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ABSTRACT We report a hybridized electromagnetic—triboelectric nanogenerator for
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highly efficient scavenging of biomechanical energy to sustainably power wearable
electronics by human walking. Based on the effective conjunction of triboelectrification

and electromagnetic induction, the hybridized nanogenerator, with dimensions of 5 cm x == =S
5m x 2.5 cm and a light weight of 60 g, integrates a triboelectric nanogenerator (TENG) ;:/.; N 7 §
that can deliver a peak output power of 4.9 mW under a loading resistance of 6 M2 and an = T =
electromagnetic generator (EMG) that can deliver a peak output power of 3.5 mW under a
loading resistance of 2 kC2. The hybridized nanogenerator exhibits a good stability for the - Wil @

@ Al @ Buffer

output performance and a much better charging performance than that of an individual

energy-harvesting unit (TENG or EMG). Furthermore, the hybridized nanogenerator integrated in a commercial shoe has been utilized to harvest
biomechanical energy induced by human walking to directly light up tens of light-emitting diodes in the shoe and sustainably power a smart pedometer for
reading the data of a walking step, distance, and energy consumption. A wireless pedometer driven by the hybrid nanogenerator can work well to send the
walking data to an iPhone under the distance of 25 m. This work pushes forward a significant step toward energy harvesting from human walking and its

potential applications in sustainably powering wearable electronics.
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earable electronics has attracted
increasing attention in the past
decade due to expanding our

capabilities and enabling us to communi-
cate and interact better with our environ-
ment and objects.' Usually, the wearable
electronic devices use Li-ion batteries as the
external power sources. Due to the limited
lifetime and the environmental pollution
problem of Li-ion batteries, it is desirable
to replace them by using the energy-
harvesting units as a long-lasting power
source to maintain sustainable operation of
wearable electronics. Since wearable elec-
tronic devices are usually attached on the
human body, an ideal solution is to convert
the waste biomechanical energy from hu-
man movement (such as body movement,
muscle stretching, blood pressure) to power
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these devices.” Several methods to scav-
enge biomechanical energy from human
activity have been reported,>~” where most
of them are based on electromagnetic or
piezoelectric effect. However, the main lim-
itation of them is that the electromagnetic
generator (EMG) is too cumbersome (>1 kg)
to be conveniently integrated on the
human body and the output performance
of the piezoelectric nanogenerator is not
powerful enough to power wearable devices.

Recently, a new type of energy-harvesting
device named triboelectric nanogenera-
tor (TENG) has been demonstrated and
widely utilized in converting low-frequency
mechanical energy into electricity.®~'2 This
technology depends on the conjunction
of triboelectrification and electrostatic
induction through the relative sliding or
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contact/separation between two materials that pos-
sess opposite tribopolarity. Although some attempts to
use TENG for harvesting biomechanical energy from
human activity to light up some light-emitting diodes
(LEDs) have been achieved by integrating the device in
a shoe pad,’® ™' the obtained electric power is still not
high enough to sustainably drive the wearable devices.
A hybridized mechanical-energy-harvesting technol-
ogy may enhance the overall power output.'®~' By
integrating two kinds of mechanical-energy-harvesting
units, more electricity can be extracted from one
mechanical motion, which may meet the power needs
of some wearable electronic devices.

For current commercial wearable devices, one of the
important functions is to accurately record the walking
data including the walking step, distance, and energy
consumption, which requires the integration of the
wearable devices and the energy-harvesting unit near
the human foot such as in a commercial shoe. To
achieve this, several challenges need to be addressed:
a lightweight (<100 g) device with small size (<5 cm x
5 cm x 3 cm), a convenient method to integrate the
device, and the capability to convert intermittent en-
ergy at low frequency (<10 Hz).

