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T
he serious energy shortage can be a
major factor that limits the quality of
life.1�6 Vast amounts of acoustic

energy from human talking, traffic noise,
music, and so forth are ubiquitous but
regretfully being ignored. Acoustic energy
harvesting has not been as popular as other
types of energy harvesting, and does not
get extensively explored or well utilized,
which is not only attributed to its much
lower power density but also a lack of
effective harvesting technology. Currently,
themechanisms of acoustic energy harvest-
ing are limited to transductions based on
piezoelectric effect, electrostatic effect, and
triboelectric effect.7�10Wide range usage of
these techniques is limited by factors such
as low efficiency, high structure complexity,
and large volumes due to the required
resonance cavity that results in extremely
low volume specific energy.11�14

In this work, innovatively employing ar-
rays of microholes for acoustic response

enhancement, an ultrathin, rollable, paper-
based acoustic energy harvester is demon-
strated. Relying on the coupling effect of
triboelectrification and electrostatic induc-
tion, the as-fabricated triboelectric nanogen-
erator (TENG), with a thickness of 125 μm, is
capable of delivering a maximum power
density of 121 mW/m2 (volume power den-
sity of 968 W/m3) under a sound pressure of
117 dBSPL. The superior feature due to the
structural novelty enables it to harvest
acoustic energy from portable electronics.
The energy harvested from human talking
over a cell phone can charge a capacitor at a
rate of 0.144 V/s. Furthermore, with a col-
lection of compelling features, such as
broad working bandwidth, structural roll-
ability, and directional independence, the
as-prepared paper based nanogenerator is
capable of serving as a self-powered
sensor15�20 for sound recording. The con-
cept and design presented in this work can
be extensively applied in a variety of other
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ABSTRACT A 125 μm thickness, rollable, paper-based triboelectric nanogenerator

(TENG) has been developed for harvesting sound wave energy, which is capable of

delivering a maximum power density of 121 mW/m2 and 968 W/m3 under a sound

pressure of 117 dBSPL. The TENG is designed in the contact-separation mode using

membranes that have rationally designed holes at one side. The TENG can be

implemented onto a commercial cell phone for acoustic energy harvesting from

human talking; the electricity generated can be used to charge a capacitor at a rate of

0.144 V/s. Additionally, owing to the superior advantages of a broad working

bandwidth, thin structure, and flexibility, a self-powered microphone for sound

recording with rolled structure is demonstrated for all-sound recording without an angular dependence. The concept and design presented in this

work can be extensively applied to a variety of other circumstances for either energy-harvesting or sensing purposes, for example, wearable and flexible

electronics, military surveillance, jet engine noise reduction, low-cost implantable human ear, and wireless technology applications.

KEYWORDS: paper-thin . rollable . triboelectric nanogenerator . acoustic energy harvesting . self-powered sound recording

A
RTIC

LE



FAN ET AL. VOL. XXX ’ NO. XX ’ 000–000 ’ XXXX

www.acsnano.org

B

circumstances for either energy-harvesting or sensing
purposes, for example, wearable and flexible electro-
nics, military surveillance, jet engine noise reduction,
low-cost implantable human ear, and wireless technol-
ogy applications.

RESULTS AND DISCUSSION

An ultrathin triboelectric nanogenerator (TENG) has
a multilayered structure composed of thin film materi-
als that are vertically laminated. A layer of multiholed
paper forms the structural backbone of the TENG,
which was coated with copper acting as an electrifica-
tion layer that generates triboelectric charges upon
contacting with a thin polytetrafluoroethylene (PTFE)
membrane,21�23 as schematically shown in Figure 1a.
Papers were selected as the structural materials owing
to its flexibility, lightweight, good machinability, low
cost, as well as biodegradability. Of course, instead of
papers, other expensive organic thin films can be
chosen as well. For the purpose of enhancing a broad-
band acoustic response, holes with diameters of
400 μm were evenly punched and distributed on the
paper substrate. A photograph of the multihole paper
electrode is demonstrated in Figure 1b. In order to

enhance the triboelectrification, the polymer nano-
wires array was purposely created onto the PTFE
membrane,24�29 as shown in the scanning electron
microscopy (SEM) image in Figure 1c. Figure 1d is a
photograph of an as-fabricated paper-based TENG
with a thickness less than 125 μm.
The working principle of the paper-thin triboelectric

nanogenerator can be elucidated from two aspects,
namely, sound induced membrane vibration and
vibration induced electricity generation. On one hand,
when an external sound wave is continuously incident
onto the paper-thin TENG, the flexible PTFEmembrane
would vibrate accordingly. Namely, the propagation of
the sound wave will cause a periodical air-pressure
difference between two sides of the membrane, which
leads to the membrane vibration. This vibrational
mechanism is distinctly different from the traditional
acoustic energy harvester that relies on a resonator
cavity, for which the mechanical vibration is attributed
to the alternative air compression�expansion within
the cavity.9,13,14 The ANSYS software is employed
to simulate the sound wave induced PTFE mem-
brane vibration under various frequencies, as shown in
Figure 1e, assuming that the acoustic pressuredifference

