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In  the present  work,  a flexible  piezoelectric  nanogenerators  (PNGs)  using  poly(vinylidene  fluoride)  (PVDF)
as an  active  layer  with  hybrid  electrode  is  demonstrated.  Here,  a poly(3,4-ethylenedioxythiophene)
(PEDOT)  derivative,  poly(2-hexyl-2,3-dihydrothieno[3,4-b][1,4]dioxine:dodecyl  sulfate  (PEDOT-C6:DS)
was introduced.  The  polymer  material  has a good  solubility  and  dispersion  with  organic  solvents.  Also,
the  polymer  has  a  good  electrical  conductivity  with  hydrophobic  surface  and  uniform  conducting  net-
work  on  PVDF.  The  device  performance  of hybrid  layer  with  a type  of  uniformly  covered  silver  nanowire
(AgNWs)  network  and  synthesized  PEDOT-C6:DS with  different  concentration  as  an  electrode  has  been
tested.  This  PNG  exhibit  superior  energy  harvesting  performance  with  maximum  piezoelectric  output
onducting polymer
iezoelectric nanogenerator
uscular monitoring system

voltage  and  current  7.02  V and  1.11 �A, at 8 Hz operating  frequency,  respectively.  The  fabricated  hybrid
electrode  PNG  (1.5  cm × 2.5 cm)  generates  a maximum  output  power  of  1.18  �W.  The  fabricated  PNG
device  is  capable  to lit up white  LEDs  and  charged  a commercial  capacitor  of  1 �F  with  charged  voltage
2.68  V in  80  s. Further,  with  the  results  obtained  it is confirmed  that  the  1  wt%  PEDOT-C6:DS  is  a  promising
material  for  hybrid  electrodes  in  electronic  applications.

©  2019  Published  by  Elsevier  B.V.
. Introduction

Energy scavenging from environment is currently a big chal-
enge for powering small electronic devices. Energy harvesting
evices converting different energy sources such as solar energy,
ind energy, thermal energy, and kinetic energy into electrical

nergy have attracted much interest in the field of wearable elec-
ronics and self-powered monitoring devices [1–7]. Researchers
ave gained attention in sustainable enough self-energy power
ources such as self-powered multifunctional sensors [8–10],
elf-powered physiological monitoring [11], self-connected nano-
enerators [12], e-skin mechano-sensor [13], triboelectricity
14–16] and several energy harvesting technologies such as piezo-
lectric and pyroelectric, which is used for powering low power
lectronic devices.

Among this, piezoelectric nanogenerator (PNG) made up of

rganic-inorganic electrodes have placed a great demand in
ccessible and ecologically sustainable energy generation from
mbient environment and regular human activities [17–21]. Most

∗ Corresponding author.
E-mail address: dkmoon@konkuk.ac.kr (D.K. Moon).

ttps://doi.org/10.1016/j.sna.2019.111575
924-4247/© 2019 Published by Elsevier B.V.
of the PNGs are mainly made up of inorganic materials [22–24].
These inorganic electrode PNG are complicated due to brittle-
ness of the materials, cost intensive processing and challenging
scalable large area coverage and toxic constituents. PNGs with
organic piezoelectric materials have several advantages such as
mechanical flexibility, lightweight, easy processing, nontoxicity,
compatibility with biological tissues and cost effective [25]. It
exhibits high piezoelectric output response with good durabil-
ity.

Hybrid electrode plays important role in opto-electronic appli-
cations such as transparent conductive films, organic solar cells, and
organic light emitting diodes [26–29]. Recently, researchers gaining
attention in human motion for wearable electronic devices, espe-
cially in real time muscles monitoring system applications such
as eye blinking [30], elbow [31], walking [32] muscles stretching
and human index finger [33], jaws, foot stress [19] with different
human body movements. The present work uses hybrid electrode
consisting of AgNWs and conducting polymer poly(2-hexyl-2,3-
dihydrothieno[3,4-b][1,4]dioxine:dodecyl sulfate (PEDOT-C6:DS).