In this paper, we have demonstrated a hybridized
electromagnetic—triboelectric nanogenerator for scav-
enging biomechanical energy to sustainably power
wearable electronics. During walking, the hybridized
nanogenerator is pushed by the heel and the energy
is continuously harvested based on the combination of
triboelectrification and electromagnetic induction. The
fabricated device has the total dimensions of 5 cm x
5cm x 2.5 cmand the light weight of 60 g, which can be
directly integrated in a commercial shoe. The output
power densities of the TENG and EMG parts in the
hybridized nanogenerator reached 5.1 and 3.6 W/m?,
respectively. The hybridized nanogenerator exhibits a
good stability and a much better charging performance
than that of the individual energy unit, where the stored
electric capacity reached about 0.66 mAh for charging a
Li-ion battery. When utilized as the power source of
wearable electronics, the scavenged biomechanical en-
ergy from human movement can sustainably power the
on-shoe LEDs and a wireless pedometer to send the
walking data under the distance of 25 m. The designed
hybridized nanogenerator has potential for powering
wearable devices, including on-shoe lights, health and
performance monitors, charging cell phones, or even for
portable electronics.

RESULTS AND DISCUSSION

Figure 1a illustrates the schematic diagram of the
hybridized electromagnetic—triboelectric nanogenera-
tor that includes a magnet, a set of coils, triboelectric
materials, electrodes, and springs. Double-layered
acrylic substrates as the framework of the whole device
are separated by four springs at the corners. The bottom
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Figure 1. (a) Schematic diagram of the hybridized nano-
generator. (b) Photograph of a fabricated hybridized nano-
generator. (c) SEM image of the prepared PDMS film. Inset
shows the enlarged view of the PDMS surface.

NdFeB permanent magnet with a radius of 35 mmand a
height of 4.5 mm is nickel-plated to avoid being cor-
roded. An Al film is attached onto the bottom magnet as
both the triboelectric material and the corresponding
electrode of the TENG. To provide sufficient magnetic
flux, the top coil possesses high turns of approximately
5000 with the total weight of about 6 g. The polydi-
methylsiloxane (PDMS) directly attached on an Al film is
fixed onto the top coil as the other side triboelectric
material and the corresponding electrode of the TENG.
Also, a thin buffer layer is attached between the coil and
Al electrode to decrease the force of springs and protect
the PDMS film when pressing. The fabricated deviceis in
a cube with 5 cm on each side and 2.5 cm in the height,
as shown in Figure 1b. To induce a larger triboelectric
charge density, the PDMS film is prepared using a Si
pyramid template to make a micro/nanostructure on
its surface. Figure 1c shows SEM images of the pre-
pared PDMS film. The surface is uniformly covered with
pyramid-patterned structures with a space of 2—4 um
between the nanodots.

The working principle of the hybridized nanogen-
erator can be divided into two parts: the triboelectric
part and the electromagnetic part, as schematically
depicted in Figure 2. When the top substrate of the
device is pressed by an external force (Figure 2a), the
top PDMS film and the bottom Al film are brought into
full contact with each other, generating triboelectric
charges due to the different triboelectricity between
them. As determined by the triboelectric series,® Al is
much more triboelectrically positive than PDMS, thus
electrons are injected from Al into PDMS, resulting in
the accumulation of positive charges on the Al side and
negative charges on the PDMS side. That is, charges
are redistributed due to electrostatic induction. Then,
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Figure 2. Schematic diagrams of the generation process of
electricity, indicating the relationship between the direction
of current flow, the change of magnetic flux, and the dis-
tance of separation. A 2D axisymmetric model was estab-
lished, and the distribution of magnetic lines was calculated
by COMSOL. The magnetic scalar at infinity was set to 0, and
the relative permeability of the magnet was set to 1.

when the external force is withdrawn, the Al and PDMS
films move apart due to the elastic force of springs.
Under the driving force of the inner electric field,
the electrons will flow from the top electrode to the
bottom electrode and neutralize the positive tribo-
electric charges on the bottom Al film. Thus, the
current is generated in the triboelectric part of the
hybridized nanogenerator.