Figure 1. Structural design and operating principle of the ultrathin paper-based TENG. (a) Schematic illustrations of the
paper-based TENG. (b) Photograph of the multihole paper electrode. (c) SEM image of the PTFE polymer nanowires.
(d) Photograph of an as-fabricated paper-based TENG. (e) The ANSYS software was employed to characterize the PTFE
membrane vibration under various sound frequencies. (f) Illustration to interpret the sound wave induced PTFE membrane
vibration and electricity generation.
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of 20 Pa is uniformly distributed over the 0.025 mm
thick PTFE membrane with a Young's modulus of
440 MPa. As it can be observed from the simulation
results, the deformation regions andmagnitudes of the
PTFE membrane are highly related to the external
sound excitation frequencies, which can be attributed
to different resonance frequencies under different
vibration modes.
On the other hand, the vibration induced electricity

generation is attributed to a coupling effect between
contact electrification and electrostatic induction. A
cycle of electricity generation process under external
pressure is schematically depicted in Figure 1f (see
Supporting Information Figure S1 for more details).
At its maximum contact state, sound wave induced
contact between PTFE and copper will generate elec-
trical charges. The two materials have a different
affinity for electrons, with the PTFE attracting electrons
from copper, resulting in positive triboelectric charges
on the copper side and negative ones on the PTFE
side.30�33 Subsequently, the acoustic pressure will
separate the PTFE from copper. As a result, an inner
dipole moment between the two contact surfaces is
consequently altered, which drives free electrons to
flow from the copper electrode on the PTFEmembrane
to the multihole paper electrode until the maximum
separation state is reached. And the free electrons
will flow in a reverse direction in the process from
maximum separation state toward maximum contact
state, which completes a full cycle of electricity gen-
eration process.
The electric output of the as-fabricated paper-thin

TENG is highly related to the soundwave induced PTFE
membrane vibration, while the air damping is acting as
a negative impact, of which the influence on acoustic
energy harvesting is still underestimated.34,35 Introduc-
ing holes is a rational solution to minimizing the
damping but it also reduces the effective contact area
as a trade-off. Thus, in order to obtain an optimized
output for the paper-thin TENG, arrays of micro holes
are added, and the structural parameters of the holes,
including shape, dimensions, and distributions, needs
also to be systematically optimized.
First, the influence of the hole shape on the output

performance is studied at a constant void-to-surface
ratio. The transmitting ability of air flow through the
holes, namely, the acoustic pressure difference is
highly dependent on the hole shapes. As demon-
strated in Figure 2a, both the peak distribution and
peak values are various with hole shapes. And a best
output performance is obtained from the evenly dis-
tributed microholes in a circle shape. It is worth noting
that, for all the three hole shapes, the frequency�
response curves hold amultipeak characteristic with all
themaximumpeak output occurring at∼320 Hz, while
the other peaks emerge at the frequencies around the
integral multiples of∼80 Hz. This observation is mainly

attributed to that the thin membrane vibrates in a
multimodal manner under external acoustic pressure.
And each vibration mode holds a natural frequency
(see Supporting Information Figure S6 for detailed
explanation). At those resonance frequencies, a stable
planar standing wave will form over the membrane to
cause large deformations, corresponding to the peaks
in the frequency�response curves.36,37

Second, the center structure is another critical para-
meter that determines the output performance. Since
the added holes on the electrode will reduce the
effective contact area, a circular area without holes is
purposely reserved in the center of the multihole
electrode. As shown in Figure 2b, at a fixed excitation
frequency of 320 Hz, the maximum peak output de-
creases as the hole-free area increases, which is mainly
attributed to the weakened membrane vibration due
to the air dumping effect in the hole-free part. This also
further validates that the air damping is a determining
factor for the paper-thin TENG without a resonator.
Third, the influence of the hole diameter on the

output performance is also systemically investigated
at a constant void-to-surface ratio. As indicated in
Figure 2c, experimentally, the peak output is an increas-
ing function of the hole diameter in small hole range
until an optimal hole diameter emerges (0.2 mm). And
then, the output decreases as the hole diameter in-
creases. Theoretically, the membrane vibration is an
increasing function of the air-pressure difference across
the PTFE membrane (ΔPmembrane). At a certain sound
pressure (Psound), ΔPmembrane can be calculated as

