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ABSTRACT: A ﬂexible and low-cost triboelectric nanogenerator (TENG) based on a patterned aluminum−plastic ﬁlm
and an entrapped cantilever spring leaf is developed as a self-powered sensitive triboelectric sensor for sleep−body
movement monitoring. The working mechanism and the impact factors of electric output performance were systematically
investigated and elaborated. Due to the patterned nanostructures of the recently designed TENG, both the output voltage
and current are greatly enhanced, and thereby the sensitivity of the device is signiﬁcantly improved. The self-powered and
sensitive device has been demonstrated as a smart body motion sensor of sleep monitoring for diagnosis of sleep disorders
due to its high sensitivity and excellent stability. This work may promote the application of self-powered TENGs for
healthcare and be helpful for the development of real-time mobile healthcare services and smart external portable
electronics.
KEYWORDS: triboelectric nanogenerator, self-powered sensor, nanopillar array, thermoplastic forming method,
anodic aluminum oxide template
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(TENG), inspired by the rapid development of TENGs as
sensitive sensor devices.4−8 TENGs have been widely applied in
converting mechanical energy into electricity.9−16 Moreover,
they can also serve as self-powered sensors due to the high
sensitivity of contact between two materials with diﬀerent
triboelectric polarities.6,17−21 For example, a TENG was smartly
designed as a self-powered communication unit for processing
and transmitting information.18 A fully packaged TENG based
on hemisphere arrays can be utilized as a self-powered

leep disorder is a major health problem aﬀecting many
people, and its common clinical diagnosis is based on the
use of sensors for airﬂow breathing, breathing movements of the thorax, body movements, and so on.1−3 The
monitoring devices generally require bulky battery packs or
continuous use of electricity by an electric plug in order to
achieve extreme sensitivities. In addition, exactly detecting body
movements caused by sleep apnea, especially for kids who
spend a large amount of time sleeping, is extremely diﬃcult
with these devices. Thus, a smart sensor that can drive itself
without an additional supply source is highly desirable. Herein,
we introduce an eﬀective approach to solving the problem by
using a sensitive and self-powered triboelectric nanogenerator
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Figure 1. (a) Schematic of the TES. (b) Fabrication process of the nanopillar arrays on an APLF surface. SEM images of (c) top view and (d)
side view of nanopillar arrays. (e) Schematic of the cantilever spring leaf (top) and cross section proﬁle (bottom). (f) Optical photo of a
typical cantilever spring copper leaf. (g) Optical photo of a TES. The spring leaf is schematized transparent for clear illustration in (a) and (e).

thus be used as a self-powered triboelectric sensor (TES). The
TENG has a sandwich structure that consists of a folded APLF
and a 2 mm cantilever spring leaf inside the folded APLF and
creates two equal friction pairs on both sides of the leaf, as
shown in Figure 1a. An intermediate aluminum layer inside the
APLF and the cantilever spring leaf serve as two electrodes of
the TENG. By introducing a nanopillar array structure on the
contact surface of the APLF, the sensitivity of the TES is
obviously strengthened. The spring leaf made of a whole
ﬂexible 50 μm copper piece has a middle concave plane
supported by four legs with a height of 1 mm (Figure 1e).
During pressing, the top part of the APLF contacts and presses
the middle plane, thereby contacting the bottom part of the
APLF. Due to elasticity of the metal, the pressed middle plane
would immediately rebound and automatically recover once the
pressure is released. With these features of the structure, the
TES can sensitively respond in real time to the pressure change
caused by body movements of humans during sleep. Meanwhile, the TENG can trigger light-emitting diodes (LEDs) for
security notiﬁcation without using external power sources.
Therefore, this work presents potential applications of the
TENGs in healthcare and movement monitoring as well as
safety monitoring.

