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ABSTRACT

A magnetic-interaction assisted hybridized triboelectric-electromagnetic nanogenerator (MAHN) is designed and
optimized with two magnets in attraction, and a silicone-based cushion with microstructures. The whole device
including a fixed part and a moving part has a small size of 35 mm x 35 mm x 8 mm. After various energy
harvesting and sensing characterizations, the MAHN has been verified as an efficient energy harvester, as well as
a self-powered sensor for advanced human-computer interface (HMI). For energy harvesting, the triboelectric
nanogenerator (TENG) delivers a peak power of 6.89 mW at the load of 1.1 MQ, and the electromagnetic
generator (EMG) delivers a peak power of 2.7 mW at the load of 1.1 kQ. With the hybridized buck circuit, outputs
from both the TENG and the EMG can be rectified and integrated efficiently to charge capacitors. A capacitor of
100 pF is charged to 2.03 V within 30 s, which is better than the performances of individual generators and their
parallel-connection with only rectifiers. A thermometer and a Bluetooth module are powered with different
amounts of the attracted magnet, implying the wide adaptability of the MAHN. Advanced applications of HMI
have also been developed with cross-divided electrodes in the MAHN, such as orientation control in a game of
Snake, real-time operation of a PowerPoint presentation, and recognition of simple air gestures in contactless
control. Moreover, a 3 x 3 array is prepared and signal channels are simplified by traversal method without loss
of functions to achieve higher-level control. A virtual football game is demonstrated by a shoe moving on the
array, and different kinds of shootings have been mapped to the player in the game.

1. Introduction

supplies with advantages of high output, easy fabrication and low cost.
However, hybridized mechanism of combining TENG with other energy

With the rapid development of the Internet of Things (IoT), vastly
distributed devices are playing important roles in the areas of environ-
mental monitoring, healthcare, and smart home, etc [1,2]. To addresses
the power challenges of numerous devices with abundant functional
sensors nowadays, various energy harvesting technologies including
triboelectric nanogenerator (TENG) [3-7], electromagnetic generator
(EMG) [8], and piezoelectric nanogenerator (PENG) [9], are introduced
to convert irregular mechanical energy into electric power. Thereinto,
the TENG has been extensively studied with different mechanical
sources like rotation [10-12], vibration [13-15], human motion
[16-18], and water wave [19-21], and proved to be effective power

harvesting technologies like piezoelectric [22-24], electromagnetic
[25-37], and solar cells [38-41], is still required in the prototype to
provide sufficient power and adapt various kinds of operations.

The hybridized triboelectric-electromagnetic nanogenerator is one of
the largest branches among hybridized devices [42-44]. The structure
design of hybridized triboelectric-electromagnetic nanogenerator can be
roughly divided into two types: contact-separation type based on
contact-separation mode TENG [25-28], and sliding/rotating type
based on the sliding-mode/freestanding-mode TENG [34-37]. Conven-
tionally, a single unit of the EMG possesses one magnet. Recently,
multiple magnets have been applied to achieve dynamic equilibrium of
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the movable magnet in its balance state in harvesting low-frequency
mechanical energy. For example, Seol et al. proposed an oscillating
magnet suspended in the tube by dual-directional magnetic repulsive
forces, which enabled versatile energy harvesting capability at fre-
quencies in the sub-10 Hz range [45]. Additionally, Shao et al. intro-
duced magnet pairs that produce attractions to achieve
contact-separation mode TENGs and rotary freestanding-mode EMGs
in harvesting blue energy [46]. Although with multiple magnets struc-
ture, mechanical equilibrium of the movable magnet can be achieved,
yet this inevitably increases the overall system complexity. Theoreti-
cally, multiple magnets can produce a higher electromagnetic field
which has a great potential to enhance the output performance of the
EMG, but the influence of multiple magnets on the output performance
is rarely studied in the literature.

