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Ferroelectric-Polymer-Enabled Contactless Electric Power 
Generation in Triboelectric Nanogenerators

Hyun Soo Kim, Dong Yeong Kim, Jae-Eun Kim, Jong Hun Kim,* Dae Sol Kong,  
Gonzalo Murillo, Gwan-Hyoung Lee, Jeong Young Park,* and Jong Hoon Jung*

Triboelectric nanogenerators (TENGs) are considered as one of the most 
important renewable power sources for mobile electronic devices and various 
sensors in the Internet of Things era. However, their performance should 
inherently be degraded by the wearing of contact surfaces after long-term use. 
Here, a ferroelectric polymer is shown to enable TENGs to generate consider-
able electricity without contact. Ferroelectric-polymer-embedded TENG (FE-
TENG) consists of indium tin oxide (ITO) electrodes, a polydimethylsiloxane 
(PDMS) elastomer, and a poly(vinylidene fluoride) (PVDF) polymer. In con-
trast to down- and non-polarization, up-polarized PVDF causes significantly 
large triboelectric charge, rapidly saturated voltage/current, and consider-
able remaining charge due to the modulated surface potential and increased 
capacitance. The remained triboelectric charges flow by just approaching/
receding the ITO electrode to/from the PDMS without contact, which is suf-
ficient to power light-emitting diodes and liquid crystal displays. Additionally, 
the FE-TENG can charge an Li-battery with a significantly reduced number 
of contact cycles. Furthermore, an arch-shaped FE-TENG is demonstrated to 
operate a wireless temperature sensor network by scavenging the irregular 
and random vibrations of water waves. This work provides an innovative 
and simple method to increase conversion efficiency and lifetime of TENGs; 
which widens the applications of TENG to inaccessible areas like the ocean.
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in our daily life have been effectively 
converted into electricity by a triboelec-
tric nanogenerator (TENG) to power var-
ious electronic devices without using 
traditional batteries.[3–5] Especially, cheap, 
simple, and lightweight TENGs have been 
considered to be one of the most impor-
tant power sources for mobile electronic 
devices and various sensors in the forth-
coming Internet of Things (IoT) era.[6–12]

Although TENGs generate a high 
power, there are several unsolved issues 
for practical applications. Recent reports 
have provided a plausible solution for the 
degraded outputs in humid environments 
and low charge accumulation speeds.[13–15] 
However, the inherent durability problem 
of TENG is still under progress. Repeated 
contact and separation inevitably wear 
the surface, which leads to degraded 
performance and shortened lifetime. To 
overcome this problem, there have been 
several important reports until now. Lee 
et al. used a shape-memory polymer as 
a contact material in the TENG.[16] They 
demonstrated that the damaged surface 
could be healed by the application of heat, 

thereby recovering the device performance as well. Yu et al. 
used an atomic layer deposition method to deeply infiltrate 
the inorganic materials into various polymers.[17] They demon-
strated that triboelectric performance was greatly enhanced and 
did not diminish even after the polymer surface had been worn 
down by long-term operation. Huang et al. used a permanent 
magnet to isolate external vibrations from the TENG system.[18] 

Triboelectric Nanogenerators

1. Introduction

The development of effective energy harvesting systems from 
the environment has been an increasingly important issue 
because of rapid depletion of fossil fuels and large consump-
tion of energy in modern society.[1,2] Among renewable energy 
resources, the wasted mechanical vibrations of low frequency 
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They showed that vibration of the magnet could generate power 
remotely via contact between an arch-shaped magnetic particle-
embedded polymer and a metal electrode. While the above 
reports were innovative, more simple and facile methods are 
highly required to effectively solve the wearing problem in a 
manner that is compatible with the various TENGs fabricated 
to date.