triboelectric pressure sensor to map the distribution of foot
produced pressure.20 These devices are designed with the same
working mechanism based on triboelectric eﬀect and electrostatic induction. The mechanical contact and separation
between two separate components can induce charge and
produce an electric potential diﬀerence which drives an electron
current in the external circuit. Various materials with diﬀerent
triboelectric polarities have already been utilized to produce an
electric output and improve the eﬃciency of the devices.
Generally, a thin polymer ﬁlm such as polyimide (Kapton),22,23
polytetraﬂuoroethylene (PTFE),11,24 polydimethylsiloxane
(PDMS),25,26 and ﬂuorinated ethylene propylene (FEP)27,28
is chosen to serve as a triboelectric layer of a TENG. It should
be noted that a surface of the polymer ﬁlm has to be in tight
contact with the metal layer in order to induce and transfer
charge. In practice, sputtering is usually applied to deposit
metal on the surface of the polymer ﬁlm,29−31 but the deposited
ﬁlms with high cost tend to suﬀer from abrasion and scratching.
Herein, we introduce a sensitive TENG based on an
aluminum−plastic laminated ﬁlm (APLF) serving as a selfpowered device for body-movement sensing and sleep
monitoring. The sensors can generate a much stronger output
than the sensors based on a piezoelectric nanogenerator for
tracking eye ball motion.32 An APLF is generally used as a
packaging material for ﬂexible pouch batteries. Herein, an
APLF-fabricated TENG can produce strong electric signals and
B
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Figure 2. (a) Schematic illustration of the working mechanism of the TENG based on APLF. (b) Output open-circuit voltage (Voc) and (c)
short-circuit current of the TENGs. (d) Electric potential distributions for typical separation distances between the two electrodes. (e) Output
power density and Voc with diﬀerent external load resistances.

RESULTS AND DISCUSSION
The APLF with a thickness of about 100 μm is mainly
composed of a polyamide layer, an aluminum layer, and a cast
polypropylene (CPP) layer. The TENG with APLF nanopillar
array structures is schematically illustrated in Figure 1a. A
cantilever spring leaf copper is clamped by two pieces of APLF.
To improve sensitivity of the TENGs, vertically aligned CPP
nanopillar arrays were formed on the APLF surface. The
fabrication process of the nanopillar arrays is schematically
described in Figure 1b. The CPP nanopillar arrays were
obtained via a thermoplastic forming method by using anodic
aluminum oxide (AAO) templates (Figure S1). SEM images
show that the CPP nanopillar arrays are evenly distributed on
the surface of the APLF after being pressed for 10 min at 18 °C
(Figure 1c,d). They have a uniform diameter of about 600 nm
and a length of 1.5 μm along the 700 nm diameter pore of the
AAO template. The nanopillars with diameters of 350 nm were
obtained using the AAO template with a pore diameter of
about 400 nm (Figure S2b). The pillar diameter is slightly
smaller than the pore diameter of the AAO template because
the pillars shrink at room temperature, thereby enabling easy

peeling of the CPP from the AAO template. In this TENG
design, the homemade cantilever spring leaf plays an important
role. It not only serves as an electrode of the TENG but also
supports the APLF to stay away from the middle concave plane
of the leaf. In response to pressing, both inside surfaces of the
APLF with nanopillar arrays contact the two surfaces of the
middle copper plane, and thus two friction pairs work. Once
the pressing is released, both the middle concave plate and the
APLF will automatically recover and separate. Figure 1g shows
an optical photo of the whole fabricated TENG, where the
middle concave plane has a circular contact area of about 1.8
cm2 (Figure 1f).
The working mechanism of the TENG is schematically
described in Figure 2. The device works by relying on the
coupling between the triboelectric eﬀect and electrostatic
induction.4,5,21,33−35 Considering the diﬀerence of triboelectric
polarities between CPP and copper, electrons will transfer from
the copper surface to the CPP layer during contacting caused
by pressing. The top CPP layer contacts the middle copper
plane, and the middle plane deforms and dents, leading to
further direct contact with the bottom CPP layer. Surface
C
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Figure 3. Comparison of the (a) open-circuit voltage and (b) short-circuit current of TENGs with diﬀerent nanopillar arrays. (c) Electric
potential distribution at the largest separation (I, II, III) and the contact states (I′, II′, III′) on surfaces of two electrodes with diﬀerent
nanopillar diameters of 600 nm (I, I′), 350 nm (II, II′), and 200 nm (III, III′), respectively. (d) Plots of Voc of TENGs with various diameters
of nanopillars as a function of deformation ratio (Δx/x).