Although the hybridized triboelectric-electromagnetic nano-
generators have been reported a lot, most works are focusing on energy
harvesting rather than applying in advanced human-machine interfaces
(HMIs) [47]. As for the HMIs, three mainstream applications have been
developed by a large amount of wearable/portable devices, such as
controlling the robotic arm with wearable patches [48,49], driving the
drone with tactile devices [50], and playing VR/AR game with gloves
[51]. Reported hybridized triboelectric-electromagnetic nanogenerators
as shown in Table S1 have been demonstrated for various sensing ap-
plications, show potential for realizing the above applications about
HMIs. Chen et al. proposed a hybridized triboelectric-electromagnetic
nanogenerator based on freestanding magnet moving in-plane arbi-
trarily [52]. However, only triboelectric signals are utilized when the
prepared device is applied as a vibration sensor in playing the
“HitHamster” game. Furthermore, Wan et al. developed an array of
flexible hybridized electromagnetic-triboelectric nanogenerators for 3D
trajectory sensing by a magnetic part attached on a finger crossing over
the copper FPCB coil array [53], while only electromagnetic signals
obtained from the integrated coil array are utilized for sensing. Most
recently, Bhatta et al. prepared a magnetic repulsion-assisted hybrid
nanogenerator [54]. A central magnet can drive the side magnet aligned
in the same magnetization direction moving, resulting in only electro-
magnetic signals are applied for detecting the motion parameters along
with in-plane arbitrary directions. The synergistically integrated hy-
bridized mechanism can provide more flexibility in HMI design, more
diverse controllable signals, and higher degrees of freedom in opera-
tions, but few works illustrate using both triboelectric signals and
electromagnetic signals in HMI applications.

Herein, a magnetic-interaction assisted hybridized triboelectric-
electromagnetic nanogenerator (MAHN) is designed with one moving
part and one fixed part, where a pair of attracted magnets (Diameter 30
mm, Thickness 2 mm) are embedded in each part and the whole device is
with a small size of 35 mm x 35 mm x 8 mm. So that, the TENG and the
EMG can simultaneously convert the mechanical energy of impacts into
electric power as two parts attracting to each other during contact-
separation processes. Outputs of the TENG and the EMG have been
enhanced by the powerful attraction, and the scaling-down effect of
output performance by lower operating frequency has been weakened
with magnetic attraction induced by the two-magnet design. The MAHN
has been proved as an efficient energy harvester working with hybrid-
ized buck convert circuit, which is better than the performances of in-
dividual and parallel-connection. Attributed to the adaptivity of
magnets’ amount, the MAHN is applied as an adjustable energy
harvester in powering different electronics. By utilizing both the tribo-
electric signals and electromagnetic signals, the MAHN can function as
an advanced HMI in entertainment, office, and gaming control,
providing higher controlling capability and flexibility in various sce-
narios. Moreover, non-contact operations have been developed by the
user waves the vertical moving part above the fixed part, resulting in
recognizing simple air gestures for contactless controlling. Finally, the 3
x 3 array of the MAHN is prepared and channels are simplified by
traversal method without loss of functions. And a virtual football game is
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demonstrated with the user moving the shoe on the array, assisting the
player in the game in locating at different zones and shooting in different
directions. To sum up, the MAHN can be applied as an efficient energy
harvester, as well as an advanced human-machine interface in various
practical scenarios.

2. Results and discussion

2.1. Design and optimization of the MAHN as a hybridized energy
harvester

The MAHN is schematically presented in Fig. 1, in which the moving
part and the fixed part are marked with two braces. As shown in Fig. 1a,
a pair of magnets are placed inside two parts respectively. The magne-
tization direction is along the thickness direction, and magnet poles are
opposite in confronting faces of two magnets. Due to magnetic attrac-
tion, two parts of the MAHN are attached at the rest state, as shown in
Fig. 1b. The device in attraction presents a dimension of 35 mm x 35
mm x 8 mm, which is easily separated by manual operations, and two
parts in the discrete state are shown in Fig. 1c. The fixed part has a
thickness of 4.5 mm, and multi wires are led out from this part for ap-
plications in energy harvesting and self-powered sensing. The moving
part has a thickness of 3.5 mm and is applied as an independent part
without leading wires. A promising application scenario is also shown in
Fig. 1a, where the moving part of the MAHN is operated with the user’s
hand, and the fixed part is attached on the podium for connecting
external load. After operations of contact mode and no-contact mode,
the user can put the moving part back and locate it on the fixed part.

Through a COMSOL simulation shown in Fig. 1d, magnetic induction
lines are gathered in between two magnets in attraction. Based on this
gathering trend, the output of EMG can be enhanced due to more
intensive magnetic flux through the coil when compared with the
simulation in Fig. S1. To verify the simulation, comparison tests between
two magnets in attraction and a single magnet are carried with the force
gauge (Mecmesin, MultiTest 2.5-i) to remove most of the uncertainties
from manual operation, where the instrument is moving at the largest
speed of 900 mm/min. The results shown in Fig. S2 have proved that the
output voltage of the coil in fixed part increases by introduced another
magnet under the coil, which is in accord with the simulation.