In this paper, a ferroelectric poly(vinylidene fluoride) (PVDF) 
polymer is shown to significantly increase the durability of 
TENG by reducing the number of contact cycles and generating 
high electric power. The PVDF polymer is simply embedded 
in a conventional TENG (C-TENG), i.e., ferroelectric polymer-
embedded TENG (FE-TENG), consisting of indium tin oxide 
(ITO) electrodes and a polydimethylsiloxane (PDMS) elastomer. 
The ferroelectric polarization and high dielectric constant of 
PVDF greatly modulates the surface potential of PDMS and 
the capacitance of the TENG, respectively. Consequently, the 
up-polarized PVDF leads to significantly larger triboelectric 
 outputs and faster charge accumulation than those for the 
down- and non-polarized PVDF during the contact. Moreover, 
the up-polarized PVDF causes large amounts of triboelectric 
charge to remain in the PDMS during the non-contact, so that 
merely approaching/receding the ITO electrode to/from the 
PDMS can power a light-emitting diode (LED) and a liquid 
crystal display (LCD). In addition, the up-polarized PVDF ena-
bles the FE-TENG to charge an Li-battery with a greatly reduced 
number of contact cycles, i.e., less than 40% of the contact 
cycles for non-polarized PVDF. Furthermore, the arch-shaped 
FE-TENG with up-polarized PVDF demonstrates the opera-
tion of a wireless temperature sensor network for 20 min by 
harvesting the irregular and random mechanical vibrations of 
water waves for 30 min. Considering the ease adaptability of 
ferroelectric polymer to almost all TENGs, the FE-TENG should 
be used in various applications as a high-power generator with 
greatly enhanced durability.

2. Results and Discussion

2.1. Comparison Between C-TENG and FE-TENG

Figure 1a,c shows the schematic illustration of a C-TENG and 
an FE-TENG in a vertical contact-separation mode, respectively. 
In contrast to the C-TENG, the FE-TENG has a ferroelectric 
PVDF polymer beneath the contacting PDMS elastomer. The 
electric polarization of PVDF significantly affects the triboelec-
tric charges and surface morphology of PDMS, as shown below.

In the C-TENG, consisting of ITO and PDMS, continuous 
contact is required for power generation. As schematically 
shown in Figure S1a in the Supporting Information, the ITO 
repeatedly contacts to and separates from the PDMS. The con-
tinuous contact causes the surface to wear, which will reduce 
the triboelectric power after long-term use. Figure 1b shows 
the pushing cycle-dependent scanning electron microscopy 
(SEM) images of the PDMS surface and triboelectric power of 
a C-TENG. The triboelectric power was obtained at an external 
load resistance of 10 MΩ. The fresh PDMS has a clean and flat 
surface. As the number of contact cycles increases, the surface 
becomes deteriorated and displays numerous micrometer-sized 

debris at pushing cycles of 1.7 × 106 (ca. 472 h for a 1-Hz vibra-
tion). Accordingly, the triboelectric power of 85 µW for the 
fresh surface sharply decreases to that of 0.18 µW for the worn 
surface at the external force of 35 N. Such degradation of tribo-
electric power becomes more serious for large applied mechan-
ical forces.

In the FE-TENG, random contact is sufficient for power 
generation. As schematically shown in Figure S1b in the Sup-
porting Information, the ITO only occasionally contacts to the 
PDMS after separation. The random contact should signifi-
cantly reduce surface wear and mitigate the reduction of tribo-
electric power after long-term use. As shown in Figure 1d, the 
PDMS surface is rather clean and flat with tiny debris even after 
pushing cycles of 1.7 × 106. Accordingly, the triboelectric power 
of 1.23 mW for the fresh surface slightly decreases to 0.87 mW 
for a slightly worn surface at the external force of 35 N. Such 
improvements occur at various applied mechanical forces and 
external load resistances (Figure S2, Supporting Information).

Figure 1e compares the schematic time evolution of tribo-
electric power for random contact in C-TENG and FE-TENG. 
The triboelectric charge would decay with time after the con-
tact; hence the triboelectric power also.[19] When the consider-
able triboelectric charge can be remained after a long-elapsed 
time, the current can flow by just approaching the ITO to the 
PDMS without contact. Namely, the triboelectric power can be 
generated even though the ITO electrode does not contact to 
the PDMS, without changing any device configuration. In the 
C-TENG, contact generates small triboelectric power so that 
the non-contact does negligible power. Therefore, the C-TENG 
needs continuous contact for stable power generation, which 
causes a worn surface and sharply reduces triboelectric power 
after the long-term use (as shown in Figure 1b). In the FE-
TENG, however, contact generates significant triboelectric 
power so that the non-contact does considerable power. There-
fore, the FE-TENG needs only random contact for stable power 
generation, which causes a slightly worn surface and slightly 
reduces triboelectric power after the long-term use (as shown 
in Figure 1d).