On the other hand, current flow in the electromag-
netic part is caused by the electromagnetic induction:
the change of the magnetic flux that crosses the coil
causes an inductive electromotive force to arise in the
coils. When the separation between the Al film and the
PDMS film increases, the magnetic flux crossing the top
coil decreases, thus inducing current to flow in the coil,
as shown in Figure 2b. By continuously increasing the
separation, the positive triboelectric charges on the
bottom Al film are gradually neutralized, leaving an
equal amount of inductive charges on the top elec-
trode. Until the top substrate of the device is fully
released, the positive charges on the bottom Al film are
entirely neutralized, and no current flow can be ob-
served (Figure 2c). Subsequently, the external force
once again decreases the separation, producing a
reversed inner electric field and change of magnetic
flux. Hence, a reversed direction of current can be
observed for both the triboelectric part and the
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electromagnetic part of the hybridized nanogenerator
(Figure 2d). Until the top substrate of the device is
pressed, a full cycle of the electricity generation pro-
cess finishes and another cycle starts. Therefore, the
hybridized nanogenerator acts as an electron pump to
drive electrons to flow back and forth, generating an
alternating current flow in the external circuit.

The output performance of the hybridized electro-
magnetic—triboelectric nanogenerator was measured
under a fixed external force produced by a linear
motor. The bottom substrate of the device was an-
chored, leaving the top substrate free-standing to bear
the external force. Figure 3a shows the measured
short-circuit current of the TENG part, where the
current reached 61 uA during fast contact/separation
between the Al and PDMS films. The negative current
of 32 uA is due to the negative triboelectric charges on
the PDMS film. The corresponding open-circuit voltage
of the TENG part reached as high as 268 V, as shown in
Figure 3b. To obtain the optimum output power, the
output current was measured under different external
loading resistances. As depicted in Figure 3¢, the out-
put current decreases with the increasing value of an
external loading resistance, especially after a loading
resistance of 1 MQ. Consequently, the TENG possesses
a high internal resistance of 6 MQ at which the maxi-
mum output power reached 4.9 mW, corresponding to
an output power density of 5.1 W/m?. Besides the output
of TENG, the relative movement of the coil and the
magnet will generate current flow in the spiral-shaped
coil. As shown in Figure 3d,e, a short-circuit current of
3.6 mA was produced with a peak voltage of 49V for the
EMG part. Although the voltage generated in the EMG
part is relatively low, large current can be obtained. This
is mainly because the internal resistance of the EMG is
comparatively lower than that of the TENG. As shown
in Figure 3f, the output current decreases dramatically
as the external loading resistance varies from 100 to
1000 Q. Maximum output power of 3.5 mW with the
corresponding power density of 3.6 W/m? (considering
the area of magnet) was obtained at 2 kQ2. Moreover, the
short-circuit current of the TENG part and EMG part was
measured for more than 1000 contacts/separations. As
shown in Figures 3g,h, no decline is observed for both
the TENG part and the EMG part.

From the above analysis, it is obvious that the
characteristics of TENG and EMG are quite different:
TENG is equal to a current source with a large internal
resistance, while the EMG can be considered as a
voltage source with a small internal resistance.?® The
output impedance of the TENG is larger than that of
EMG by 3 orders of magnitude, which would cause
non-negligible power consumption when these two
parts are connected in parallel. To get an impedance
match between these two parts, the TENG was
connected with a transformer in parallel. As shown in
Figure 4a,b, a short-circuit current of 1.3 mA and an

VOL.9 = NO.4 = 3521-3529 = 2015 ACS\A

J

WL

N

Na

WWwWW.acsnano.org

3523



a g

__ 404

<

= 20-

]

LTI

o

.20

03 : : p ;

Time (s)

300

b e

2 200

=S

8

2 100

c

&
ianaananinals
0 2 4 & 8

Time (s)

c” [s

— 50

< "

ze ‘5

€ .

