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ABSTRACT We demonstrate a new flexible multilayered triboelectric
nanogenerator (TENG) with extremely low cost, simple structure, small size
(3.8 em x 3.8 cm x 0.95 cm) and lightweight (7 g) by innovatively
integrating five layers of units on a single flexible substrate. Owing to the

unique structure and nanopore-based surface modification on the metal
surface, the instantaneous short-circuit current (/) and the open-circuit
voltage (V,) could reach 0.66 mA and 215 V with an instantaneous

maximum power density of 9.8 mW/cm? and 10.24 mW/cm®. This is the

first 3D integrated TENG for enhancing the output power. Triggered by = DR
7 Kapton @ PTFE @ Aluminum

press from normal walking, the TENG attached onto a shoe pad was able to

instantaneously drive multiple commercial LED bulbs. With the flexible
structure, the TENG can be further integrated into clothes or even attached onto human body without introducing sensible obstruction and discomfort to human

motions. The novel design of TENG demonstrated here can be applied to potentially achieve self-powered portable electronics.
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wing to enormous quantity and
Ohuge availability, diverse forms of
ambient mechanical energy can be
attractive sources for energy harvesting.' *
The mechanical energy harvesting techniques
based on piezoelectric>~” electrostatic? and

910 mechanisms have been

electromagnetic
developed for applications in wireless sensing
systems,'! environment monitoring,'*"* bio-
medicine,'* and electronic devices.'>'® As one
of the most common forms of mechanical
energy in our living environment, biomechan-
ical energy generated by human motions
such as walking is usually wasted."” If such
form of mechanical energy can be effectively
harvested, it will at least offset or even one day
replace the reliance of our daily used portable
electronic devices on traditional power sup-
plies, such as batteries.'® To accommodate
the needs of harvesting energy from human
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motions, the generator is required to be
small-sized, light-weighted, and flexible as
well.

Recently, triboelectric nanogenerators
(TENGS) have been demonstrated to be a
powerful means of harvesting ambient me-
chanical energy based on triboelectric ef-
fect coupled with electrostatic effect.'®~2°
Periodic contact and separation between
two different materials that have opposite
triboelectric polarities yields alternative
flows of inductive free electrons between
the electrodes.?"*? However, previously de-
monstrated TENGs only had a single layer,
making it challenging to substantially scale
up the area density of the output power.
Therefore, enhancing the output power in-
evitably involved largely increased area of a
TENG.Z Here in this work, we demonstrate
an innovative design of a TENG with multiple
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Figure 1. Structure and photographs of a flexible multilayered TENG with five layers of units. (a) Schematic and (b) an
enlarged view of the zigzag-shaped structure of the TENG. (c) SEM image of nanopores on aluminum foils. (d) Photograph of a
fabricated flexible multilayered TENG and (e) photograph of a bent flexible multilayered TENG by human fingers.

layers of units fabricated on a single flexible substrate.
The structure provides a novel and simple method to
stack multiple TENGs without either expanding the
area or considerably complicating the fabrication pro-
cess. As a consequence, we are able to achieve multi-
folds enhancement of the output power while keep-
ing the TENG's area constant. A TENG with a size of
3.8cm x 3.8cm x 0.95 cm contains five active layers of
units that are connected in parallel. The instantaneous
short-circuit current (Isc) and the open-circuit voltage
(Vo) could reach 0.66 mA and 215 V, corresponding
to an instantaneous power density of 9.76 mW/cm?
and 10.24 mW/cm? at device level. The light-weighted
(7 g) and flexible TENG is extremely suitable for har-
vesting mechanical energy from human motions. Trig-
gered by press from normal walking, the TENG
attached onto a shoe pad was able to drive multiple
commercial LED bulbs in real time. The innovative
design of TENG demonstrated here can be further
integrated into clothes or even attached onto human
body to take the advantage of other human motions
such as joint movements. It is expected to act as an
effective supplementary power source for daily portable
electronics.

RESULTS AND DISCUSSION

The structure of a flexible multilayered TENG from
different views of angle is schemed in Figure 1a. A
Kapton thin film with a thickness of 125 um was
selected as the substrate due to its availability, flex-
ibility, lightweight, and proper stiffness. The Kapton
film was shaped to a zigzag structure by making
deformations at evenly spaced intervals (Figure 1b).
The zigzag-shaped design enables that both sides of
the Kapton film can serve as substrates of the TENG
units. As sketched in Figure 1a, the TENG consists
five layers of units, with three shown in the front view
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and the other two in the back view. For each layer,
it incorporates an aluminum-coated polytetrafluoro-
ethylene (PTFE) thin film and an aluminum foil with
nanopore-based surface modification as the contact
electrode. Figure 1c shows the distribution of the
nanopores on the surface of aluminum foil. They play
an important role in enhancing the output power,
which will be discussed later. A thin film of aluminum
was deposited on the back of PTFE as a back electrode.
The whole TENG was packaged by fixing the deformed
edges of the substrate together, as illustrated by a
photograph of the as-fabricated TENG in Figure 1d.
Further details of the fabrication process will be dis-
cussed in the Experimental Section. Demonstrated in
Figure 1e, the fabricated TENG shows great flexibility,
making it applicable to harvest energy not just from
press but also from deformation.