2.2. Modulated Capacitance, Surface Potential, and Electronic 
Band Structure of FE-TENG

In order to systematically investigate the effect of electric polar-
ization on the triboelectric output, two phases of PVDF were 
utilized, i.e., the β- and α-phases for up-/down- and non-polar-
ization, respectively. Instead of inorganic ferroelectric ceramic 
like BaTiO3,[20] ferroelectric PVDF polymers were intentionally 
used in the FE-TENG in order to ensure mechanical stability 
against excessive contact and separation. Here, up-polarization 
of PVDF was defined as the positive and negative charges at 
the upper PDMS and lower ITO electrode side, respectively, 
and vice versa for down-polarization. Non-polarization of 
PVDF was defined as the absence of macroscopic polarization. 
The β-PVDF has a planar all-trans (TTTT) structure, while the 
α-PVDF has a trans-gauche (TGTG) structure (Figure S3, Sup-
porting Information), so that the β-phase has a large electric 
polarization while the α-phase has non-polarization.[21,22] Con-
sistently, piezoresponse force microscopy (PFM)  measurements 
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reveal non-zero phases and large piezoelectric responses for up- 
(58 pm V−1) and down- (36 pm V−1) polarization, while almost 
a zero phase and negligible piezoelectric response for non-  
(1.1 pm V−1) polarization (Figure 2a and Figure S4, Supporting 
Information).[23]

Figure 2b shows the frequency-dependent capacitance of the 
PDMS/PVDF, along with each PDMS and PVDF for compar-
ison. For direct comparison, the thickness of all layers was fixed 
at 39 µm. The PDMS and PVDF exhibited nearly frequency-

independent small capacitance and frequency-dependent large 
capacitance, respectively.[24,25] Importantly, the capacitance of 
PDMS/PVDF, i.e., 3.28 nF, is larger than that of PDMS alone, 
i.e., 1.48 nF, regardless of polarization (Figure S5, Supporting 
Information). The increased capacitance of PDMS due to the 
underlying PVDF should enhance the triboelectric output 
through an increased electrostatic induction.[26,27]

In addition to the capacitance, the ferroelectric PVDF signifi-
cantly modulates the surface potential of the PDMS. Figure 2c 

Adv. Funct. Mater. 2019, 29, 1905816

Figure 1. Schematic illustrations of a) C-TENG and c) FE-TENG. A magnified view of contacted ITO and PDMS surfaces with triboelectric charges is 
shown in each inset. The red arrows in (c) represent the electric dipoles of PVDF. Pushing cycle-dependent surface morphology and triboelectric power 
for b) C-TENG and d) FE-TENG. SEM images are shown for i) fresh PDMS, and pushed PDMS with ii) 4 × 105, iii) 1.2 × 106, and iv) 1.7 × 106 cycles.  
e) Schematic diagram of triboelectric power generation and decay in C-TENG and FE-TENG for contact (blue arrows) and non-contact (magenta 
arrows) cases.
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shows the surface potential of PDMS depending on the electric 
polarization of the PVDF. While the roughness is nearly the 
same (Figure S6, Supporting Information), the surface poten-
tial of PDMS records to be 5.70, 2.70, and −2.60 V for up-, non-, 
and down-polarization, respectively. Such large modulation, i.e., 
ca. 8 V, should signify the important role of ferroelectric polari-
zation on the triboelectric output. Compared with the surface 
potential of the ITO electrode, i.e., 0.67 V, the surface potentials 
of PDMS with up- and non-polarized PVDF are large, but that 
with down-polarization is small.

Figure 2d shows the schematic energy band diagrams of ITO 
and PDMS for up-, non-, and down-polarized PVDF. Electric 

polarization of PVDF shifts the Fermi level of PDMS. The Fermi 
level of ITO (EF,ITO) appears close to that of PDMS (EF,PDMS) so 
that small amount of charges in ITO would be transferred to 
PDMS for the non-polarization. The positive potential in the 
PVDF (i.e., up-polarization) causes a downward Fermi level 
shift of PDMS, which results in the more charge transfer from 
ITO to PDMS. In contrast, the negative potential in the PVDF 
(i.e., down-polarization) causes the upward Fermi level shift 
of PDMS, which results in the reversed charge transfer from 
PDMS to ITO. Therefore, the triboelectric outputs of FE-TENG 
could be significantly altered in terms of their magnitude and 
sign, depending on the electric polarization of PVDF.

