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Developing lightweight, ﬂexible and sustainable sensor networks with miniaturized integration and functionality for the Internet of Things (IoT) remains a challenge and an urgent demand for the next-generation
electronic devices. Paper-based electronics, which represents one of the main green electronics in the future,
have been considered as one of the most exciting technologies to meet the consumption of the frequently
upgraded electronics. Here, we presented an ultrathin (about 200 µm) and lightweight paper-based selfpowered system that consists of a paper-based triboelectric/piezoelectric hybrid nanogenerator and a paperbased supercapacitor. Under human motions such as ﬂipping the page and moving the book/document, the asfabricated self-powered system built-in the smart book/document was capable of sustaining power for portable
devices, such as continuously driving LEDs and the temperature/humidity sensor. With the signal-processing
circuit, the paper-based system was further developed into a wireless human-machine interaction system for
documents management and smart reading. The ultrathin and highly ﬂexible characteristics of the self-powered
system not only endow the device with power generation feature for portable devices, but also build up the
wireless human-machine interactions in developing potential applications for the IoT.

1. Introduction
The Internet of Things (IoT), which aims to realize the information
exchange and communications of any things with the internet, needs
large-scale sensor networks and systems for health monitoring, environmental protection, infrastructure monitoring and security, and has
been a key driving force for the fast development of the industry and
information technology [1,2]. Although the power for driving each
sensor is small, which could be down to micro-watt level, the number of
these units is usually huge in the order of billions to trillions [2].
Batteries, the most conventional technology for the IoT, may not be the
solution due to the wide distribution of the sensor networks, limited
lifetime, and diﬃculties in replacing/recycling. The IoT would be
impossible without making the devices self-powered. Therefore, it is
desirable to integrate an energy harvester together with a battery or
capacitor to form a self-powered system for sustainably driving these
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devices [1,2]. Nanogenerators [3], as based on the mechanism of
piezoelectric [4], triboelectric [5], and pyroelectric eﬀects [6], have
been developed to drive electronic devices continuously through
harvesting ubiquitous energy from ambient environment. Amidst the
nanogenerators, triboelectric nanogenerator (TENG) [2,5,7] is a newly
invented renewable technology that has attracted signiﬁcant attention,
due to the high energy conversion eﬃciency, low-cost, and environmental friendly features. Given the nature of the pulsed output
generated by the TENG, miniaturized supercapacitor is a good choice
for developing the self-powered system with TENGs due to advantages
of ultrafast charging and discharging rates, high power density, long
life cycles and environmental benignancy [8–11].
In the past few years, lightweight and transparent TENGs received a
booming time as the transparent and ﬂexible functionality and portability endow the TENG with possibility for new applications. Fan and
his coworkers [12] ﬁrstly developed a new ﬂexible transparent nano-
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generator based on the triboelectric process and demonstrated its
potential applications for touchscreens, electronic displays, and even
personal electronics. Kim et al. [13] have successfully demonstrated the
application of CVD-grown graphene as a transparent, ﬂexible TENG for
powering an LCD, LEDs, and an EL display without any external
energy source. More recently, Luo et al. [14] reported a transparent
and ﬂexible self-charging power ﬁlm which functions either as a power
generator or as a self-powered information input matrix for touch
screen security applications. On the other hand, the rapidly increasing
consumption of the frequently upgraded electronics has inspired the
study of electronic systems which consists of renewable and biodegradable materials and minimal amount of potentially toxic materials,
[15]. Paper, as formed by multiple layers of cellulose ﬁbers and
recognized as the most environmental-friendly, renewable and worldwide abundant material [16], has been intensively studied in the past
two decades, and gratifying advancement of paper electronics has been
witnessed [17–19]. Paper electronics have been considered as one of
the most exciting technologies in the near future due to its sustainability, low cost, mechanical ﬂexibility [20]. Recently, paper-based
energy harvester have been intensively developed for self-powered
generation and self-powered sensing [21–25]. However, they are
neither lightweight self-powered system nor with transparency, which
represents one of the main limitations for a number of applications in
miniaturized electronics. Besides, the most frequently applications of
paper in our life, such as books, documents and packages, are
neglected. As there is no work on transparent energy harvester which
combines the self-powered generation/sensing with books or documents and without sacriﬁcing the readability, ﬂexibility and lightweight
of the paper.
Herein, we presented an ultrathin and lightweight paper-based selfpowered system which consists of a paper-based triboelectric/piezoelectric hybrid nanogenerator (PHNG) and a paper-based supercapacitor (PSC). Through the bottom-up method and electrospinning
technology, a transparent piezoelectric nanogenerator (PENG) was
integrated in the paper-based TENG with a greatly reduced thickness,
without sacriﬁcing common features of the paper, such as readability
and ﬂexibility. The PHNG can be easily assembled with a thin paperbased supercapacitor (PSC) in books or documents as a self-powered
system, serving as a power source for portable devices. The paperbased self-powered system was further developed into a wireless
sensing system triggered by ﬁnger/paper touch motions. Through the
signal-processing circuit, the generated electrical signal induced by
human motions can operate the remote controller and the infrared
sensor in a simple way, which ensures an electrical signal recognition
process allowed for intriguing applications such as documents management and smart reading. These ultrathin and highly ﬂexible characteristics of the self-powered system not only endow the device with power
generation feature for portable devices, but also build up the bridge
between human and machine through wireless interactions towards the
IoT.