The operating principle of the TENG can be de-
scribed by the coupling of contact electrification and
electrostatic induction. A layer of unit is selected to
illustrate the energy conversion process (Figure 2).
Without an applied force, a separation of the two plates
is maintained owing to the stiffness of the substrate
with an angle of 6, in Figure 2a. No charge transfer
takes place, leading to no current flow. Under exter-
nally applied compressive force in the vertical direc-
tion, the PTFE film and the aluminum foil are brought
into contact. According to the difference in triboelec-
tric polarities,®* surface triboelectric charges are gen-
erated through electrons transfer from aluminum to
PTFE (Figure 2b). Once the compressive force is with-
drawn, a separation forms as a result of stiffness of the
substrate, producing an electric potential difference be-
tween the contact electrode and the back electrode.’>**
Such a potential difference drives electrons from the back
electrode to the contact electrode through an external
circuit, screening the positive triboelectric charges on the
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Figure 2. Working principle of the flexible multilayered TENG. (a) Original position with an angle of 6, between two plates. (b)
External impact brings the PTFE thin film and the aluminum foil into contact, generating positive triboelectric charges on the
aluminum side and negative charges on the PTFE side. (c) Withdrawal of the force causes a separation. Potential difference
drives electrons from the back electrode to the contact electrode, screening the triboelectric charges and leaving behind
inductive charges. (d) Two plates revert from the angle of 8, back to 6, with positive triboelectric charges almost entirely
screened. (e) Electrons are driven back to the back electrode as the force is reapplied, reducing the positive inductive charges
on the back electrode. (f) Short-circuit current of the TENG during one cycle. Note: For simplification, a layer of unit was shown
and nanopores on the contact electrode are not shown in the schematics for simplicity of illustration.

contact electrode (Figure 2¢). This process corresponds to
an instantaneous negative current (Figure 2f). When the
two plates revert to the fully released position, the
positive triboelectric charges are almost totally neutra-
lized by the inductive electrons (Figure 2d). It should be
noted that negative triboelectric charges can still be
retained on the surface of PTFE due to its insulating
property.2> When the compressive force is applied on the
TENG again, a reversed potential difference is then
produced to drive the inductive electrons to the back
electrode in a reversed direction (Figure 2e), resulting in
an instantaneous positive current (Figure 2f). After two
plates get fully contacted again (Figure 2b), a cycle of
electricity generation process is completed. It can be seen
from Figure 2f that the current signal for pressing has a
higher peak value but a shorter duration than that for
releasing. It can be explained by the fact that the contact
caused by external compressive force occurs more rap-
idly than the separation resulting from self-releasing of
the substrate. Therefore, with a constant amount of
inductive electrons transported back and forth between
the electrodes, a quicker pressing corresponds to a larger
output current.
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Each layer fabricated on the zigzag-shaped sub-
strate can be electrically connected with other layers
in parallel through external wiring to enhance the
output current. To characterize the output power of
the multilayered TENG, a compressive contact force
around 400 N generated from a human palm was
applied (see Figure S1 in Supporting Information).
Rectified /. values of individual layers were measured
separately. Figure 3a displays the output current for
each of these layers from the top to the bottom
(Figure 3a;—as), respectively. It is noticed that the most
top layer delivers the highest output current. It is
suggested that this observation is attributed to the
damping effect of the TENG's structure. The compres-
sive force may be damped when it is transmitted from
the top layer to the bottom layer. When all of the layers
are put into parallel connection, an /5. of 0.66 mA and a
current density (Js) of 45.19 MA/cm2 were achieved as
shown in Figure 3ag. Likewise, we measured the V. of
each layer (Figure 3b;—3bs) and the TENG as a whole
(Figure 3bg). The voltage of the entire TENG is not the
sum of but comparable to the voltages from individual
layers. The polarity of the measured electric signals
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Figure 3. Output current and output voltage of the TENG with five layers of units. (a) Rectified short-circuit current (Is.) under a contact
force of 400 N applied by a human palm. Inset of panel a¢: enlarged view of one cycle, showing two current pulses in the same direction
but contact corresponds to a larger current pulse. (b) Open-circuit voltage (V) under contact force applied by a human palm. Inset of
panel bg: enlarged view of one cycle. Contact causes rising of the V,, to a plateau value and separation makes it fall back to zero.
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Figure 4. (a) Dependence of the /. and V,. on the contact force. Larger contact force corresponds to higher current and
voltage. The points represent peak value of electric signals while the lines are the fitted results. (b) Dependence of the output
current on external load resistance under contact force applied by a human palm. Increased load resistance results in lower
output current but higher output voltage. The points represent peak values of electric signals while the curves are fitted
result. (c) Dependence of the output power on external load resistance under contact force applied by a human palm,
indicating maximum output power when R = 1.0 MQ. The curve is a fitted line.