Adv. Funct. Mater. 2019, 29, 1905816

Figure 2. a) Piezoresponse phase and amplitude of up-, non-, and down-polarized PVDF. b) Frequency-dependent capacitances of PDMS/PVDF, 
PDMS, and PVDF. c) Modulated surface potential and image (area of 3 × 3 µm2) of PDMS. The surface potential of ITO is also shown as a dashed line 
for comparison. d) Schematic band diagrams of ITO and PDMS with up-, non-, and down-polarized PVDF. EVAC, EF,ITO, EF,PDMS, and ΦITO represent the 
energy level of vacuum, Fermi levels of ITO and PDMS, and work function of ITO, respectively.
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The PDMS thickness needs to be optimized to maximize 
the triboelectric output of FE-TENG. As shown in Figure S7 in 
the Supporting Information, the triboelectric outputs initially 
increase and then finally decrease with increasing PDMS thick-
ness, and are maximized at ca. 11 µm. This could be understood 
as a tradeoff produced by two competing thickness-dependent 
effects. When the PDMS is thin, an external force can be effec-
tively delivered down to the underlying PVDF. The negative 
piezoelectric effect of PVDF induces the positive charge in 
the PVDF and hence PDMS also.[28] Therefore, the triboelec-
tric voltage and current should be decreased due to the oppo-
site piezoelectric charges. As the PDMS thickness increases, 
the effective force on the PVDF decreases, which leads to the 
decreased piezoelectric effect and the increased triboelectric 
output. As the PDMS thickness increases further, on the other 
hand, the capacitance of FE-TENG would be decreased. This 
leads to the reduced triboelectric output due to the decreased 
electrostatic induction.[26,27] Due to the same reason, the tri-
boelectric output decreases as the increase of PVDF thickness 
(Figure S8, Supporting Information). Therefore, the triboelec-
tric output of FE-TENG would be significantly enhanced at the 
optimal thicknesses of PDMS and PVDF.

2.3. Polarization-Dependent Triboelectric Output, and Charging 
and Discharging Behaviors of FE-TENG

After optimization of the PDMS and PVDF thicknesses 
(Figure S9, Supporting Information), the open-circuit voltage, 
short-circuit current, and surface charge of the FE-TENG 
are further investigated for various polarizations of PVDF in 
Figure 3a–c, respectively. The FE-TENG generates quite dif-
ferent magnitudes and signs of the voltage, current, and surface 
charge. Namely, the magnitude of the triboelectric output was 
largest for up-, intermediate for down-, and smallest for non-
polarization. The sign of the triboelectric output was positive for 
the up- and non-polarization, and negative for the down-polar-
ization when the ITO was in contact with the PDMS. Quanti-
tatively, the peak-to-peak voltage (Vp-p), peak-to-peak current 
(Ip-p), and surface charge (Q), respectively, were estimated to be 
Vp-p = 410 V, Ip-p = 25 µA, and Q = 60 nC for up-; 50 V, 12 µA, 
and 35 nC for non-; and 70 V, 19 µA, and −45 nC for down-polar-
ization. Such significant modulation of the triboelectric output 
was further supported by finite-element COMSOL simulation of 
the voltage distribution (Figure S10, Supporting Information). 
Interestingly, similar modulated triboelectric outputs were also 
exhibited in polytetrafluoroethylene (PTFE)- and poly(methyl 
methacrylate) (PMMA)-based FE-TENGs. As shown in Figure 
S11 in the Supporting Information, the amplitude and sign 
of open-circuit voltage and short-circuit current were strongly 
modified by the underlying PVDF polarization. Additionally, the 
triboelectric outputs were maximized at the certain thicknesses 
of PTFE and PMMA (Figure S12, Supporting Information).

The electric polarization of the PVDF also affects the satura-
tion and decay behaviors of the triboelectric output. Figure 3d 
shows the open-circuit voltage of the FE-TENG during con-
tinuous contact and non-contact. The voltage increases and 
then becomes saturated during contact, and decreases during 
non-contact. The voltage during the non-contact was obtained 

by approaching the ITO close to the PDMS without contact. 
As clearly indicated, the voltage becomes rapidly saturated 
with large value for up-polarization, while slowly saturated 
with small values for down- and non-polarizations. Similarly, 
the voltage decreased more rapidly for up-polarization than 
those for down- and non-polarizations. However, the remained 
voltage after the non-contact for the up-polarization is larger 
than those for the down- and non-polarizations. For example, 
the voltages for up-, down-, and non-polarizations were esti-
mated to be 6.6, 2.0, and 0.2 V, respectively, at an elapsed time 
of 60 min after non-contact.