- Q

S "§

é’w 2]

o, 9 DE

10" 10" 10° 10" 10" 10" 10" 10" 10
Load resistance ()

@
o
i

5]
o o
head

C_urrent (rA) ©Q

(5]
E=]
i

&
o

200 400 600 800 1000
Time (s)

-— 2_
<
E
‘E 04 - o= e -
2] | |
E "
]
O -2
-4 T v T T
0 1 2 3 4
Time (s)
6
e
44
kA
o 27
s
3 = A — It — R A ) —
> |
c .24
£
[« ]FR
-6 '
0 1 2 3 4
Time (s)
f 4 4
< o
] L3 E
- |
c c
@ [ad
24 2 8
3
o
g. 14 ] 3
o S
04 ]

10° 10" 10" 10° 10" 10' 10° 10" 10"
Load resistance ()

s
"

Noe
il

Current (mA) I
L]

s

0 200 400 600  BOO 1000
Time (s)

Figure 3. (a) Short-circuit current of the TENG. (b) Open-circuit voltage of the TENG. (c) Dependence of output current and
output power of the TENG on the external loading resistance. (d) Short-circuit current of the EMG. (e) Open-circuit voltage of
the EMG. (f) Dependence of output current and output power of the EMG on the external loading resistance. (g) Short-circuit
current of the TENG measured for more than 1000 contacts/separation. (h) Short-circuit current of the EMG measured for
more than 1000 contacts/separations. Note: the time is limited by the storage of our measuring instrument.

open-circuit voltage of 4.3 V were produced for the
TENG with a transformer. Figure 4c shows the depen-
dence of output current and output power of the TENG
with a transformer on the external loading resistance.
The output impedance was adjusted to 2 kQ with
maximum output power of 1.4 mW. Apparently, part
of the generated power was consumed by the supple-
mentary load of the transformer. Figure 4d shows
current pulses produced when contact is made for
the TENG and the generated electricity at loading
resistances of 6 MQ and 2 kQ. Herein, the generated
electrical energy (Eejectricity) Can be calculated as

t
Eelectricity = / IZ'R'dt (1)

t
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where [/ is a single current pulse recorded by an
electrometer and R is the loading resistance. The time
interval between t; and t, represents a single contact
of the TENG. From Figure 4d, it can be seen that the
one-pulse energy decreased from 7.8 to 1.1 uJ after
being connected with a transformer. Although only
14% electricity energy was converted, the transformer-
induced lower voltage and larger current are beneficial
to charge a capacitor or Li-ion battery. The output
voltage and current of the TENG was adjusted to a
similar level compared to the EMG, which is also
beneficial for the efficient integration of these two
parts. The remarkable effect was further confirmed
by comparison of the short-circuit current in one
device for the TENG with a transformer, EMG, and a
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Figure 4. (a) Short-circuit current of the TENG with a transformer. (b) Open-circuit voltage of the TENG with a transformer.
(c) Dependence of output current and output power of the TENG with a transformer on the external loading resistance.
(d) Single current pulse produced when contact is made and the corresponding electricity is generated for the TENG without a
transformer (at a loading resistance of 6 MQ2) and with a transformer (at a loading resistance of 2 k(2). (e) Comparison of short-
circuit current using one device for the TENG with a transformer, EMG, and TENG with a transformer connected in parallel with
EMG. (f) Measured voltage of a 47 uF capacitor charged by the TENG, EMG, TENG with a transformer, and the hybridized
nanogenerator (EMG and TENG with a transformer in parallel).

TENG with a transformer connected in parallel with
EMG, as revealed in Figure 4e. In our case, two inde-
pendent rectifier bridge circuits were used for the EMG
and TENG with a transformer, respectively, and then
the rectified signals were connected in parallel. The
peak current generated by only the EMG and only the
TENG with a transformer is about 4.0 and 1.2 mA,
respectively. When these two parts were connected
in parallel, no obvious enhancement for the current
signals can be observed here, which is due to the
nonsynchronous effect for the output of the EMG
and TENG. For an energy device, the generated energy
needs to be stored in energy storage elements such as
capacitors and Li-ion batteries.?' =23 Figure 4f indicates
the charging curves of the TENG, TENG with a trans-
former, EMG, and the hybridized nanogenerator (TENG
with transformer//EMG) for charging a capacitor of
47 wuF. Under a fixed charging time, the highest
charging voltage was obtained by the hybridized

ZHANG ET AL.

nanogenerator, indicating that the charging perfor-
mance of the hybridized nanogenerator is much better
than that of an individual energy-harvesting unit.