AgNWs is mostly used in future display technology, touch pan-
els, OLEDs because of its transparent nature. It is highly conductive
and having low sheet resistance. Having a low sheet resistance in
AgNWs have an advantage in the good reliability of the devices and

https://doi.org/10.1016/j.sna.2019.111575
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sna.2019.111575&domain=pdf
mailto:dkmoon@konkuk.ac.kr
https://doi.org/10.1016/j.sna.2019.111575
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n opto-electronic applications. AgNWs have excellent mechanical
exibility without a change in their conductivity due to the intrinsic
exibility of silver. AgNWs deposited on substrate have relatively

ow adhesion force due to effects of weak van der Waals force
nd limited contact area between AgNWs junctions and substrate.
here are a few drawbacks with AgNWs which are, non-uniform
andom network structure, high surface roughness [34,35]. To over-
ome this issue, we used PEDOT-C6:DS polymer which helps to
overs the surface of AgNWs that will provides better conduction
athways for charge transport and collection by the electrode and
educes surface roughness. In the present work, we  were used flex-
ble PVDF as an active layer in PNG because it has piezoelectric
oefficient, high thermal stability and most important � phase of
VDF possesses the largest spontaneous polarization that gives to
uperior piezoelectric properties which makes suitability for nano-
enerator fabrication [36,37].

Herein, we have fabricated the PNG using pristine AgNWs
PPNG) and AgNWs with conducting polymer PEDOT deriva-
ives poly(2-hexyl-2,3-dihydrothieno[3,4-b][1,4]dioxine:dodecyl
ulfate (PEDOT-C6:DS) (DPNG) as a hybrid electrode based on PVDF
s an active layer. The effect of PPNG and DPNG was  studied to
nhance piezoelectric output. For real time monitoring system
pplications, it is necessary to fabricate PNGs on flexible sub-
trate. The output characteristics of PNG was measured, while
he device was actuated by a cyclic stretching-releasing agitation

echanism driven by a linear motor. Increasing the output volt-
ge should be an effective method to improve the performance
f PNG. However, the effect of actuation frequency on the piezo-
lectric performance was also evaluated. We  were tested the PNG
evices with different frequency range from 1 to 10 Hz. A maxi-
um piezoelectric output voltage and current of DPNG were found

.2 V and 1.11 �A, at 8 Hz respectively. At the end, the long-term
tability was checked for a real application of the device. The per-
ormance of stability was maintained over 20,000 cycles suggesting
PNG is highly stable than PPNG. DPNG is also capable to charge
p the capacitors 1 �F with charged voltage 2.68 V in 80 s. Out-
ut power generated from the DPNG can directly drive white light
mitting diodes suggesting that it is applicable as a self-powered
nergy harvester.

Further, we have demonstrated the application of muscular
otion monitoring by attaching the DPNG device on the finger.

ecently, wearable technologies have attracted a huge attention
ue to the wide variety of applications ranging from health-care
38] to textile electronics [39,40]. The current wearable electronics
equires external power sources such as batteries which requires
eriodical replacement and other drawbacks. To overcome this

ssue, we have made a PNG based wearable monitoring system.
he DPNG device shows good flexibility to be used for the muscu-

ar monitoring system. To demonstrate the real-time use, the device
as attached on the finger and the motion was monitored through

he electrical response obtained through the bending and releas-
ng of the finger. Hence, the DPNG can be a potential candidate
or the use in wearable electronic application which leads to be its
ommercial use in the future.

. Experiments

.1. Materials

PVDF with thickness 80 �m purchased from Fils Co. Ltd. AgNWs
5 mg/ml  in Iso- propyl alcohol) were purchased from Sigma

ldrich. PEDOT derivatives poly(2-hexyl-2,3-dihydrothieno[3,4-
][1,4]dioxine:dodecyl sulfate (PEDOT-C6:DS) were synthesized
sing oxidative polymerization [41]. All the reagents are analyti-
ally pure and used without further purification.
 and Actuators A 299 (2019) 111575

2.2. Film preparation

Prior to deposition, PVDF substrates blow using N2. AgNWs
(5 mg/ml  in isopropyl alcohol) were used as PNG device fabrica-
tion. The top electrode of the nanogenerator were prepared using
spin coating. Samples were prepared using spin coater GM Spin 100.
AgNWs were spin coated onto PVDF at 1000 rpm for 30 s. Then spin
coated samples annealed for 60 ◦C for 15 min. The PEDOT-C6:DS
solution was  spin coated onto AgNWs at a speed of 1000 rpm for
30 s. After PEDOT-C6:DS deposition, the films are annealed at 60 ◦C
for 15 min. Bottom electrode prepared using similar experimental
process.