Fig. 1. Design of the self-powered system for portable electronics and self-powered
sensing. Mechanical energy from human motions can be harvested and converted to
electricity by the PHNG and then stored into a PSC for sustainably driving portable
electronics and self-powered sensing. The schematic illustration of the paper-based selfpowered system is shown in top-left.

2.2. Structure design of the PHNG
The fabrication process and multilayer structure of the proposed
PHNG is schematically illustrated in Fig. 2a and b, respectively. In
consideration of fabricating a thin energy harvester on a common
paper, we adopted the bottom-up method and electrospinning technique. Electrospun poly(vinylidene ﬂuoride) (PVDF) nanoﬁbers membrane was chosen as the material for piezoelectric nanogenerator,
which is ultrathin, ﬂexible, and lightweight. The strong piezoelectricity
without any stretching and poling treatment has been demonstrated for
this membrane [26,27]. Right-down insert in Fig. 2b shows the SEM
image of nanostructures in electrospun PVDF membrane. Due to the
unique nanostructures of the electrospun nanoﬁbers membrane, the
non-transparent PVDF nanoﬁbers membrane can be easily assembled
with PDMS to form a transparent composite membrane. The total
transmittance was measured with a UV–vis spectrometer using a blank
substrate as the reference. The composite ﬁlm shows a high total
transmission of over a wavelength in the visible and near-IR ranges
(400–1000 nm) as shown in Fig. S1a. To better show the transparency
eﬀect, the photographs of the transparent composite membrane and
bare electrospun PVDF nanoﬁbers were compared and shown in Fig.
S1b. The high transmission value (89.7% @ 1000 nm) achieved here is
attributed to the light reﬂectance eﬀect of the unique nano/micro
porous networks of the electrospun PVDF nanoﬁbers when penetrated
by the transparent PDMS. The SEM image (Fig. S1c) illustrates a
porous nano/micro-structure in the electrospun PVDF nanoﬁbers
membrane. Finally, a thin ITO deposited ﬂuorinated ethylene propylene (FEP) was assembled on top with an ITO layer as a shared
electrode for both TENG and PENG. To increase the triboelectriﬁcation
eﬀect and further enhance the output performance of the TENG, a high
surface area was achieved by fabricating nanowire array structures on
the surface of the FEP ﬁlm via inductively coupled plasma (ICP)
reactive-ion etching [28]. Right-up insert in Fig. 2b shows the SEM
image of the nanostructures on FEP. As shown in Fig. 2c, the number
‘2’ wrote on the paper can be clearly seen with the assembly of the
PHNG on top, ensuring a good readability. Fig. 2d shows the highly
bent state of the PHNG, indicating a good ﬂexibility that is mainly
attributed to the ultrathin and unique nano/micro-structure of our
PHNG. Owing to the bottom-up method and electrospinning technique, the thickness of the PHNG is measured at only 174 µm and stays
on the same level with that of a copy paper (Fig. 2e), which ensures an
excellent ﬂexibility of the PHNG. It could be further developed as a
miniaturized device for potential applications in the IoT.