transfer theorem,37,38 the internal resistance of the TES is
determined to be around 60 MΩ.
The structure of CPP nanopillars exerts great inﬂuence on
the triboelectric eﬀect. The nanopillars having lengths of more
than 3 μm tend to bend and thereby reduce the triboelectric
eﬀect (Figure S3). For nanopillars with lengths from 1 to 3 μm,
there is no obvious diﬀerence in output performance.
Comparison of the output performance between TENGs with
one and two surfaces of CPP nanopillars further demonstrates
that the nanopillar arrays on the APLF enhance the triboelectric
eﬀect, and thus the TENG shows remarkable voltage and
current output (Figure 3a,b). The unstructured CPP layers
exhibit weak sensitivity in response to the pressure because the
CPP layers cannot be elastically displaced.39 Compared with
the Voc of 26 V for the unstructured layer, the value for the layer
with a 600 nm nanopillar array on both sides has more than
doubled to 55 V. On the contrary, the nanopillar arrays on the
CPP layers behave like a spring and contribute to much easier
charge separation. Moreover, the structured CPP layers with
the signiﬁcantly increased surface area and more complicated
surfaces can generate more surface charges during friction and
thus exhibit a larger eﬀective triboelectric eﬀect. Therefore, the
increased σ caused by the nanopillar arrays on CPP layers
results in higher open-circuit voltage according to eq 1. The
generated current I can be determined by eq 2.40

charge transfer then takes place at the contact area due to
triboelectriﬁcation.21 As a result, the two friction pairs are
electrostatically charged with opposite charges. After releasing
the pressure, the friction pairs separate, caused by the rapid
rebound of the middle copper plane, resulting in a potential
diﬀerence between the APLF electrode and the copper
electrode. During release, electrons will transfer via an external
circuit between two electrodes driven by the generated
triboelectric potential diﬀerence, representing a current ﬂow
from the copper electrode to the APLF electrode (Figure 2a).
The electric potential diﬀerence across the two electrodes can
be expressed by eq 1.21,36
V=

σd
εo

(1)

where σ is the triboelectric charge density, εo is the vacuum
permittivity, and d is the distance between two electrodes. The
variation in potential diﬀerence drives the electron ﬂow
between the two electrodes.
Figure 2b,c presents the typical trends in changes of opencircuit voltage (Voc) and short-circuit current (Isc). The Voc
increases when the potential diﬀerence increases, caused by
enlarging the separation (Figure 2b). The average Voc and Isc
produced by the 1.5 μm CPP nanopillar-based TENG are
about 55 V and 0.9 μA, respectively. To clarify the eﬀect of
nanopillars with diﬀerent sizes on the output performance of
the TENGs, the electric potential distribution and the charge
transfer between the two electrodes were investigated via ﬁniteelement simulation using COMSOL Multiphysics software.
Figure 2d shows the calculated electric potential distributions at
typical steps during the contact separation. The electric
potential diﬀerence between the two electrodes increases as
the separation increases. By loading diﬀerent external
resistances, the performance of the TENG was examined, as
well. The power density reaches a maximum value with an
external load of 60 MΩ. According to the maximum power

I=

dQ
∂V
∂C
=C
+V
dt
∂t
∂t

(2)

