT-ST nanofibers were electrospun
onto a cylindrical drum collector located 10 cm from the needle tip

Figure 5. (a) Charge curves of 0.1, 1.0, and 10 μF capacitors. (b) Charge−discharge curves of the 0.1 μF capacitor for PEHM, TEHM, and
HEHM. (c) 42 LED bulbs arranged in the KICET logo shape powered by the all-in-one HEHM in real time. (d) Operating images of a mini fan
with a power consumption of 3.5 W after charging the 10 μF capacitor for 250 s using the all-in-one HEHM.
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with a rotation speed of 1500 rpm at room temperature and 20−40%
humidity. The IDE with an electrode width of 0.10 mm and an
electrode interval of 0.20 mm was laminated onto one side surface of
the BNT-ST nanofibers with a diameter of about 300 nm using the
WIP process at 70 °C and 80 bar for 30 min, and the fabricated
module with dimensions of 1 cm (W) × 5 cm (H) was poled at 1 kV
for 1 h at room temperature.
To fabricate the TEHM layer, PDMS (Sylgard 184, Dow Corning

Co.) and a curing agent were mixed at a ratio of 10 to 1 and then
cured at 70 °C for 1 h. The cured PDMS layers were attached onto
both sides of an electrode layer (aluminum foil) using a conductive
epoxy. The surface roughness of the cured PDMS layer was controlled
by the sanding or patterning process. The PDMS with nanoscale
surface roughness was prepared by sanding the cured PDMS surface
with 2000 grit sandpaper for 5 min. The PDMS with microscale
surface roughness was fabricated by curing the PDMS solution on the
substrate patterned to 1.2 μm at 80 °C for 1 h and then removing the
patterned substrate. For fabrication of the PDMS with both nanoscale
and microscale surface roughness, the PDMS solution was cured on
the substrate micropatterned PDMS and then sanded the surface of
the cured micropatterned PDMS to have nanoscale roughness. The
surface microstructure of the PDMS layer was analyzed by atomic
force microscopy (AFM; Nanostation II, SiS-GmbH) and optical
microscopy (Olympus BX51 microscope), and the surface roughness
was analyzed by surface profilometry (Surftest SJ-210; Mitutoyo
Corporation, Aurora, IL) with a scan rate of 2 ps (1 μm/s) at a set
point of 2.5 nN.
To fabricate the all-in-one HEHM, the T-PEHM and B-PEHM

layers were attached onto the lower and upper parts of the TEHM
layer with an arch shape, as shown in Figure 1a. T-PEHM and B-
PEHM were connected in series, and PEHM and TEHM were
connected in parallel. By hand pressing the lower and upper parts of
the module, the output voltage and current of the module were
recorded and measured using an oscilloscope (Tektronix, DPO
2012B) and a digital power meter (Yokogawa, WT 310), respectively.
The output voltages of the individual energy harvester modules of the
HEHM can be measured individually or integrally.
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