ΔPmembrane ¼ Psound �ΔPhole � Pdamping (1)

wherePdamping is the reducedpressure around PTFE due
to air damping. Meanwhile, according to the Hagen�
Poiseuille equation,38 the average air-pressure differ-
ence across the multihole electrode (ΔPhole) can be
expressed as

ΔPhole ¼ 8μLQ=(πr4) (2)

where L is the thickness of the multihole electrode. μ
and Q are the dynamic viscosity and volumetric flow
rate of the air flow, respectively. r is the average radius of
the hole. π is a mathematical constant. According to
eqs 1 and 2,ΔPhole increased with the decreasing of the
hole diameters, while Pdamping follows a reverse trend.
Consequently, an optimal hole diameter will lead to a
maximum ΔPmembrane, thus an optimized output
performance.
Fourthly, a further step was taken to study the

influence of the void-to-surface ratio of multihole
paper electrode on its output performance. As demon-
strated in Figure 2d, the electric output is first-increasing
and then decreasing function of the void-to-surface
ratio and it is maximized at a value of ∼20%. A larger
void-to-surface ratio will lead to a smaller damping
effect of the air, thus, a larger vibration of the PTFE
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membrane, however, a smaller effective contact area.
The trade-off of larger membrane vibration and smaller
effective contact area requires an optimal void-to-
surface ratio, as experimentally observed. It is worth
noting that the void-to-surface ratio also shows an
evident impact on the device working bandwidth, as
demonstrated in Figure 2e. As the void-to-surface ratio
increases, the frequency response is widened and ex-
panded to a higher frequency range, which is essential
to the paper-thin TENG for self-powered active sensing.
Fifthly, the thickness of themultihole electrode is also

another important design parameter that needs to be
investigated. As shown in Figure 2f, a sharp and narrow
output peak was observed for the device with thicker
electrode, which is a typical character of a sound-
response device based on Helmholtz resonator (see
Supporting Information Figure S7 for detailed descrip-
tions). However, the frequency-response curve turns
into a broad multipeak waveform when the electrode
thickness becomes thinner. Especially, the output at a
higher frequency ranging up to 700 Hz is obviously

increased with thinner electrode. Theoretically, when
the electrode thickness is relatively large, a Helmholtz
resonator is formed, which can improve the output at
the resonance frequencywhile narrowing the frequency
response range as the trade-off,39,40 as schematically
shown in Figure 2g. Besides, according to eqs 1 and 2,
ΔPhole increased with the increasing of the electrode
thickness, while Pdamping follows a reverse trend. Thus,
there should be anoptimized electrode thickness. And a
thickness of 2.4 mm is observed experimentally.
Additionally, the paper based multihole electrode is

capable of expanding the frequency response, com-
paringwith the plastic sheet basedmultihole electrode
with identical thickness, as indicated in Figure 2h. A
possible reason is that the paper holds a micro textile
structure with tiny communicating vessels, which
would further weaken the air damping effect. In a
word, in order to obtain a decent output for the
acoustic energy harvester without a resonator, a
paper-thin electrode with evenly distributed circular
holes is highly desired.