2.3. Fabrication and characterization of the PNG

PVDF film with 3 × 3 cm2 in size were used for PNG. Before
device measurement, films were cut to 1.5 cm × 2.5 cm.  Al foil were
used as contact electrode. Al foil were fixed at one side of the elec-
trode to connect the nanogenerator with device measurements. The
atomic force microscope (AFM) images were obtained on a XE-100
in a non-contact tapping mode with scan size 20 × 20 �m2. Field
emission scanning electron microscopy (FE-SEM) images were
taken to investigate the detail surface morphological and cross-
sectional characteristics of the PPNG and DPNG films using Helios
Nanolab 600 and Hitachi SU8010. To know the surface wettabil-
ity properties of PPNG and DPNG, contact angle measurements are
carried out using KRUSS DSA 100 drop shape analyzer instrument.
XRD results were obtained using a Rigaku X-ray diffractometer
with CuK� radiation (wavelength 0.154 nm)  operated at 40 kV and
30 mA.  The samples were scanned in the 2� range of 10–40◦.
Infrared spectra of the PVDF were taken FTIR spectrometer 4100
(JASCO, Japan) in the range of 700–1400 cm−1 with a resolution
of 2 cm-1, where the transmission mode was  adopted in the ATR
mode.

The piezoelectric output voltage was  detected by directly con-
necting to a digital multimeter Keithley meter (Tektronix DMM
7510) with input impedance of 10 M�.  Fixed resistances were used
in a range from 1 M�  to 11.11111 M� to measure the output power
with a resistance decade box (RBOX-408, LUTRON). The PMC-1 HS-
1 Axis motion controller series was  used for the mechanical bending
measurements. The motion controller was  used for the movement
of 0.2 mm displacement by stretching and releasing, which is 0.8%
deformation ratio (�LL0

× 100). (�L: displacement (0.2 mm), L0: Ini-
tial length of PNG (25 mm))

3. Results and discussion

The device structure of the fabricated PNG is shown in Fig. 1(a).
The detailed fabrication steps are shown in Fig. 1(b) and process is
given in experimental section. To prepare uniform film for good
quality PNG, we used 1 wt% PEDOT-C6:DS polymer dissolved in
dichlorobenzene solvent. The AgNWs into PEDOT-C6:DS polymer
improves the uniformity of NWs  in the polymer matrix, which
enhances the stresses applied to the NWs  during PNG deformation.

Fig. 1(c) shows photographs of transparency and flexibility of
hybrid electrodes PNG device. Fig. 2(a–d) shows FE-SEM images
of pristine AgNWs and 1 wt% AgNWs-PEDOT-C6:DS. A randomly
oriented growth of AgNWs were seen in Fig. 2(a and c). AgNWs are
surrounded by small grains of 1 wt%  PEDOT-C6:DS clearly seen in
Fig. 2(b and d). For 2 wt% PEDOT-C6:DS shows that surface is fully
covered with no pin holes as clearly shown in Fig. S1(a and b).
For Surface topography images of pristine AgNWs and 1 wt%
AgNWs-PEDOT-C6:DS obtained from AFM are shown in Fig. 2(g
and h), respectively. These randomly oriented AgNWs have high
surface roughness values 34.92 nm as shown in Fig. 2(g). There
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ig. 1. (a) Schematics of DPNG (b) Schematic representation of fabrication of hyb
ybrid  electrode PNG and transparency of hybrid electrode.

s discontinuous network of AgNWs. The surface roughness of
 wt% PEDOT-C6:DS was 24.70 nm.  With PEDOT-C6:DS polymer
ver AgNWs, surface becomes fully connected network and these
gNWs sink into the PEDOT-C6:DS polymer which flatten out
anowires and reduces the surface roughness. As concentration
f PEDOT-C6:DS increases from 1 wt% to 2 wt%, surface roughness
educes from 24.70 to 16.60 nm,  indicating that surface becoming

ore smoother and smoother as shown in Fig. S1(c). The thickness
f entire device for wearable devices is one of the important fac-
ors due to the flexibility, application on the human body and etc
42]. Cross-sectional FE-SEM images for the thickness of the entire
PNG and 1 wt% DPNG are shown in Fig. 2(e and f). The thickness
f both top and bottom electrodes of PPNG was 1̃00 nm with non-
niform NWs, whereas the one of 1 wt% DPNG was 1̃00 nm with
ighly covered uniform area. Therefore, the layer of AgNWs with
EDOT-C6:DS is more appropriate than the one of AgNWs only.