To demonstrate the generated energy as an effec-
tive power source, it was used to power commercial
LEDs. As shown in Figure 5a, two rows of LEDs were
connected with the EMG and the TENG with a trans-
former. When a human hand touched the device, the
electricity generated from both the EMG and the TENG
with a transformer simultaneously lighted up 20 red
LEDs and 20 green LEDs, respectively (see movie 1 in
Supporting Information). Furthermore, the hybridized
nanogenerator was utilized as a power source for on-
shoe LEDs. A total of 32 commercial LEDs connected in
parallel on two twines were assembled at the translu-
cent sole of the shoe (Figure 5¢). When a human hand
touched the device, the hybridized nanogenerator
simultaneously lighted up 32 green LEDs in a commer-
cial shoe, as illustrated in Figure 5d (see movie 2 in
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Figure 5. (a) Photograph of LEDs connected with the hybridized nanogenerator and (b) when a hand touches the hybridized
nanogenerator, simultaneously lighting up the red and green LEDs (20 red LEDs for EMG and 20 green LEDs for TENG with a
transformer). The LEDs are connected in parallel. (c) Photograph of the hybridized nanogenerator acting as a power source
for on-shoe LEDs and (d) when a hand touches the hybridized nanogenerator, simultaneously lighting up 32 LEDs.
(e) Photograph of a fully packaged self-driven shoe that incorporates the hybridized nanogenerator and LEDs and (f) when

footstep falls, simultaneously lighting up the on-shoe LEDs.

Supporting Information). Here, a fully packaged self-
driven shoe was developed, demonstrating the ability
of the hybridized nanogenerator in harvesting biome-
chanical energy during human walking. The device
was mounted in the heel of the shoe, as displayed in
Figure 5e. Due to the small size of the device, the
packaged self-driven shoe does not look obviously
different than other sneakers. During walking or jump-
ing, the periodically generated electricity lighted up
all of the on-shoe LEDs (Figure 5f and movie 3 in
Supporting Information), which makes the shoe look
fascinating.

Figure 6a depicts a typical charging and discharging
cycle of a Li-ion battery when the hybridized nano-
generator was periodically pressed by a motor. The
voltage of the battery increased from 0.5 to 1.7 V in
about 43 min. Under a constant current of 1 mA, the

ZHANG ET AL.

discharging process of the battery lasted for about
40 min before it was discharged back to its original
voltage of 0.5 V. That is, the hybridized nanogenerator
can be utilized to charge up a Li-ion battery by directly
converting mechanical energy to chemical energy. Here-
in, the stored electric capacity was about 0.66 mAh.
To confirm that the battery can be charged by the
hybridized nanogenerator under human activity, the
battery was charged when the hybridized nanogen-
erator was pressed by hand touches and footstep falls,
as shown in Figure 6b. At the same charging time of
5 min, the battery was charged from 0.5 to 1.2, 1.1, and
0.8 V for the hybridized nanogenerator pressed by a
motor, hand touches, and footstep falls, respectively.
This difference is mainly attributed to the differ-
ent frequency of the motion. Figure 6¢,d shows that
the Li-ion battery charged when the hybridized
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Figure 6. (a) Voltage curve showing the entire cycle of a Li-ion battery charged by the hybridized nanogenerator, with the
subsequent constant current discharge at 1 mA. (b) Voltage curve showing the charge cycle of a Li-ion battery charged by the
hybridized nanogenerator pressed by hand touches and footstep falls. Photograph of the Li-ion battery before (c) and after
(d) charged by hand touches. (e) Photograph of the packaged self-powered shoe for powering a pedometer, (f) working
pedometer during human walking, and (g) step, energy, and distance results recorded by the pedometer. (h) Photograph of a
wireless pedometer. (i) Photograph of an iPhone for receiving the data from the wireless pedometer. (j) Photograph of the
hybridized nanogenerator to drive the wireless pedometer to send the walking data to the iPhone. (k) Received data from a

wireless pedometer under the distance of 25 m.