where Q is the charge of the system, C is the capacitance of the
device, and V is the voltage across the two electrodes. The two
parts refer to the variation in the electric potential diﬀerence
caused by the triboelectric charges and the variation in
capacitance caused by the change of distance between the
two electrodes. The devices with the nanopillar arrays generate
a higher short-circuit current, as shown in Figure 3b. The
current for the structured CPP layer with a 600 nm nanopillar
D
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array on both sides is about triple that of the unstructured layer.
It is obviously caused by the improved capacitance of the
devices with the structured layers due to the increased surface
area. Another important factor is the improved change in
capacitance between two friction layers during compression and
release. The phenomenon can be attributed to the fact that the
changed volume is air with lower permittivity during pressing
and releasing.39 As a result, the CPP layers with the 600 nm
nanopillar arrays induce the TENGs to produce a current
output 3 times higher than that of the TENGs with
unpatterned layers.
Another important parameter of the dimension for the
triboelectriﬁcation eﬀect is the pillar diameter. For comparison,
the Voc and Isc of TENGs based on nanopillars with diameters
of 350 and 600 nm are also shown in Figure 3a,b. The voltage
and current output of TENGs signiﬁcantly increase as the
diameter of nanopillars becomes larger. The results can mainly
be attributed to the following two factors. The average gap
between the 350 nm nanopillars is about a quarter of the pillars
diameter, and the value is half of that for 600 nm nanopillars
(Figures S1 and S2). When being pressed, the 600 nm
nanopillars easily deform and the side of the top part of the
pillars can also contact another electrode. Therefore, the
contact surface area is obviously increased. The 350 nm
nanopillars cannot be signiﬁcantly pressed and provide more
elastic resistance, thus producing less triboelectric charges on
the contact surface. Moreover, the better elasticity caused by
the larger pillars and wider gaps leads to easier charge
separation.40 In addition, the nanopillar arrays with smaller
diameters tend to bend and easily aﬀect the stability of the
device. We further veriﬁed and compared the electric potential
distributions between the TENGs based on diﬀerent nanopillar
arrays with 600, 350, and 200 nm diameters at separation and
contact states, as illustrated in Figure 3c. Figure 3d presents the
calculated Voc for the TENGs based on diﬀerent nanopillar
arrays with 600, 350, and 200 nm diameters as a function of the
deformation ratio (Δx/x). The electric potential diﬀerence
between the two electrodes decreases as the deformation depth
(Δx) increases. It can also be seen that the Voc increases with
the increase in diameters of nanopillars because the triboelectric
charge density σ increases by increasing the total amount of
transferred charges due to the enlarged contact surface area.
The ﬂexibility and special property of the APLF provide
more potential applications for TENGs. The ﬂat and thin
TENG can be easily ﬁxed on any surface. Moreover, it can be
deformed easily and recovered after release due to its ﬂexibility
(Figure 4a-I). Besides serving as an electrode of the TENG, the
APLF can also be conveniently packaged in order to prevent
the inside metal electrode from oxidation and corrosion. The
copper electrode inserted into the folded APLF is free from air
and water, so the durability is improved after packaging (Figure
4a-II,b).41 The TENGs were periodically pressed under
diﬀerent operating frequencies from 0.5 to 2 Hz, and the
output voltage remained constant. Furthermore, the constant
output voltage and current signals were obtained after
numerous repeated operations (Figure 4c), which points out
that a high stability of the devices is achieved, as well. As a
result, the sandwich structures not only enhance the TES
performance but also make it convenient for packaging. The
energy produced by the TES can drive many LED lights
simultaneously, as shown in Figure 4a. In addition, the sealed
TENG is also waterproof due to hot-sealing of APLF (Figure
S4). Therefore, due to these remarkable advantages of the

Figure 4. (a) Photograph of (I) the bent TENG, (II) the TENG
soaked in water, (III) the glittered LEDs powered by the TENG,
and (IV) the pocket card light made by a TENG with a cantilever
spring copper leaf. (b) Voc of TENGs when the pressing is
periodically changed at diﬀerent frequencies. (c) Stable output of
the TENG after long operation time.