2. Results and discussion
2.1. Main idea of the self-powered system
The main idea for the design is to fabricate a transparent, ultrathin
and ﬂexible PHNG on paper with a PSC to form a self-powered system,
so that both energy harvesting and self-powered sensing can be realized
simultaneously during reading. As illustrated in Fig. 1, the mechanical
energy triggered from human motions was harvested and converted to
electricity by an ultrathin PHNG and then stored in a thin PSC for
driving portable electronics continuously. On the other hand, the selfpowered system can also be developed as a self-powered sensor in the
wireless human-machine interaction system realized by ﬁnger/paper
touch, allowing for practical applications such as documents management and smart reading.
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Fig. 2. Fabrication process and schematic of PHNG. (a) Fabrication process of the PHNG. (b) Schematic structure of the PHNG. Right-up and Right-down inserts show the SEM image
of the nanostructure on FEP and electrospun PVDF nanoﬁbers membrane. Scale bar: 1 µm. The photographs of the PHNG, (c) the number ‘2’ wrote on paper can be clearly seen after
assembled with the PHNG, (d) bent state of the PHNG, (e) the thickness of the PHNG is at the same level with that of a copy paper. Scale bar: 10 mm.

Generally, diﬀerent materials have diﬀerent aﬃnities for electrons [30].
When considering the rubbing in a variety of materials with each other
and seeing the charge transfer between them, the materials can be
ordered according to their aﬃnity for electron, which is called as
triboelectric series [30–32]. In the triboelectric series, FEP has a
greater aﬃnity for electrons than that of paper. In the original state
when the two materials contacted (i), the FEP dielectric layer accepting
the electrons was negatively charged, while the paper dielectric layer
losing the electrons produced positive charges. It should be noted that

2.3. Working mechanism and electrical outputs of the PHNG
The working mechanism of the PHNG for electrical signal generation triggered by human motions could be elucidated as two parts,
namely, the TENG based on the coupling of triboelectriﬁcation and
electrostatic induction [2], and the PENG based on the piezoelectric
eﬀect [29]. In the TENG part, Fig. 1a shows the working mechanism of
TENG for energy harvesting, which can be explained by four consecutive steps in a full contact-separation cycle, as illustrated in Fig. 3a.

Fig. 3. The working mechanism and electrical performance of the TENG and PENG. The four basic states of one cycle output in (a) TENG and (b) PENG. (c)-(d) open-circuit voltage
(VOC)-time curve and short-circuit charge transfer (QSC)-time curve of TENG. (e)-(f) VOC-time curve and QSC-time curve of PENG. Inserts in (c)-(f) show the enlarged curves of the VOC
and QSC.
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condition in ﬁrst three states are shown in Fig. S2d–f. As the fully
contact between two pages was made, the largest pressing force was
achieved with the highest polarization density (iii). When the page was
lifted, the applied force decreased and then the electron ﬂowed back to
rebalance the charge induced by the strain releasing in the short-circuit
condition (iv). By reciprocating piezoelectric eﬀects, alternative currents would be produced.
The performance of the TENG and PENG was measured when the
paper page was ﬂipped periodically. As shown in Fig. 3c for TENG, the
open-circuit voltage (VOC) oscillated with a peak-to-peak value of
approximately 90 V (left). In the short-circuit condition, the transfer
charges (QSC) was measured to be an oscillated value with a peak value
of about 72 µC/m−2 (Fig. 3d) and a pulse short-circuit current of about
6 mA/m2 (Fig. S3a). To conﬁrm the optimized load resistance and the
maximum power density outputs, the external loads with diﬀerent
resistances were carried out. Note S1 shows the calculation method of
the output power densities. When the load resistance increased, the
amplitudes of the output voltage peaks were observed to rise until a
saturated value of 89.5 V while the maximum peak power density
experienced a diﬀerent tendency which increased ﬁrstly and then
gradually dropped with a maximum power density of 285.6 mW/m2
at the matched load of 2.5 MΩ (Fig. S3b). In the PENG part, there were
reciprocating oscillations of about 4 V and 5 µC/m−2 in the VOC
(Fig. 3e) and QSC (Fig. 3f) with a periodical pulse ISC of about
0.2 mA/m2 (Fig. S3c), when the motion was applied periodically
(Fig. 3d). Moreover, the electrical output performance was observed
to gradually rise when the thickness of the PVDF nanoﬁbers membrane
increased (Fig. S4). This is because the volume variation of the
electrospun PVDF nanoﬁbers membrane raised with increased thickness, which resulted in an enhanced piezoelectric eﬀects. To optimize
the output power density produced by the PENG, external load was