Moreover, the effect of the cushion is also explored with the force
gauge, and results are shown in Fig. S3. The cushion in the MAHN is
designed by curing Eco-flex rubber on a conductive textile. The braided
structure is applied as a mold for fabricating the microstructure on the
cushion’s bottom surface. After demolding from the conductive textile,
obvious microstructures have been obtained and shown in Fig. S3c,
which is similar to the braided structure shown in Fig. S3b. The
microstructure helps the cushion recover from the bottom contact sur-
face after impact, rather than stick on the bottom contact surface. As
shown in Fig. S3a, increasing output voltage of different TENGs defined
as D1 (Single magnet & Without cushion), D2 (Two magnets in attrac-
tion & Without cushion), D3 (Two magnets in attraction & Cushion
without microstructure), D4 (Two magnets in attraction & Cushion with
microstructure), have proved the positive effect of magnetic attraction
for close contact and designed cushion for increasing contact surface
area. Through the above discussion, introduced magnetic attraction has
both improved performance of the TENG and the EMG in the MAHN.

In Fig. 2, the working principle and output performance have been
further discussed. As a lateral view shown in Fig. 2a, The MAHN is based
on contact-separation structured TENG and EMG. An intact square
electrode is utilized in TENG to apply as a hybridized energy harvester in
Fig. 2a. At rest state, the moving part and the fixed part are attracted to
each other, where charge balance is achieved among contact interface.
According to the triboelectric series, the FEP layer generates negative
charges to maintain a neutralization with a positively charged Al layer in
the moving part. Due to the cushion’s microstructure rubbing with the
bottom interface, a small number of negative charges generated in the
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Fig. 1. (a) Schematic diagram of the magnetic-interaction assisted hybridized triboelectric-electromagnetic nanogenerator (MAHN). (b) Photo of the prepared device
in the rest state. (c) Photo of the prepared device in the discrete state. (d) Simulated distribution of the magnetic field of two magnets in attraction.

cushion area also contributes to charge balance, which is marked in red
and compatible with the comparison result in Fig. S2. On the other hand,
there is no current flow in the coil of the EMG under rest state. Next,
when the moving part is separating from the fixed part with external
force overcoming magnetic attraction, the charge balance is broken, and
the magnetic flux crossing the coil decreases. As a result, positive
charges flow from the ground to TENG's electrode, an induced current is
generated in the coil. On the contrary, positive charges will flow from
TENG's electrode to the ground when the moving part is approaching
and attracted to the fixed part, as while an induced current in the
opposite direction is generated in the coil due to increasing magnetic
flux. It should be noted that approaching actions are converted into
impacts eventually as the moving part in the magnetic attraction range.

From the above analysis, the TENG and EMG in the MAHN are
cooperatively working along with the contact-separation processes. The
outputs are measured with a multichannel oscilloscope, where leading
wires from the fixed part are connected and tested simultaneously. The
distance apart is controlled within 2 cm, and the frequency of the
manual impact is changed according to a metronome. As shown in
Fig. 2b, there are positive peaks obtained during impacts and negative
peaks during separations. Meanwhile, both voltages and currents of
impacts are higher than those of separation, either for the TENG or the
EMG. Through tests under different frequencies, the TENG has presented
an average output voltage of 280.7 V at 0.5 Hz, 296.8 V at 1 Hz, 309.4 V
at 2 Hz, 339.0 V at 3 Hz, and 369.2 V at 4 Hz. In contrast, the EMG has
delivered an average output voltage of 1.04 V at 0.5 Hz, 1.26 V at 1 Hz,
1.44 V at 2 Hz, 1.59 V at 3 Hz, 1.87 V at 4 Hz. As a result, even when the
operating frequency decreases from 4 Hz to 0.5 Hz, the output voltage of
the TENG can still maintain 76% while that of the EMG can maintain
56%. Output currents have also been tested in different frequencies,
where average currents of the TENG reach 6.7 pA at 0.5 Hz, 7.4 pA at
1 Hz, 8.5 pA at 2 Hz, 8.71 pA at 3 Hz, and 9.9 pA at 4 Hz, average cur-
rents of the EMG reach 0.73 mA at 0.5 Hz, 0.79 mA at 1 Hz, 0.89 mA at
2 Hz, 0.81 mA at 3 Hz, 0.95 mA at 4 Hz. The outputs have presented the
trend of increasing as the operating frequency is increased. When the
operating frequency decreases from 4 Hz to 0.5 Hz, the output current of
the TENG can maintain 68% while that of the EMG can maintain 77%. It
is worth mentioning that the outputs of the TENG and the EMG are
increased when the distance apart of manual impacts are not limited, as
shown in Fig. 54.