For more systematic investigation of the triboelectric output 
after non-contact, the surface charges were obtained by inte-
grating the current with respect to time for various separation 
distances. The separation distance (Z) was measured from the 
top surface of the PDMS to the bottom of the ITO top  electrode 
(Figure 3e). Hence, Z values of 0 and 4 cm correspond to 
full-contact and full-separation, respectively. As shown in 
Figure 3f−h, the surface charge is large for a small Z, and vice 
versa, and decays with the elapse of time for all polarizations. 
The surface charge is well fitted by a simple exponential decay 
function (solid lines),[29] i.e.,

t exp /0Q Q Q t τ( )( ) = + −∞  (1)

For each Z, the Q0 and τ for up-polarization are larger and 
smaller, respectively, than those for down- and non-polarizations. 
Additionally, the Q∞ is largest for up-, intermediate for down-, 
and smallest for non-polarization. These results suggest that the 
large amount of triboelectric charge decays quickly for up-polari-
zation, and vice versa for down- and non-polarizations. However, 
the remained charge is larger for up-polarization than those for 
down- and non-polarizations after long elapsed time. Detailed fit-
ting parameters for Q∞, Q0, and τ are listed in Table 1.

2.4. Polarization-Dependent Surface Potential Behaviors  
after Non-Contact

The surface potential was investigated to elucidate the detailed 
decay behavior of the triboelectric charges.[30,31] For this 
measurement, the central region (area of 4 × 4 µm2) of the 
PDMS surface was rubbed with a Pt-tip, and then the PDMS 
was placed on the up- and down-polarized PVDF. The time-
dependent motion of trapped surface charge was scanned on 
the entire PDMS/PVDF surface (area of 20 × 4.7 µm2) by the 
same Pt-tip using the non-contact mode of Kelvin probe force 
microscopy (KPFM).

Figure 4a,b shows the elapsed time-dependent surface poten-
tial images of the PDMS after rubbing for up- and down-polar-
izations, respectively. The surface potential of the entire PDMS 
surface was normalized to that of the unrubbed region. For 
both polarizations, the surface potential of the rubbed region 
is lower than that of the unrubbed region, as consistent with 
the triboelectric series of Pt and PDMS.[32] The surface poten-
tial difference between rubbed and unrubbed regions became 
small with the increase of elapsed time and then finally reached 
to almost zero. It takes a short time (≈23 min) for up-polariza-
tion and a long time (≈65 min) for down-polarization, as shown 
in Figure 4c,d.

Adv. Funct. Mater. 2019, 29, 1905816
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Such difference could be understood based on the electric 
polarization-dependent decay process. The negative charges in 
PDMS surface tend to diffuse into the bulk.[30,31] When the elec-
tric field of PVDF is positive, i.e., up-polarization, the trapped 
charge would be rapidly diffused to decrease the potential dif-
ference of the unrubbed region. Conversely, when the electric 
field of PVDF is negative, i.e., down-polarization, the trapped 
charge would slowly diffused. Therefore, it takes a short time 
for up-polarization and a long-time for down-polarization to 
reach the equipotential for the whole surface.

2.5. Powering Small Electronic Devices without Contact  
and Charging a Battery with Greatly Reduced Number  
of Contact Cycles

After elucidating the role of ferroelectric polarization in tribo-
electric performance, the FE-TENG with up-polarization was 
used to power small electronic devices without contact, and to 
charge an Li-battery with greatly reduced number of contact 
cycles. Figure 5a,b shows the sequential digital photographs of 
the powering an LED and an LCD without contact, respectively. 

Adv. Funct. Mater. 2019, 29, 1905816

Figure 3. a) Open-circuit voltage, b) short-circuit current, and c) surface charge of the FE-TENG with up-, non-, and down-polarization. d) Evolution 
of open-circuit voltage during continuous contact and non-contact. e) The definition of separation distance Z. The Z-dependent triboelectric surface 
charge of FE-TENG with f) up-, g) non-, and h) down-polarization. The solid lines in f)−h) represent simple exponential decay curve fittings.
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The ITO top electrode repeatedly moves up and down from full 
separation (Z = 4 cm) [photographs of (i)] to the separation dis-
tance of Z = 0.5 cm [photographs of (iii)]. As clearly shown in 
the photographs and Video S1 and S2 in the Supporting Infor-
mation, the LED and LCD turn on when the ITO approaches 
to the PDMS [photographs of (ii)] and recedes from the PDMS 
[photographs of (iv)] without contact [photograph of (iii)].