Figure 2. Factors that influence the electric output of the triboelectric nanogenerator without Helmholtz resonator.
(a) Influence of the hole shapes on the multihole electrode with constant void-to-surface ratio. (b) Influence of the central
holes distribution on the electrical output. (c) Influence of hole diameters with constant void-to-surface ratio of 20%.
(d) Influence of void-to-surface ratio on the device electrical output. (e) Influence of void-to-surface ratio on the device
frequency response. (f) Influence of the electrode thicknesses on the electrical output. (g) Illustration to interpret the influence
of the electrode thickness. (h) Influence of electrode substrate materials on the electrical output. All of the measurements
were under a constant sound pressure of 120 dBSPL.
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Furthermore, resistors were utilized as external loads
to further investigate the output power of the structu-
rally optimized paper-thin TENG at the same acoustic
condition. Its electric output, including open-circuit
voltage and short-circuit current at acoustic frequency
of 250 Hz with an acoustic pressure of 114 dBSPL was
also demonstrated in Supporting Information Figure S2.
As displayed in Figure 3a, the voltage amplitudes
increase with increasing load resistance, while the
current follows a reverse trend owing to the Ohmic
loss. As a result, the instantaneous peak power is
maximized at a load resistance of 800 KΩ, correspond-
ing to a peak power density of 121 mW/m2 (volume
power density of 968 W/m3), as shown in Figure 3b.
Furthermore, the dependence of the electrical output
on the incident sound pressures was also investigated
and a direct proportional function was experimentally
observed, as indicated in Figure 3c. Additionally, to
quantify the capability of the paper-thin TENG for
acoustic energy harvesting, a 2 μF capacitor was
charged to 27 V in 15 s under an acoustic pressure of
117 dBSPL at a frequency of 250 Hz (Figure 3d). As the
inset indicated, the charging rate is also increasingwith
the applied sound pressure.
Holding a collection of compelling features, includ-

ing paper-thin, rollable, broadworking bandwidth, and
independent of resonator, the proposed nanogenera-
tor demonstrated its unique power in the field of

acoustic energy harvesting. First, it was demonstrated
to recycle acoustic energy from a commercial cell
phone when playing music (Supporting Information
Movie 1) or when a human is talking on the phone
(Supporting Information Movie 2). As shown in Figure
4a, the recycled acoustic energy from a cell phone
is capable of charging a commercial capacitor up to
1.8 V in about 12 s. Especially, when the paper-thin
triboelectric nanogenerator was installed on a wall or
glass window, it can still recycle the environmental
noise for electricity generation (Supporting Informa-
tion Figure S3 and Movie 3). Second, with a broad
working bandwidth, the as-fabricated paper-thin
TENG is also capable of acting as an active self-
powered microphone for sound recording. As de-
monstrated in Figure 4b and Supporting Information
Movie 4, a low-cost ultrathin self-powered micro-
phone was developed, which can efficiently convert
the human voice into electrical signals for the record-
ing purpose.
Compared to other existing technologies for acous-

tic energy harvesting, the paper based TENG distin-
guishes itself in many aspects and brings about a
number of advantages, such as being ultrathin, roll-
able, low-cost, and environmentally friendly and hav-
ing extremely high volume power density.
From a structure point of view, the traditional acous-

tic energy harvester has a bulky structure due to the

Figure 3. Electrical output characterization of the paper-based triboelectric nanogenerator. (a) Dependence of the peak-to-
peak voltage (Vp�p) and current output on the external load resistance. (b) Dependence of the peak power output on the
resistance of the external load, indicating the maximumpower output at R = 800 KΩ. (c) Dependence of the electrical output
on the incident sound pressures. (d) Charging a 2 μF capacitor under a sound pressure of 117 dBSPL with the sound frequency
of 250 Hz. Inset is the dependence of charging rate on the incident sound pressure.
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requirement of a resonance cavity. Superiorly, the
presented ultrathin triboelectric nanogenerator inno-
vatively employs a multihole structure on the paper
electrode, which effectively eliminates the traditional
resonator for acoustic energy harvesting. Thepaper-thin
TENG achieves a volume power density of∼1 kW/m3 at
a sound pressure of 117 dBSPL.
From the performance point of view, owing to the

superior advantages of being structurally ultrathin and
flexible, the paper based TENG is rollable. And, for the
first time, a novel rolled type device is demonstrated
(see Supporting Information Figure S4 for detailed
fabrication process). Figure 4c and d displays sche-
matic illustrations to show the measurement of the
directional patterns of the flat and rolled paper-thin
triboelectric nanogenerator with insets being the
photographs of the as-fabricated devices. Figure 4e
shows the corresponding shape dependent directional
patterns of the TENG with flat and rolled structure,
respectively. And a butterfly shaped directional pattern
with mirror symmetry was observed for the flat type
paper-thin TENG. While the directional pattern of the
rolled type is a highly symmetric circle, which indicates
the output is independent of the sound wave incident

direction. This is mainly attributed to the rigorous
structural symmetry. Holding the advantage of direc-
tional independence, the rolled type TENG is suitable
to a wide range of circumstances for either energy-
harvesting or sensing purposes, such as theatric stage
live recording, military surveillance, and omnibearing
acoustic energy harvesting.
From a cost point of view, the ultrathin TENG is