nanogenerator pressed by hand touches can be used
to power a smart pedometer (see movie 4 in Support-
ing Information). Figure 6e,f shows the packaged self-
powered shoe for sustainably driving a pedometer. A
capacitor of 1000 uF was attached on the shoe as the
energy storage element. The pedometer worked very
well during hand touches or walking, as seen from
movie 5 and movie 6 (see the Supporting Information).
After walking for several minutes, total steps of 171,
energy of 4.56 kcal, and distance of 0.13 km were
recorded by the pedometer, as shown in Figure 6g.
Although the walking information can be recorded by
the pedometer, the wireless transmission of the ob-
tained data is more attractive due to more convenient

ZHANG ET AL.

operation. Figure 6h illustrates a photograph of a
wireless pedometer, where an iPhone was used to
receive the walking data from the wireless pedometer,
as displayed in Figure 6i. Figure 6j shows that the
hybridized nanogenerator can be used to sustain-
ably power the wireless pedometer to send the
walking data to the iPhone. Figure 6k displays the
received data from the wireless pedometer with
the distance of 25 m, where the corresponding data
including the distance, time, pace, and calories were
recorded (see movie 7 in Supporting Information).
These results indicate that the hybridized nanogen-
erator has potential applications for powering wear-
able electronics.
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CONCLUSIONS

In summary, we have demonstrated a hybridized
electromagnetic—triboelectric nanogenerator for
scavenging biomechanical energy to sustainably
power wearable electronics during human walking.
By using the conjunction of triboelectrification and
electromagnetic induction, the hybridized nanogen-
erator consists of a TENG and an EMG with the peak
output powers of 4.9 and 3.5 mW, corresponding
to output power densities of 5.1 and 3.6 W/m?,
respectively. The hybridized nanogenerator has a
small dimension of 5 cm x 5 cm x 2.5 cm, a light
weight of 60 g, and a good stability for the output

EXPERIMENTAL SECTION

Preparation of the Pyramid-Patterned PDMS Film. The pyramid-
patterned PDMS film was prepared using an etched Si micro-
pyramid template. Micropyramid structures, with a nanodot in
the center, were fabricated. First, the fluid PDMS elastomer and
corresponding cross-linker (Sylgard 184, Dow Corning) were
thoroughly mixed in 10:1 ratio (w/w). Then, the mixture was
transferred onto the Si template and spin-coated at 500 rpm for
60 s. After being degassed for 10 min, the Si template was cured
at 80 °Cfor 1 h in an oven.

Fabrication of the Hybridized Nanogenerator. The framework of
the device was constructed by acrylic sheets. First, two acrylic
sheets with a size of 50 mm x 50 mm were fabricated by a laser
cutting machine as the double-layered acrylic substrates of the
device. Both of the two acrylic substrates have a round groove
of 35 mm x 35 mm at the center and four round grooves of
5 mm x 5 mm at the corners. The two acrylic substrates were
separated by four springs at the corners. After the framework of the
device was constructed, a NdFeB permanent magnet with a radius
of 35 mm and a height of 4.5 mm was fixed in the groove of the
bottom acrylic substrate. Then, a thin buffer and an Al film were
attached onto the bottom magnet in sequence. On the other side,
a Cu coil with turns of about 5000 was fixed in the groove of the top
acrylic substrate. Then, a thin buffer, an Al film, and a PDMS film
with a radius of 35 mm were attached onto the top coil in
sequence. The Al films acted as the electrodes of the TENG part,
while two Cu wires were connected to the inside and outside of the
coil as the electrodes of the EMG part. The fabricated device has the
total dimensions of 5cm x 5 cm x 2.5 cm and the weight of 60 g.

Measurement of the Fabricated Device. The output voltage
signals of the nanogenerator were measured by a low-noise
voltage preamplifier (Keithley 6514 system electrometer). The
output current signals of the nanogenerator were measured by
a low-noise current preamplifier (Stanford Research SR570).
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