The FE-TENG with up-polarization can significantly reduce 
the number of contact cycles to charge an Li-battery. For a quan-
titative comparison, the separation distance Z was randomly 
varied from Z = 0 to 0.5 and 1.0 cm (inset of Figure 5c) and the 

contact ratio was defined as the number of contact cycles over 
the entire number of contact and non-contact cycles. Hence, 
the contact ratios of 100% and 0% correspond to full contact 
and full non-contact, respectively. Figure 5c shows the charging 
curves of a 148 mWh Li-battery for up-, down-, and non-polari-
zations with various contact ratios. The Li-battery was charged 
to 2.52, 2.15, and 2.11 V during 30 min with full contact for 
up-, down-, and non-polarizations, respectively. For up-polariza-
tion, the charging voltage decreases as the decrease of contact 
ratio. The Li-battery did not be charged when the contact ratio 
is below 40%. Noticeably, the charging voltage for up-polariza-
tion with a 40% of contact ratio is quite close to that for down-
polarization with a 100% of contact ratio. Such a sharp reduc-
tion of contact cycles in up-polarization should reduce the wear 
problem of the contacting surface, which will greatly increase 
the lifetime of the TENGs.

2.6. Operation of Wireless Temperature Sensor Network Using 
Irregular and Random Vibrations of Water Waves

The significantly increased conversion efficiency and lifetime 
of the FE-TENG with up-polarization could be exploited in 
self-powered sensor applications at various inaccessible loca-
tions like the ocean, underground, and underwater. Figure 6a 
shows a schematic self-powered wireless temperature sensor 
network in the ocean. The FE-TENGs can effectively convert 

Adv. Funct. Mater. 2019, 29, 1905816

Table 1. Simple exponential fitting parameters of the surface charges 
during non-contact for various Z values.

Z [cm] Q∞ [nC] Q0 [nC] τ [s]

Up-polarization 0.5 12.24 ± 1.65 72.20 ± 1.59 105.15 ± 7.58

1.0 7.45 ± 0.88 52.23 ± 1.85 65.42 ± 5.32

1.5 0.93 ± 0.3 41.56 ± 1.25 42.40 ± 2.21

Non-polarization 0.5 0.24 ± 0.28 5.33 ± 0.24 128.36 ± 17.81

1.0 0.16 ± 0.02 1.27 ± 0.04 78.13 ± 6.17

1.5 0 ± 0.01 0.6 ± 0.04 44.09 ± 4.03

Down-polarization 0.5 2.36 ± 0.33 15.55 ± 0.29 120.05 ± 7.05

1.0 1.75 ± 0.17 12.49 ± 0.51 71.30 ± 18.48

1.5 0 ± 0.04 6.72 ± 0.13 43.75 ± 1.79

Figure 4. Surface potential images of PDMS (area of 20 × 4.7 µm2) as a function of elapsed time after the rubbing for a) up- and b) down-polarized 
PVDF. Elapsed time-dependent surface potential difference between rubbed and unrubbed regions for c) up- and d) down-polarization.
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the  irregular and random mechanical vibrations of water waves 
into electricity to monitor the ambient temperature and to wire-
lessly transmit the data to land. The temperature information 
in the ocean could be used to forecast weather on land.

To demonstrate the feasibility, a system consisting of an FE-
TENG energy harvester, a full-bridge rectifier, an Li-battery, a 
switch, and a wireless temperature sensor node were assem-
bled in a homemade water tank (Figure 6b and Figure S13, Sup-
porting Information). An arch-shaped FE-TENG was fabricated 
to harvest the mechanical energy of water waves (Figure S14,  
Supporting Information). Irregular mechanical vibrations 
could be transferred into the entire FE-TENGs via the different 
spring constants of each FE-TENG[33,34] and reliably converted 
into electricity even for random contact due to the up-polar-
ized FE-TENG. Alternating current (AC) was converted into 
direct current (DC) by a full-bridge rectifier and then used to 
charge an Li-battery. As shown in Figure S15 in the Supporting 
Information, rectified voltage and current record to 50 V and  
25 µA, respectively. It takes ca. 30 min to reach 2.7 V and the 
battery can operate the wireless temperature sensor network for 
20 min (Figure 6c). Figure 6d and Video S3 in the Supporting 
Information show the wirelessly received ambient  temperature 

information. The radio-frequency (RF) receiver, linked to a 
computer, displays the ambient temperature accurately every 
second. During the operation of the wireless temperature 
sensor network, arch-shaped FE-TENG can charge another 
Li-battery by modifying the circuit. Separate charging and dis-
charging of two Li-batteries could enable the wireless temper-
ature sensor to operate continuously (Figure S16, Supporting 
Information).