fabricated mainly based on low-cost, lightweight, and
biodegradable paper materials with a simple structure.
Besides, based on the surface charging effect, the
fabrication requires only very small amount of materi-
als, which are conventional polymers or a thin layer of
metal as electrodes. Furthermore, the fabrication pro-
cess of the paper-thin TENG is straightforward and
compatible with possible large-scale manufacturing.
Additionally, the backbone of paper-thin TENG ismade
of commonly used paper materials, which is bio-
degradable and greatly reduces the possible environ-
mental costs. As a consequence, the paper-based TENG
is extremely cost-effective, which is an unparalleled
advantage compared to any other acoustic energy
harvesting techniques. Importantly, as demonstrated
in Supporting Information Figure S5, the paper can be

Figure 4. Demonstration of the paper-based triboelectric nanogenerator for cell phone sound wave energy harvesting and
self-powered sound recording. (a) Recycling the acoustic energy from the cell phone via charging a 2 μF capacitor. Inset is a
photograph that shows a commercial cell phone equipped with a paper-thin triboelectric nanogenerator for capacitor
charging. (b) Photograph that shows a paper-thin triboelectric nanogenerator as a self-powered microphone for sound
recording. Inset is the acquired electrical signals. Schematic illustrations to show themeasurement of the directional patterns
of the (c) flat and (d) rolled paper-thin triboelectric nanogenerator. Right sides are the photographs of the as-fabricated
device. (e) Shape dependent directional patterns of the paper-based TENGwith flat and rolled structure, respectively. (Thanks
for Jun Chen's acting as a model for the demonstration.)
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replaced by transparent organic thin films, and the Cu
thin film canbe replacedby transparent conductor thin
films such as ITO. Therefore, it is entirely feasible to
fabricate totally transparent, paper-thin TENGs for
harvesting acoustic energy or sound recording, which
can be placed at display surface of a cell phone, for
example.

CONCLUSIONS

In summary, we developed the first ultrathin, roll-
able, paper-based acoustic energy harvester, which
innovatively employed the arrays of microholes for
acoustic response enhancement. With a thickness of
125 μm, the reported nanogenerator is capable of
delivering a maximum power density of 121 mW/m2

(volume power density of 968 W/m3) under a sound
pressure of 117 dBSPL. Due to the structural novelty

without a resonator, the device can be implemented
onto a commercial cell phone for acoustic energy
recycling from human talking, and the electricity gen-
erated can charge a capacitor at a rate of 0.144 V/s. An
as-prepared paper-based nanogenerator is capable of
serving as a self-powered microphone for sound re-
cording. Additionally, owing to the superior advan-
tages of structurally ultrathin and flexible of the paper
based TENG, a novel rolled type device is developed.
The rigorously structural symmetry enables highly
symmetric sound wave response. The concept and
design presented in this work can be extensively
applied in a variety of other circumstances for either
energy-harvesting or sensing purposes, for example,
wearable and flexible electronics, military surveillance,
jet engine noise reduction, low-cost implantable
human ear, and wireless technology applications.

METHODS
Fabrication of the Multihole Electrode. Arrays of small holes with

various shapes and distributions were drilled via laser-cutting
technology (Universal Laser Systems Inc.). The diameter of the
smallest hole is 200 μm, which is close to the line-width
limitation of the laser cutting on a plate surface. After being
polished and cleaned by air blowing, a layer of copper with
thickness of 100 nm was deposited onto the multihole elec-
trode via physical vapor deposition.

Nanowire-Based PTFE Surface Modification. A polytetrafluoro-
ethylene film (25 μm thick) was first washed in series using
menthol, isopropyl alcohol, and deionized water. Then, a layer
of 100 nm copper was deposited using DC sputter. Subse-
quently, the aligned nanowires on the PTFE surface were
obtained via an inductively coupled plasma (ICP) reactive ion
etching process. And O2, Ar, and CF4 gases were injected into
the ICP chamber with a flow ratio of 10.0, 15.0, and 30.0 sccm,
respectively. A large density of plasma was produced by a
power source of 400 W, and another power source of 100 W
was used to accelerate the plasma ions.

Experimental Setup for Electric Measurement. A loudspeaker
(Fostex Inc.) that provides sinusoidal sound waves was used
as an acoustic source with tunable frequency and amplitude. A
sound level meter (Extech Inc.) with 2 dB accuracy and 0.1 dB
resolution was used to measure the incident acoustic pressure.
The meter was located near the harvester at a distance far less
than the acoustic wavelength.
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