the triboelectric charges on the dielectric layer surface will be retained
for a long period of time due to the nature of electrets. Once the paper
layer begins to separate from the FEP layer (ii), an electric potential
diﬀerence (EPD) between the two electrodes was created, electrons
would ﬂow from the FEP electrode to the paper electrode through the
external circuits to balance the electrostatic status. To conﬁrm the
existence of the EPD, the ﬁnite element method has been utilized to
simulate the potential distribution when the distance between the
paper and FEP layers varied using COMSOL software. The simulation
results of the potential distribution under the open-circuit condition in
ﬁrst three states are shown in Fig. S2a–c. When the full separation was
made (iii), an instantaneous balance was achieved and the electrons
transfer stopped. As the paper page was laid down, electrons ﬂowed
back between the two electrodes through the external circuits to
rebalance the electrostatic status (iv). Thus, the alternative current
can be produced through periodically ﬂipping the paper pages.
In the PENG part, the piezoelectric eﬀect could be explained by
pressing and releasing forces induced by human motions. As illustrated
in Fig. 3b, the PVDF nanoﬁbers membrane was fabricated with the
polarization direction upward and the original state has no applied
force (i). During periodical motions, the PVDF membrane experienced
a reciprocating pressing-releasing force resulting in four continuous
steps of piezoelectric eﬀects. When the page was laid down, the
pressing force was applied on the PVDF membrane, which produced
a negative strain and decreased volume. As a result, the polarization
density was enhanced and the electron ﬂowed from the bottom
electrode to the top electrode to balance the extra polarization density
in the short-circuit condition (ii). Here, the ﬁnite element method was
utilized to simulate the potential distribution induced by variations of
the polarization density in PVDF using COMSOL software. The
simulation results of the potential distribution under open-circuit

Fig. 4. Fabrication process, schematic and electrochemical performance of the PSC. (a) Fabrication process of the PSC. (b) Schematic structure of the PSC. Right insert shows the SEM
image of the a-CNF/polymer electrode. Scale bar: 1 µm. The photographs of a single PSC, (c) original state, and (d) bent state, and (e) thickness of the PSC. Scale bar: 10 mm.
Capacitance properties of a single PSC, (f) cyclic voltammetry (CV) curves at various scanning rates, (g) galvanostatic charging/dischanging (GCD) curves at diﬀerent current densities,
(h) the dependence of charging/discharging speciﬁc capacitance on diﬀerent current densities, insert image shows the charging/discharging eﬃciency of the PSC.
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Fig. 5. Power density output and applications of the paper-based self-powered system. (a) The electrical circuit of the self-powered system when used as a power source for portable
devices (PD). (b) Voltage-load resistance and power density-load resistance curves of PHNG, insert shows the photograph when PHNG (2.5 × 2.5 cm2) was directly used as a power
source for lighting up the 28 LEDs. (c) Photograph of the PHNG assembled in a book cover. (d) The charging curves of the self-powered system under a movement frequency of 2 Hz,
and the discharging curve of the self-powered system when it acted as a power source for the working of a temperature/humidity sensor. Insert image shows the temperature/humidity
sensor was successfully lighten up by the self-powered system, and the ﬁve processes: charging process for i and v, empty loading for ii and iv, discharging process for iii.