2.7. Merits of FE-TENG in Terms of Increased Lifetime, Power 
Generation Efficiency, and Applications in Inaccessible Areas

There are several merits of the FE-TENG in terms of drastic 
increase in lifetime and power generation efficiency, and plau-
sible applications in inaccessible areas. First, the FE-TENG pro-
vides a facile and cost-effective method to resolve the serious 
problem of worn surfaces. Especially, the simple insertion of 
a ferroelectric polymer is applicable to almost all TENGs fabri-
cated to date, irrespective of vertical contact-separation, linear 
sliding, single-electrode, or free-standing modes. In addition, 
the FE-TENG does not require a heating system,[16] special 
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Figure 5. Sequential images of FE-TENG with up-polarization for powering a) an LED and b) an LCD without contact, i.e., i) full separation, ii) 
approaching, iii) non-contact, and iv) receding. The powered LED and LCD are marked by white dashed circles in ii) and iv). The red arrows in ii) and 
iv) represent the moving directions of the ITO electrode. c) Electric polarization-dependent charging curves of an Li-battery for various contact ratios. 
The inset shows the random variation of the separation distance Z as a function of time and the schematic positions of ITO and PDMS for each Z.
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 fabrication tool,[17] or permanent magnet[18] to increase the 
lifetime of TENG. Second, the FE-TENG can increase the tri-
boelectric output simply by modulating the surface potential 
and capacitance. In contrast to the frequently used physical 
and chemical surface treatments,[35–37] the insertion of a fer-
roelectric polymer is simpler and safer to increase the power 
generation efficiency. The FE-TENG device structure provides a 
chance to select various contacting materials on top of the fer-
roelectric polymer and a reliable method to control the capaci-
tance, as compared with a dielectric nanoparticle-embedded 
ferroelectric polymer-based TENG,[38] to further increase the 
triboelectric output. Additionally, the flexible PVDF polymer in 
FE-TENG plays dual roles as for the increased triboelectric per-
formance and the increased durability, in contrast to the brittle 

BaTiO3 ceramic-embedded TENG.[20] Notably, the piezoelectric 
effect of PVDF is negligible or even opposite for the enhanced 
triboelectric output in our FE-TENG, in contrast to the 
inversely polarized ferroelectric PVDF polymers-based NG.[39] 
The effective force on the underlying PVDF should be weak 
due the small Young’s modulus of the front PDMS. The nega-
tive piezoelectricity of PVDF causes the decrease of triboelectric 
output, instead of the increase of output, in our FE-TENG as 
shown in Figure S7 in the Supporting Information. Third, the 
FE-TENG can be used in the inaccessible areas, like the ocean, 
underground, and underwater. In such locations, it is relatively 
difficult, expensive, and time-consuming to replace and repair 
the malfunctioned TENGs due to worn surfaces. In addition, 
the vibrational amplitude could be irregular and random, e.g., 

Adv. Funct. Mater. 2019, 29, 1905816

Figure 6. a) Schematic illustration of self-powered FE-TENG arrays for temperature monitoring and transmission in the ocean. b) A schematic cir-
cuit diagram, and digital images of the arch-shaped FE-TENG, rectifier, Li-battery, switch, and wireless temperature sensor network. c) Charging and 
discharging curves of the Li-battery. The operation period of the network is indicated by the yellow box. d) Wirelessly received temperatures from the 
sensor network. The insets show digital thermometers for each ambient temperature.
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water waves in the ocean. Therefore, the greatly increased life-
time and the contactless power generation of the FE-TENG play 
a significant role as a reliable and durable power source.

3. Conclusion

In summary, an FE-TENG is presented to demonstrate the 
high and contactless power generation. The FE-TENG con-
sists of ITO top/bottom electrodes, a PDMS elastomer, and 
a PVDF ferroelectric polymer. The PVDF is located beneath 
the PDMS, and contact electrification occurs between the ITO 
and PDMS. The triboelectric outputs, i.e., magnitude and 
sign, are strongly modified depending on the polarization of 
the PVDF. A large current flows from the ITO to the PDMS 
for up-polarization, while a small current reversely flows for 
down-polarization. Such behavior has been observed in other 
polymers like PTFE and PMMA. In addition, the triboelectric 
voltage is saturated promptly, and large amounts of charge 
are remained on the PDMS surface without contact for the 
up-polarization. KPFM and impedance measurements reveal 
that such behavior is related to the modulated surface poten-
tial of PDMS and the increased capacitance of TENG. The FE-
TENG with up- polarization is shown to power an LED and an 
LCD just by moving the ITO upwards and downwards from 
the PDMS without  contact. In addition, the FE-TENG with 
up-polarization is shown to charge an Li-battery with greatly 
reduced number of contact cycles. Furthermore, an arch-
shaped FE-TENG array is demonstrated to operate a wireless 
temperature sensor network using irregular and random water 
waves. This work provides a simple and effective method to 
overcome the inherent wear problem in TENGs, to further 
and reliably increase the triboelectric outputs of ferroelectric 
material-embedded TENGs, and to widen the applications of 
TENGs even to the inaccessible areas like the ocean, under-
ground, and underwater.