above can be reversed by switching the connection
polarity between the TENG and the measurement
instrument (see Figure S2 and Figure S3 in Supporting

more layers on a longer substrate while keeping the area
of the TENG constant.
The contact force is a critical factor that affects the

Information). On the basis of the measurement results, it is
effective to scale up the electric output by incorporating

TENG's electric output. As shown in Figure 4a, under
a contact force of 50 N applied by a human palm,
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Figure 5. (a) Durability of the flexible multilayered TENG. The electric output remains stable although only a slight decline of
the maximum /. and V. occurs. (b) Setup of the self-lighting shoe. (c) Photograph of the self-lighting shoe without foot
motion. (b) Photograph of the self-lighting shoe during normal walking. Nine commercial LED bulbs were lit up

simultaneously. Note: all LED bulbs were connected in series.

the maximum /sc and V. generated by the TENG were
117 uA and 63 V, respectively. When the contact force
increased to 500 N, the maximum /;. of 656 uA and V.
of 215 V were achieved. An approximate liner relation-
ship between the contact force and the electric output
can be derived from the results shown in Figure 4a.
Larger contact force results in increased contact area
and thus a larger amount of triboelectric charges. The
enhanced contact area at larger contact force can be
attributed to two probable reasons. First, the contact
surfaces of the PTFE thin film and the aluminum foil are
neither absolutely flat nor smooth. A larger contact
force can reduce local gaps that may be introduced by
surface roughness, substrate deformation, and con-
tamination from the environment, leading to a larger
contact area. In addition, nanopores on the aluminum
foil play an important role in increasing the contact
area. Under larger contact force, PTFE can deform and
fill more vacant nanopores, further enhancing the
contact area (see Figure S4 in Supporting Information).
It is expected that the electric output would reach a
saturated limit when all the nanopores are completely
filled by PTFE.

In this work, resistors were used to investigate the
reliance of the electric output power on the external
load. As shown in Figure 4b, the maximum current
decreased with increasing the resistance. On the con-
trary, the voltage across the load followed an opposite
trend. Correspondingly, the instantaneous output power
as a function of the resistance (W = Ul) is displayed in
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Figured 4c. The maximum output power of 42 mW and a
corresponding power density of 2.9 W/m? can be
achieved at a load resistance of 1 MQ. Such a power
density can be further enhanced by more layers fabri-
cated on the substrate. Moreover, the robustness of the
TENG was investigated by using a mechanical shaker that
generated impulsive impacts at a frequency of 10 Hz
Meanwhile, the /. and V. were measured for every ten
thousands of the impacts. As shown in Figure 53, only a
slight decline (~7%) is observed for the maximum /s
from 656 uA to 608 uA after a total of 100 000 impacts.
Similarly, the maximum V. drops slightly from 215 to
195 V (~9%). The minor decrease of the electric output
can be explained by the increased roughness of the PTFE
thin film. A large number of impacts may lead to wrinkles
on the PTFE thin film, reducing the total contact area
between the aluminum foil and the PTFE thin film.
Here, a self-lighting shoe is developed, demonstrat-
ing the ability of the TENG to harvest biomechanical
energy from human motions. The TENG was attached
onto the shoe pad while a total of 9 commercial LED
bulbs assembled in series on a piece of electric board
were fixed at the back of the shoe (Figure 5b). Trig-
gered by press from normal walking, the TENG directly
and simultaneously powered all these LED bulbs
(Figure 5¢,d and the video in Supporting Information).
The self-lighting shoe demonstrated here has immedi-
ate applications in indication, entertainment, and
education. Owing to the small size, lightweight and
flexibility of the TENG, it could be further integrated
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into clothes or even directly attached to human body to
harvest other human motions such as joint movements.

CONCLUSIONS

In summary, we demonstrated a novel structure of a
flexible multilayered TENG by integrating five layers of
units on a zigzag-shaped Kapton substrate. This inno-
vative structure provides an effective means of scaling
up the electric output of the TENG without increasing
the TENG's area. The maximum power density of

EXPERIMENTAL SECTION

Fabrication of a TENG with Five Layers of Units. A Kapton thin film
(30.5 cm x 5.0 cm) with a thickness of 125 um was used as the
substrate. Five pieces of PTFE thin films were prepared and
deposited with 100 nm of aluminum by e-beam evaporator.
Then they were adhered onto the substrate with the uncoated
side exposed. Subsequently, five pieces of aluminum foil with
the same size as the PTFE films were adhered onto the substrate
at corresponding positions. The five layers were connected in
parallel by external wiring.

Nanopore-Based Surface Modification. The electrochemical ano-
dization was applied on aluminum foil in 3% (mass fraction)
oxalic acid (H,C,0,) electrolyte. A platinum plate was used as
the cathode. The aluminum foil was anodized under a bias
voltage of 30 V for 5 h.2°?” The alumina layer was etched away in
a solution of 20 g/L chromic acid at 60 °C for 2 h. Then the
aluminum foil was rinsed with DI water and dried in air.
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open-circuit voltage and reversed open-circuit voltage by switch-
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