thickness of 226 µm, which is at the same level with that of a paper
(Fig. 4c). It has a high ﬂexibility and could be applied in miniaturized
electronics.
The electrochemical capacitance properties of PSC were tested by
the cyclic voltammetry (CV) method at a series of scanning rate from 5
to 100 mV/s. As illustrated in Fig. 4f, the rectangle-like CV curves
indicated our PSC possessed an ideal capacitive behavior and good
reversibility. To assess the durability of the PSC during bending, the CV
curves of the PSC before and after bent for more than 100 times were
tested at a scanning rate of 100 mV/s. From Fig. S6a, the compared
capacitances show a 100-bent PSC retained 94.1% capacitance, indicating the PSC has great ﬂexibility and durability. The electrochemical capacitance was further conﬁrmed by galvanostatic chargingdischarging (GCD) results at a range of current loads from 5 to
100 mA (Fig. 4g). The classical triangle-shaped charging/discharging
curves and an almost identical capacitance were found in all the curves.
The voltage was linear in a wide voltage window up to 1.5 V with no
obvious ohm-drop phenomenon in GCD analysis at a series of current
loads from 5 to 100 µA/cm2. This is mainly attributed to the high
electrochemical stability of the carbon nanoﬁbers and solid state
electrolyte [33]. The charging/discharging speciﬁc capacitance on
diﬀerent current densities could be calculated from GCD curves, and
the calculation method was presented in Note S2. As illustrated in
Fig. 4h, the area speciﬁc capacitance (F/cm2) decreased when the load
current increased while the charging/discharging eﬃciency (Columbic
eﬃciency, η) increased as the current load increased (insert image in
Fig. 4h). Even at a low current of 5 µA/cm2, the PSC could be charged
to 1.5 V with an excellent Columbic eﬃciency of 96.7%, which indicates
an extremely low leakage current, enabling its great eﬀectiveness as an
energy storage device for energy harvesting with the PHNG. Moreover,
it is also crucial to evaluate the cycling stability for supercapacitors. The
capacitance has only negligible ﬂuctuation during the cycling test,
which changed from the original 4.3 mF/cm2 to 4.1 mF/cm2 after
10,000 continuous cycles at a current density of 0.1 mA/cm2 (Fig. S6b).
It was able to maintain as much as 95.3% capacitance, which indicates
an excellent cycling performance of the PSC.

applied. As shown in Fig. S3d, the amplitudes of the output voltage
peaks were observed to be enhanced as the load resistance increased,
while the output power density ﬁrstly received a rising trend, following
by a decreased tendency, accompanied with a peak power density of
0.65 mW/m2 at the matched load resistance of 1.8 MΩ. Although the
output power of PENG is not as high as that of the TENG, it could serve
as a stable and continuous enhancing supplement for energy harvesting
through TENG. In order to investigate the stability of the PHNG,
continuously working for 10,800 cycles was tested. As shown in Fig. S5,
after 10,800 reciprocating cycles, ISC exhibits only negligible drops
indicating the high stability and durability of the PHNG.
2.4. Structure design and electrochemical performance of the PSC
Our paper-based solid-state PSC composed of two identical a-CNF
(activated carbon nanoﬁbers)/polymer electrodes and H3PO4/PVA gel
electrolyte, where paper was used as the ﬂexible substrate. Compared
with SCs using liquid electrolyte, the all solid state PSC shows
advantages such as lightweight, high ﬂexibility, desirable safety and
environmental-friendly nature, which are ideal for ﬂexible and portable
electronics. To make a thin, ﬂexible and stable SC, a-CNF was chosen
as the main material for its highly electrical conductivity, chemical
stability and high surface area to volume when used as the electrode
[33,34]. In order to achieve a strong adhesion between the paper and aCNF, a diluted H3PO4/PVA gel was chosen to make a composite
electrode with a-CNF for the PSC. Here, the diluted H3PO4/PVA gel
acted as a binder as well as a electrolyte, which not only facilitated the
PSC with mechanical ﬂexibility and durability, but also ensured it with
excellent electrochemical capacitance properties. The fabrication process and the layered structure of the PSC are schematically illustrated
in Fig. 4a and b, respectively. From Fig. 4b, the SEM image of the aCNF/polymer electrode shows the a-CNF/polymer formed an interconnected micro/nano-porous structure with a high surface area,
beneﬁcial for the electrochemical capacitance of the PSC. The photographs of the PSC in normal and bending states are shown in Fig. 4c
and d, and it could be observed that the PSC is very thin with a
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2.5. Paper-based self-powered system as a ﬂexible power source