TENG fabricated by APLF, a waterproof pocket card can be
produced by this TENG with the cantilever spring leaf (Figure
4a-IV and Video S1). During pressing and releasing of the
knob, the spring leaf under the knob deforms and recovers,
which realizes contact and separation of the friction pairs, so
the device is triggered. The self-powered card light based on the
TENGs can oﬀer lighting in emergency without an extra power
source, thus providing convenience for emergency service.
Due to its high power, sensitivity, and stability, the TENG
can also be used to monitor human sleep as a self-powered
TES. For traditional sleep monitoring, the sensors usually
require continuous use of electricity produced from an electric
plug to achieve extreme sensitivities. Given that the TES can
work without an extra power source, a monitoring device based
on it can be designed and assembled smartly, oﬀering great
convenience for clinical diagnoses. Moreover, the whole cost
can be greatly reduced due to the simple fabrication process
and cheap raw materials of the TES. The TES can be ﬁxed on a
shoulder of a human body in order to detect the overturning
movement during sleeping (Figure 5a and Video S2). The
obvious drop of the generated Voc output, which is caused by
reducing the distance between two electrodes of the TES,
indicates that the person turns over toward the side and the
TES is pressed. During the person turning over in a supine
posture, the pressure is released and the spring leaf rebounds,
which results in the separation of the copper electrode from the
APLF electrode. The movement would also be reﬂected in the
change of Voc. The leg movement can also be monitored by a
TES ﬁxed on a leg (Figure 5b and Video S3). Thus, by
collecting the output voltage signal, the movement of the
human can be simultaneously recorded and monitored. More
importantly, ill people at home can be monitored remotely in
real time by doctors in a hospital via Bluetooth, 4G, or WiFi, as
illustrated in Figure S5. This sensitive system can achieve realE
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healthcare monitoring. These ﬁndings also provide a promising
strategy to achieve real-time mobile healthcare services for the
management of chronic diseases.

EXPERIMENTAL SECTION
Fabrication of the Nanopillar Arrays on the APLF Surface.
Anodic aluminum oxide templates have uniform pore diameters of 400
and 700 nm and a depth of 5 μm. A piece of AAO template was placed
on the top of the CPP surface of the APLF (Shenzhen KJ Group,
China), where it was ﬁxed tightly by a clamp and heated at 180 °C for
10 min in an oven. Subsequently, the templates were taken out and
kept for at least 15 min at room temperature. The AAO template was
softly removed from the APLF. Another surface of the APLF was
polished carefully by an abrasive paper until the aluminum layer was
exposed to connect a conducting wire. Finally, the obtained nanopillar
arrays were rinsed with ethanol and dried in air.
Fabrication of Flexible TENGs. The APLF was folded, and the
cantilever spring leaf was subsequently inserted. Both the top and
bottom surfaces of the cantilever spring leaf, which has a middle plate
with a diameter of 2 cm and a thickness of 50 μm, were ﬁxed on the
CPP layer. Finally, the other three sides of APLF were sealed by a
heat-sealing machine (Shenzhen KJ Group, China).
Characterization and Measurement. The output voltage and
current were measured by a Keithley system electrometer (Keithley
6514) and a Stanford low-noise current preampliﬁer (Model SR570),
respectively.

ASSOCIATED CONTENT

Figure 5. Application of the TES for sleep−body monitoring.
Changes of voltage with time collected from the TES stuck onto
diﬀerent parts of a human body during sleep monitoring: (a)
shoulder and (b) leg. Photographs of the TES stuck on a shoulder
and a leg before and after overturning movement of the human
body are shown in the insets.
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time mobile healthcare services for the management of chronic
disease, which will bring convenience and save time for the
patients. This work only demonstrates the feasibility of the selfpowered and sensitive sensors based on nanostructured
TENGs for sleep−body monitoring during diagnosis of sleep
disorders or body movement caused by sleep apnea. It can also
be extended to real-time monitoring of other chronic diseases,
such as monitoring hypertension, diabetes, encephalopathy and
osteopathy, etc.
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CONCLUSION
In summary, a high-performance structured TENG based on
cheap APLF material with nanopillar arrays was fabricated by a
scalable top-down thermoplastic forming process without extra
deposition of a metal electrode. The sandwich structured
TENG with an entrapped cantilever spring leaf rapidly
responds to the extra pressure. The process of pressing from
an external movement and release caused by self-recovering due
to rebound leads to a triboelectric eﬀect and charge separation
between the APLF and the entrapped spring leaf. The opencircuit voltage generated from the structured APLF with
nanopillars in a uniform diameter of 600 nm and a length of 1.5
μm has more than doubled to 55 V, so the sensitivity of the
TENG is signiﬁcantly improved. The sensitive and ﬂexible
TENG based on nanopillar arrays on APLF is easily packaged
and used as a self-powered TES for monitoring overturning
movement of a shoulder and a leg during sleeping. Due to the
distinctive advantages of the TENG and delicate design of the
sensor, this work may oﬀer eﬀective approaches to designing
wearable electronic devices and improving their electric output
performance and open the possibility for application in
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