Pristine AgNWs have sheet resistance 0.07 k�/� whereas
EDOT-C6:DS having sheet resistance 0.27 k�/�. After addition
f PEDOT-C6:DS, the sheet resistance becomes higher than pris-
ine AgNWs, respectively. The conductivity of pristine AgNWs
ere 1.28 × 107 S/cm whereas PEDOT-C6:DS having 3.59 × 107

/cm. It is indicating that conductivity of hydride electrode DPNG
s enhanced, as compared to PPNG observing improved perfor-

ance in PNG. The inherent irregular surface morphology and poor

dhesion makes PPNG with less PNG performance. Whereas with
EDOT-C6:DS, the surface becomes fully covered, uniform with
ood adhesion and pinhole free, so observed better PNG device
erformance.
ctrode PNG (c) Photographs of transparency of AgNWs film, Flexible PVDF based

As shown in Fig. S2(a), the black-line XRD pattern of PVDF film
annealed at 90◦ indicates peaks at 17.8◦, 18.4◦, 19.9◦ and 26.5◦,
which confirms the �-phase of PVDF. The pattern of red-line indi-
cates peaks at 20.6◦ and 36.6◦ corresponding to the �-phase of PVDF
substrate that used in this study. In order to confirm the �-phase
of PVDF substrate clearly, ATR-FTIR was  taken as well. As shown in
Fig. S2(b), the peaks for �-phase were detected at 765, 796, and
976 cm−1 and the peaks for �-phase were indicated at 840 and
1280 cm−1. PVDF substrate introduced in this study showed high
�-phase, which is good for high piezoelectric performance [43,44].

A water contact angle measurement was carried out to check
the substrate wettability and roughness with water droplet. The
hydrophobic ability of the film is an important factor for the per-
formance of the PNGs [45]. The measured water contact angle of
pristine AgNWs film is 81.3◦, as shown in Fig. S3(a) indicating that
pristine AgNWs indicates rough surface of the film comprised of
nanowires and hydrophilic in nature [46]. Increase of contact angle
is observed with AgNWs- PEDOT-C6:DS is 92.5◦ because the AgNWs
is embedded into PEDOT-C6:DS polymer matrix (as shown in Fig.
S3(b)) and showing hydrophobic in nature. We  concluded that as
contact angles increases with decrease in surface roughness as we
clearly seen in AFM results [47]. Contact angle and surface energy
values of AgNWs and AgNWs- PEDOT-C6:DS are tabulated in Table
S1.
The frequency response of 1 Hz to 10 Hz of output voltage
obtained with PNG are measured and depicted in Fig. 3, respec-
tively. Frequency dependent performance of piezoelectric micro
generator and high acceleration based on PZT materials previously
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Fig. 2. FE-SEM images of (a, c) PPNG and (b, d) 1 wt%  DPNG, cross-section images of (e) PPNG and (f) 1 wt% DPNG (inset: enlarged images). AFM images of (g) PPNG and (h)
1  wt% DPNG.
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Fig. 3. Frequency dependent output voltage of (a) PPNG (b) 1 wt% DPNG and

eported by Tang et al. [48] Radeef et al. also demonstrated the great
erformance in harvesting the energy at low acceleration and in

 low frequency environment of non-ferroelectric nanogenerator
.7PbZn0.3Ti0.7O3-0.3Na2TiO3. Piezoelectric output voltage at dif-
erent frequencies ranging from 1 to 7 Hz of PPNG, 1 wt% DPNG and
 wt% DPNG as shown in Fig. S4. Output voltage as a function of time
t higher frequencies 9 Hz and 10 Hz of PPNG are 7.36 V and 7.58 V,
hereas 1 wt% DPNG are 7.50 V and 7.83 V are shown in Fig. S5(a

nd b). Hoque et al. also studied frequency dependent output volt-
rst two initial signal of output voltage of PPNG and DPNG at 1 Hz frequency.

age of biowaste crab shell-extracted chitin nanofiber PNGs [49,50].
The output voltage gradually increased with the increase in the fre-
quency of PPNG and 1 wt% DPNG device as shown in Fig. 3(a and b).
Initial first two  signals of the piezoelectric output voltage of PPNG
and DPNG were shown in Fig. 3(c). PPNG shows that as frequency

increases from 1 Hz to 8 Hz, output voltage increases from 1.41 to
6.58 V as shown in Table S2.