To demonstrate the capability of the paper-based self-powered
system as a ﬂexible and sustainable power source for practical
applications, the paper-based self-powered system was developed by
integrating a PHNG (A4 in paper size) with the PSC in a book cover as
one page of a book, and an ITO deposited paper as another page
(Fig. 5c). Fig. 5d shows the charging/discharging curve of the selfpowered device, which demonstrated the paper-based self-powered
system could be charged to 1.5 V within 25 min under a moving
frequency of 2 Hz. When used as a sustainable power source for the
working of a temperature/humidity sensor, the self-powered system
discharged at a load current of about 2.5 µA, insert image shows the
photograph when temperature/humidity sensor was successfully lighten up by the self-powered system. Realized by the reciprocating
movements of the linear motor (Video S2), the self-powered system
successfully supported the continuous working of the temperature/
humidity sensor after 20-min unremitting charging. To conﬁrm the ISC
dependence on diﬀerent frequencies of moving motions, the charging
properties of the self-powered system were tested at a range of low
frequencies from 1 to 3 Hz. As illustrated in Fig. S7, the charging time
was largely enhanced by increasing the applied moving frequencies.
Supplementary material related to this article can be found online
at doi:10.1016/j.nanoen.2017.06.046.

In order to integrate TENG and PENG together for continuously
charging the PSC, an optimization of the circuit is designed mainly in
the inter-component electrical connection. As illustrated in Fig. 5a, the
paper-based TENG and PENG were electrically connected via three
pairs of diodes, which served as rectiﬁers in converting the pulse output
signals of the nanogenerators to direct signals for charging the PSC
without intermittent. For quantitative characterization, a linear motor
with mechanical transmission kit was adopted to mimic various
mechanical movements. To optimize the electrical output of the
PHNG, a series of external load resistances were employed. As
illustrated in Fig. 5b, with the increase of load resistance, the output
power density ﬁrstly raised and was followed by a drop tendency with a
maximum power density of 286.5 mW/m2 at the optimized load
resistance of 2.5 MΩ. This superior value is about 5 times higher than
that of previous work on a ﬁber-based hybrid nanogenerator composed
of TENG and PENG [35], and 2 times higher than that of the work on a
piezoelectric and triboelectric hybrid nanogenerator [36]. Although the
output of PHNG is not higher than the work on Piezo/Triboelectric
hybrid generator [37], this work shows an ultrathin, lightweight,
ﬂexible, cost-eﬃciency and transparent hybrid nanogenerator which
largely improved the portability and functionality of the PHNG,
ensuring more possible applications, such as smart reading and
documents management. Diﬀerent from the output power density,
the output voltage was constantly increased and saturated until the
load resistance increased by a certain value. To assess the energy
harvesting potential in practical applications, the PHNG was ﬁrstly
used as a direct power source, 28 LEDs were successfully lighten up by
the PHNG (2.5 × 2.5 cm2) with continuous contact-separation movements triggered by hand motions (Video S1). Insert image in up-left
corner of Fig. 5b shows the photograph of the lighten LEDs, which were
arranged as ‘PHNG’ characters.
Supplementary material related to this article can be found online
at doi:10.1016/j.nanoen.2017.06.046.

2.6. Paper-based self-powered system for wireless sensing system
To further demonstrate the capability of the paper-based device as a
practical self-powered sensor for human-machine interaction, a wireless sensing system was developed by integrating the paper-based
TENG in the single-electrode mode with a signal-processing circuit
(ARDUINO, UNO R3), as shown in Fig. 6a. The wireless sensing
system could be easily operated by the output voltage generated from
the TENG (ﬁnger/paper touch) to trigger the integrated circuit to
produce an infrared signal (IR signal). This remote IR signal then
triggered a signal processor, which was connected with the computer
though a wireless IR sensor to produce a signal recognition process.