The above analysis is based on the moving part is unfixed. In
contrast, when the moving part is fixed on a linear motor to exclude

influences of the magnetic attraction and changed operation distance,
the results have demonstrated increased trends in Fig. S5. Both the
TENG and the EMG present increase trends as frequency increases,
either voltages or currents. But all the output values are lower than those
under manual operations with the unfixed moving part. After calcula-
tion, when the operating frequency decreases from 4 Hz to 0.5 Hz, the
output current of the TENG can only maintain 16% while that of the
EMG can maintain 13%. And output current of the TENG can only
maintain 13% from 4 Hz to 0.5 Hz, while the output current of the EMG
has reduced by 14% from 4 Hz to 0.5 Hz. By comparison, the manual
operations of the split design (one moving part and one fixed part) in the
MAHN have weakened the scaling-down effect of output performance by
lower operating frequency, due to the magnetic attraction which can
help improve output performances. In brief, results have demonstrated
the adaptability of the MAHN as an efficient hybridized energy harvester
for impact energy under different operating frequencies.

To evaluate the performance of the MAHN as a hybridized energy
harvester, output power and capacitor charging have been tested in
Fig. 3. First, a series of resistors have been parallel-connected with the
TENG and the EMG, and corresponding voltages are tested for calcu-
lating output power. As shown in Fig. 3a, the output voltage of the TENG
increases from 0.78 V to 179.6 V with the increasing value of the
external loading resistance from 10 kQ to 100 MQ. Through calculation,
maximum peak power has reached 6.89 mW at the load of 1.1 MQ.
Similar to Fig. 3b, the output voltage of the EMG increases from 0.03 V
to 3.25 V by increasing external loading resistance from 10 Q to 100 kQ.
And maximum peak power has reached 2.7 mW at the load of 1.1 kQ.
Take into consideration that the MAHN is small-sized (35 mm x 35 mm
x 8 mm) and light-weight (33.1 g), the TENG has a maximum power
density of 208.2 mW/Kg and the EMG has a maximum power density of
81.6 mW/Kg. Moreover, different capacitors are charged with individ-
ual energy harvesting parts and the hybridized device. As shown in
Fig. 3d, capacitors of 1 pF, 4.7 uF, 10 pF, and 47 pF have been respec-
tively charged to 3.15 V, 0.94 V, 0.56 V, and 0.11 V within 30 s with the
rectified TENG under manual impacts of 2 Hz. On the other hand, ca-
pacitors of 1 pF, 4.7 pF, 10 pF, 47 pF, and 100 pF have been respectively
charged to 3.49V, 3.24 V, 2.85V, 2.18 V, and 1.61 V within 30 s with
the rectified EMG in the same situation, which is shown in Fig. 3e.
Moreover, the rectifier circuit shown in Fig. 3c is applied to integrate
two energy harvesting units with the parallel connection. As result, ca-
pacitors of 1 pF, 4.7 pF, 10 pF, 47 pF, and 100 pF have been respectively
charged t0 5.48 V, 3.99V, 3.74 V, 2.63 V, and 1.63 V within 30 s in the
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Fig. 2. (a) Working principle of the MAHN. (b) The output voltage of the TENG under contact-separation operations of different frequencies. (c) The output current
of the TENG under contact-separation operations of different frequencies. (d) The output voltage of the EMG under contact-separation operations of different fre-
quencies. (e) The output current of the EMG under contact-separation operations of different frequencies.