For 8 Hz PPNG, shows good negative output voltage 6.58 V. With
further increase in frequency after 8 Hz, the output voltage signal
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Fig. 4. Highest generated piezoelectric output voltage of (a) PPNG (inset shows magnified view of PPNG in 0–3 s) (b) Output voltage of DPNG (inset shows magnified view
of  DPNG in 0–3 s) (c) Output current of PPNG and (d) Output current of DPNG at 8 Hz frequency.
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ig. 5. (a) Long term voltage stability of PPNG over 20,000 cycles at 8 Hz actuation fre
requency (c) Output voltage as a function of load resistance at 8 Hz operating freq
requency of 1 wt% DPNG.

f PPNG not uniform and behavior of peak pattern is not constant.
t means that the device gets depolarized after 8 Hz operating fre-
uency. Since, polarization is an important factor that is influential
o the performance of PVDF based PNG. With 1 wt% DPNG, we
bserved a maximum output voltage 7.02 V at 8 Hz operating fre-
uency. 1 wt% DPNG shows higher output voltage in the case of 9
nd 10 Hz, but the peak pattern is completely discrete. This result
onfirms that the PPNG and 1 wt% DPNG device works actively at
 maximum frequency of 8 Hz. The further analysis such as max-
mum power calculation, commercial capacitor charging, and LED
it up were performed at 8 Hz frequency. The frequency dependent
cy (b) Long term voltage stability of 1 wt% DPNG over 20,000 cycles at 8 Hz  actuation
 of PPNG and (d) Output voltage as a function of load resistance at 8 Hz operating

response of 2 wt% DPNG, long term stability and load resistance
as a function of output voltage as shown in Fig. S6(a–c). In case
of 2 wt%  DPNG, the output voltage increases from 1 Hz to 5 Hz. It
will go increasing as we  increase frequency from 1 Hz to 5 Hz. After
5 Hz, it suddenly drops to 5.02 V showing peak pattern behavior
is not consistent as we increase the frequency upto 8 Hz. There-
fore, 1 wt% DPNG shows better PNG performance as compared to
2 wt% DPNG.
The highest output characteristics of as fabricated PNG was
shown in Fig. 4. The average output values of voltage and cur-
rent were 6.58 V and 0.81 �A at 8 Hz for the PPNG as shown
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Fig. 6. (a) Schematic rectifying diagram of capacitor charging (b) Charging behavior of capacitors through PPNG and DPNG (c) Photographs of LEDs glowing using PPNG (d)
Photographs of LEDs glowing using DPNG.
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Fig. 7. (a) Photographs of human index finger using PNG (a, b

n Fig. 4(a and c). However, with 1 wt % DPNG were 7.02 V and
.11 �A as shown in Fig. 4(b and d). We  observed improved piezo-
lectric output response with 1 wt% DPNG than PPNG because of
ow surface roughness and hydrophobic nature of PEDOT-C6:DS
olymer. The magnified view of output voltage of PPNG and
PNG in the 0–3 s, as shown in Fig. 4(a and b) inset. Piezoelec-

ric output voltage of PPNG at 8 Hz, 9 Hz and 10 Hz are shown in

ig. S7.

To check the durability of the PNG device, a long-term sta-
ility test was carried out with PPNG and 1 wt% DPNG over the
ormance of flexible DPNG under index finger movement (c).

period of 20,000 cycles [51–53]. The device stability of PPNG is
not good due to discontinuous network of AgNWs as shown in
Fig. 5(a). The results indicated that stability of the DPNG devices
was good as shown in Fig. 5(b). It means compatibility of DPNG
devices is good over 20,000 cycles under an actuation frequency
of 8 Hz. The devices were found rigorous and highly stable with
DPNG than PPNG. DPNG with 2 wt% concentration showing sta-

bility over 400 cycles at 8 Hz as shown in Fig. S6(b). 1 wt% DPNG
shows stability over 20,000 cycles which is 50 times higher than
2 wt% DPNG.
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To know the effective electric power of PNG, we  measured resis-
ance using different values of the external load resistance from