Fig. 6. Self-powered sensing applications of the single electrode TENG. (a) Design and schematic of the self-powered sensing system. VOC-time curve of the single electrode TENG, (b)
reciprocating lift-up and lay-down movements between TENG and paper, (c) reciprocating touch and separation motions between TENG and ﬁnger. (d) The work mechanism of the
single electrode TENG triggered by ﬁnger/paper touch motions. (e) Photograph of the book management system realized by documents moving. Insert image shows the photograph of
PHNG assembled on the bottom side of the document, document number: 1–6 from left to right. (f) Photograph of the paper-based calculator functionally triggered by ﬁnger touch
motions. Insert image shows the photograph of the paper-based ﬁnger touch calculator.
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4. Experimental methods

The output voltage of the single-electrode paper-based TENG (2.5 ×
2.5 cm2) triggered by paper/ﬁnger touch motions was shown in Fig. 6b
and c, which indicates the output voltages are approximately 25 and
10 V, respectively. Fig. 6d shows the working mechanism of the single
electrode realized by paper/ﬁnger touch. Since both paper and ﬁnger
are much more triboelectrically positive than FEP [31,32], to balance
the EPD produced between FEP and paper/ﬁnger, electrons ﬂowed
from ground to the FEP electrode with a touch movement while
electrons ﬂowed back with a separation movement.
Through the signal-processing circuit, we developed a wireless
human-machine interaction system for documents management, which
was ﬁrstly realized by moving documents (Fig. 6e). Insert image in the
up-right corner shows the photograph of paper-based TENG assembled
on the bottom side of the document. As shown in the Video S3, when
we moved the document, voltage will be produced by separation
movement between paper and FEP, which then triggered the remote
controller and IR sensor. Through the signal processor, the relative
document number was displayed on the monitor, enabling the management of the documents. It is worthy note that our wireless document
management system used a self-powered paper-based TENG which
was ultrathin and lightweight enough with advantages of cost-eﬃciency, environmental friendly and versatility, indicating great potential for applications where mechanical movement could be employed to
trigger a signal processing. To further evaluate its potential in humanmachine interaction, we developed a smart calculation system. As
shown in Fig. 6f, a paper-based calculator was fabricated by using 16
separated square TENGs as the functional keys (insert image in up-left
corner). From Video S4, we can observe the corresponding numbers
and operative symbols were entered and displayed on the monitor
when we touched the relevant functional keys, and the mathematical
operation was carried out when we touched the equal sign. Another
video demonstration for smart reading was illustrated by line recording
(Video S5), the computer helped us keep a record of the line number we
have read in a simply way by using ﬁnger to touch the relevant line.
Furthermore, the eﬀective working ability of the device on diﬀerent
distance was evaluated, and the eﬀective distance for triggering the
circuit was found to be within 6 m.
Supplementary material related to this article can be found online
at doi:10.1016/j.nanoen.2017.06.046.