4. Experimental Section
Fabrication of FE-TENG: Commercially available PVDF films (Precision 

Acoustics, UK and CS Hyde, USA) were cleaned by ethanol and 
distilled (DI) water, and then attached to an ITO-coated polyethylene 
terephthalate (PET) substrate. On top of the PVDF/ITO, a small 
amount of PDMS solution was spin-coated at various speeds. The 
PDMS solution was prepared by thorough mixing of the elastomer and 
cross-linker at the weight ratio of 10:1 and subsequent degassing under 
vacuum conditions for 30 min. The PDMS-coated PVDF/ITO was cured 
in an oven at 60 °C for 24 h. Another ITO-coated PET was used as a top 
electrode for the FE-TENG.

An arch-shaped FE-TENG was fabricated by bar-coating (KP-3000VH, 
KIPAE) the PDMS solution onto the PVDF/ITO. The top ITO electrode 
was bent, and then two sides of the ITO electrode were attached to the 
PDMS-coated PVDF/ITO using Kapton tape. The arch-shaped FE-TENGs 
were stacked and connected in parallel to form an arch-shaped FE-TENG 
array. Thin and thick Kapton tapes were intentionally used for the upper 
and lower FE-TENGs, respectively, to effectively transfer the mechanical 
vibrations to the entire arch-shaped FE-TENG.

Characterization of FE-TENG: The capacitances of the PDMS, PVDF, 
and PDMS/PVDF were measured by an LCR meter (4284A, HP).  
The surface morphology of the PDMS and cross-sectional image of the 
PDMS/PVDF were characterized by an SEM (SU 8010, Hitachi). The 

surface potential of the PDMS was measured by a KPFM (AFM 5500, 
Agilent). The PDMS surface was rubbed by a Pt-coated tip with a force 
of 13 nN, and then the surface potential was obtained using the same 
tip with a mechanical driving frequency of 75 kHz and AC modulation 
of 1 V at 20 kHz. The work function of the Pt-coated tip was calibrated 
using a highly oriented pyrolytic graphite. The crystalline phase of PVDF 
was characterized by an attenuated total internal reflection in Fourier 
transform-infrared spectroscopy (VERTEX80V, Bruker). The piezoelectric 
response of the PVDF was measured by a PFM (NX-10, Park Systems) 
using a Pt-coated tip with an elastic constant of 0.2 N m−1. The loading 
force was set to 3 nN and an AC signal of 5 V and 17 kHz was applied to 
the tip for a lock-in modulation technique.

Triboelectric Power Measurements: The performance of the FE-TENG 
was characterized using a custom mechanical system, in which a linear 
motor was used to periodically apply and release compressive force to 
the device. For the mechanical vibrations of water waves, a custom-made 
water tank was utilized with a linear motor system (force of 10 N and 
frequency of 2 Hz). A LabVIEW program was used to vary the moving 
distances of ITO from the PDMS without changing the applied force for 
continuous and random contacts. Slow motions of the FE-TENG were 
captured by a high-speed camera at a frame speed of 240 f s−1.

The electrical outputs of the FE-TENG were measured using a digital 
phosphor oscilloscope (DSOX2002A, KEYSIGHT), a programmable 
electrometer (6517, Keithley), and a low-noise current pre-amplifier 
(SR570, Stanford Research Systems). A bridge rectification circuit and 
an Li-battery were utilized to convert the AC to DC and to store the 
charge, respectively. A wireless temperature sensor network (eZ430-
RF2500T, Texas Instruments) was used to measure and transmit the 
ambient temperature information to a computer. The ambient laboratory 
temperature was measured from 8:00 AM to 11:00 AM. During this 
period, the relative humidity was 28%.

Finite-Element Computer Simulations: The voltage distribution of the 
FE-TENG was simulated by a COMSOL Multiphysics 5.4 software. A 
tridimensional model was created, composed of two ITO electrodes, a 
PDMS (≈11 µm), and a PVDF (≈28 µm). A sphere of air (≈30 cm in 
diameter) was used to model the atmospheric conditions. For up-, non-, 
and down polarization of PVDF, the charge density was set at the PDMS 
surface as 24, 14, and −18 µC m−2, respectively. A stationary Electrostatic 
Physics was used to compute the electric field and potential generated 
by the triboelectric charges for a fine mesh number of 553 419.
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Supporting Information is available from the Wiley Online Library or 
from the author.
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