 M� to 11.11111 M�.  The output voltage increased with the load
esistance of PPNG as shown in Fig. 5c. The maximum instantaneous
ower of PPNG was about 0.81 �W,  whereas the maximum instan-
aneous power of 1 wt%  DPNG was about 1.18 �W as shown in
ig. 5(d). Obviously, the voltage increased with increasing the load
esistance whereas the current decreased due to the ohmic loss. The
iezoelectric characteristics output voltage, output current, max-

mum power and impedance matching of PPNG, 1 wt%  DPNG and
 wt% DPNG are shown in Table S3. The maximum output obtained
y 1 wt% DPNG device is at 9 M� load resistance. These results are in
ood agreement with low-frequency vibration ZnO nanorods based
uning fork piezoelectric nanogenerator [54]. To demonstrate the
eal-time working ability of the PPNG and 1 wt% DPNG device, com-

ercial capacitor of 1�F was charged and a white LED was lit up.
ig. 6(a) shows the circuit diagram of capacitor charging used for
he demonstration. The capacitor was charged with a voltage of
.60 V (PPNG) and 2.68 V (DPNG) at 8 Hz respectively over a period
f 80 s which is shown in Fig. 6(b). Also, white LEDs were blink up
sing the PPNG and DPNG device (see Movie S1). The LED lit up was
hown in Fig. 6(c and d), where the LED driven using PPNG lit up at
ow intensity. This is due to its less electrical output compared to
PNG which has more output. This makes the LED to lit up brighter
ith DPNG device as compared to PPNG.

The real-time application of 1 wt% DPNG as a muscular moni-
oring system is shown in Fig. 7. To demonstrate this application,
he device is attached on the finger as shown in Fig. 7(a). When
he finger gets bending and releasing, the electrical signal in the
ositive and negative sides appears to the corresponding move-
ent. When the finger bends, a force acts on the device leads to the

hanges in alignment of dipoles in the PVDF active layer. This leads
o the development of piezoelectric potential and the electrons

oves from one side of electrode to other side of the electrode.
his could be analyzed by appearing a peak at positive side. When
he finger gets released, the electron flow gets reversed due the
orce release and the dipole reversal. The negative peak appears at
his time. As shown in Fig. 7(c), when the bending angle is increased
rom 1̃0◦ to 7̃0◦, the average output voltage is gradually increased,
.18 V (1̃0◦), 0.43 V (3̃0◦), 1.2 V (5̃0◦), and 1.82 V (7̃0◦), respectively.
ith the change of bending angle of index finger, it showed high

ensitivity. This results are similar to the application of cowpea-
tructured PVDF/ZnO nanofibers based self-powered piezoelectric
ending motion sensor under various bending angles by Deng et al.
55]. The supporting video is shown in Movie S2. The results proved
hat DPNG device can be used as a muscular monitoring system to

onitor or diagnose the muscles in various parts of the human
ody. Moreover, the devices are adaptable to various other loca-
ions in the human body and sensitive to the human body motions.

. Conclusions

In summary, we demonstrated the high performance PNG based
n flexible PVDF as an active layer. We  successfully fabricated
evice using pristine AgNWs and the PEDOT-C6:DS polymer as a
ybrid electrode. The optimized device frequency is 8 Hz. After 8 Hz,
e observed the piezoelectric output voltage peak pattern is not

niform. Further, we have performed frequency dependent electri-
al analysis of the 1 wt% DPNG device and noticed an outstanding
utput voltage of 7.02 V and a current of 1.11 �A. whereas, with
he PPNG generates a maximum voltage of 6.58 V and current of

.81 �A. The instantaneous power density is 0.81 �W for PPNG
nd 1.18 �W for DPNG. The as fabricated DPNGs exhibit outstand-
ng long-term mechanical stability with excellent performances
ver 20,000 cycles. The FE-SEM images shows AgNWs fully cov-

[
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ered by PEDOT-C6:DS polymer and surface becomes smoother, so
we observed better output piezoelectric response of DPNG. The
generated electric power of 1 wt% DPNG was  capable to charge
a commercial capacitor of 1 �F with voltage of 2.68 V for 80 s at
8 Hz and able to light up a white LED. PNGs with index finger
are fabricated to form a self-powered muscles monitoring system.
This muscular monitoring system can transform the mechanical
energy of the fingers into electrical signal with the advantages
of environmentally and ecofriendly, simple fabrication steps with
piezoelectric response. Further with its usage in the real-time mus-
cular monitoring system the device proved its capability in the
potential application and its possibility to use commercially in the
health-care field for treatment and diagnosis. This type of battery-
less technology will be a breakthrough in near future in the field of
wearable electronic technology.
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ensors

group works on the development of organic materials and
organic electronic devices for organic solar cells, organic
light emitting diodes and piezoelectric nanogenerators.
For details please see the lab website: http://nanoscience.
or.kr.
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