4.1. Fabrication of the PHNG
Copy paper was selected as the starting material and deposited with
a thin ITO layer by PVD. For ITO deposition process, power supply was
set to 100 W, capman pressure for argon was set to 6 mTorr, and the
deposition time was 20 min. PVDF solution (23%) was prepared by
dissolving 2.3 g PVDF pellets (Mw 180,000 by GPC, Sigma-Aldrich) in
10 mL solvent mixture of dimethylformamide (Sigma-Aldrich) and
acetone (Sigma-Aldrich) (volume ratio of dimethylformamide and
acetone, 5/5) and heated at 70 °C for 2 h. The ITO deposited paper
was directly used as collector in the electrospinning process for
fabricating an ultrathin PVDF nanoﬁbers membrane (thickness varies
from diﬀerent electrospinning time, generally a thickness of about
20 µm can be formed in an hour) on the paper. During the electrospinning process, voltage of 18 kV, tip-to-collector of 15 cm, and ﬂow
rate of 3 mL/h were applied. Then, the liquid PDMS (Sylgard 184, Dow
Corning, the mixed mass ratio of PDMS and the curing agent is 10:1)
was degassed for 1 h and dropped onto the PVDF nanoﬁbers membrane until the liquid PDMS fully penetrated throughout the PVDF
membrane to become a transparent PDMS/PVDF composite membrane. After that, the surface of the FEP ﬁlm (25 µm) was fabricated
with a nanowires array structure via inductively coupled plasma (ICP)
reactive-ion etching [28], and with a thin ITO layer deposited on
another side of the FEP. The ITO side was sequentially assembled on
top of the composite membrane by slightly compressing. Finally, the
as-fabricated PHNG was dried at 50 °C in the oven for 16 h.
4.2. Fabrication of the PSC
The PVA/H3PO4 gel electrolyte was prepared as follows: 10 g of
H3PO4 (85% aq. soln., Alfa Aesar) was added into 100 mL of deionized
water, and then 10 g of PVA (Mw 89,000–98,000, 99+% hydrolyzed,
Sigma-Aldrich) powder. The mixture was heated to 85 °C under
stirring until the solution became clear. The a-CNF/polymer electrode
was prepared by drop-casting a desirable amount of a-CNF/polymer
ink onto the paper and oven dried at 75 °C for 2 h. Typically, to prepare
the a-CNF/polymer ink, 0.4 g a-CNF (PR-24-XT-HHT, Pyrograf
Products, Inc.) was added in 100 mL diluted PVA/H3PO4 (10 times
diluted by deionized water) solution, follow by a sonication and stirring
process. The prepared electrodes were immersed into PVA/H3PO4
solution for 10 min, with their two-end parts kept above the solution.
After being taken out, every two electrodes were face-to-face assembled
with a thin PVA/H3PO4 membrane in between, leaving aside the bare
part as the electrode terminal. Here, the PVA/H3PO4 membrane
served as an insulator as well as the electrolyte for the PSC, which
helped reduce the weight and thickness of the device. When the PVA/
H3PO4 gel solidiﬁed at room temperature, the ﬂexible PSC was
obtained. Normally, the PSC with an area of 2 cm2 was fabricated
and used in the study.

3. Conclusion
In summary, we have presented an ultrathin, lightweight, ﬂexible,
and sustainable self-powered system by fabricating a hybrid nanogenerator with an all-solid-state supercapacitor in a thin paper. Based on
the bottom-up method and electrospinning technique, the reported
paper-based self-powered system introduces a simple and versatile
strategy with greatly reduced device thickness, lightweight and suitability for mass production. Possessing an ultrathin multi-layered
structure with a thickness of ~200 µm, the self-powered system was
highly deformable without sacriﬁcing the readability of the paper and
easily to be assembled in books and documents. Under human motions
such as ﬂipping pages, moving book/document, the as-fabricated smart
book/document was capable of being a sustainable power source for
practical applications, including continuously powering LEDs and the
temperature/humidity sensor. Through the signal-processing circuit,
the paper-based system was further developed into a wireless humanmachine interaction system which is cost-eﬃcient, environmentalfriendly and versatile for documents management and smart reading
via the single-electrode mode of TENG. The paper-based self-powered
system could be extensively applied not only as sustainable power
source for self-powered electronics but also possibly as self-powered
sensors for broad applications in the IoT.

4.3. Characterization and measurements
A Hitachi SU8010 ﬁeld emission SEM was used to measure the
morphology and size of the a-CNF/polymer electrode, electrospun
PVDF nanoﬁbers membrane and FEP nanowires array. A potentiostat
(Princiton Application Research) was utilized to test the capacitance
properties by using CV and GCD techniques. For the electric output
measurement of the TENG/PENG, a commercial linear motor was
applied to drive the TENG/PENG contact and separate, and a
programmable electrometer (Keithley, model 6514) was adopted to
test the electrical output performances. For stably testing, the gap
between layers is set to 10 mm. The thickness of the devices was
measured by an electronic digital micrometer (733 Series Electronic
Digital Micrometers, L.S. Starrett).
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