same situation, which is better than charged with the individual unit.
Although rectifiers in the parallel circuit have decreased the inter-
action effect of the TENG and the EMG, the hybridized buck circuit can
further improve charging performance as shown in Fig. 4. Xi et.al, and
Liang et.al have proved that the buck circuit is a universal power
management strategy for TENG, in which the inductor is applied to
absorb and store a part of the energy as the magnetic field energy
[55-57]. Based on enlarged output signals of the TENG and the EMG
shown in Fig. S6, the impact process has contributed a large part in
outputs. With the induction coil of the EMG applied in the hybridized
buck circuit, outputs in impact processes are integrated with rectified
TENG signals, and a detailed design is shown in Fig. 4a. Results of
charging performance are shown in Fig. 4b, capacitors of 1 pF, 4.7 pF,
10 pF, 47 pF, and 100 pF have been respectively charged to 7.54 V,
5.53V, 4.25V, 2.98 V and 2.03 V within 30 s with the hybridized buck

circuit, which is better than performances of individual and parallel
connection. With the charging capacitor of 100 pF, a thermometer is
successfully powered in Fig. 4d and Movie V1. That capacitor is firstly
charged to 1.62 V then connected with the thermometer and displayed
temperature on-screen has proved the MAHN as an efficient hybridized
energy harvester.

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2021.106154.

Owing to the discrete design of the moving part, the MAHN also
present adaptability of hybridized energy harvester by changing the
amount of magnet. The 3D printed structure of the moving part is also
adapted to different requirements by changing dimensions. As shown in
Figs. 4c, 3D printed structures have been adjusted to add more circular
magnets, and the charging performances of two magnets and three
magnets are tested with a capacitor of 100 pF. Results have shown that


https://doi.org/10.1016/j.nanoen.2021.106154

L. Liu et al.

Voltage (V)
8

50

10000 100000 1000000

Resistance (Q)

20 30
Time (s)

40 50

Nano Energy 86 (2021) 106154

-0.5

- (C)

¥ Impact

+ + + + o+ +

L
N

Power (mW)

100 1000 10000 100000

Resistance (Q)

Voltage (V)

—— 1 uF——4.7 yF —— 10 yF —— 47 pF 6L —— 1pF——47yF——10uF
I ——100 uF —— 47 yF —— 100 pF
sk
s
S,l
s
of
0 10 20 30 40 50 0 10 20 30 40 50

Time (s) Time (s)

Fig. 3. (a) Resistance dependence of the voltage and peak output power of the TENG. (b) Resistance dependence of the voltage and peak output power of the EMG.
(c) Rectified circuit of the TENG and the EMG in parallel connection. (d) Charging different capacitors with the TENG with manual impacts of 2 Hz. (e) Charging
different capacitors with the EMG with manual impacts of 2 Hz. (f) Charging different capacitors with the parallel circuit with manual impacts of 2 Hz.

(@)

(b)

One magnet
—— Two magnets
——— Three magnets

—— 1 F——47 yF—— 10 yF

Voltage (V)
P
T

¥ Impact
8 ——47 yF ——100 pF
— )
S
+ + + + + + + + g
S 4t
= = = = S
XXX CIXNX) 2}
[ —
| ol
E 0 10

o Powering a thermometer 35
14 3.0
12 25
S 10 Powering b
< o 2.0
o 0.8 2 o
£ L15
S = 1.
S o6 ()
>
0.4 1.0
0.2 0.5
0.0 A
0.0
02 L L L L
0 10 20 30 40 50

60
Time (s)

[ Charging

- Transmission

[ S

3 ~ Transmission

| Charging

0 2I0 4I0 GIO SIO 100
Time (s)

Fig. 4. (a) Hybridized buck circuit designed for the MAHN. (b) Charging different capacitors with the hybridized buck circuit with manual impacts of 2 Hz. (c)
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capacitor can be charged to 3.51 V by two magnets within 30 s with
manual impacts of 2 Hz, and 4.89 V by three magnets in the same sit-
uation. Therefore, a Bluetooth module is successfully powered with an
adapted moving part that contains three magnets. As shown in Fig. 4e

and Movie V2, the capacitor of 100 pF has been charged to 3.34 V while
directly connecting to the Bluetooth module. Thus, the module starts
working and transferring signals of humidity and temperature to a ter-
minal of a mobile phone. Along with continuous manual impacts, the
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Bluetooth module can work again as the capacitor is charged to 3.34 V.
Briefly, the MAHN can be an efficient energy harvester for impact en-
ergy and shows the promising potential of applying in scenarios where
exists separated parts irregularly impacting each other, such as door's
opening and closing belong to the smart home, and buffer structures in
bridges belong to the smart traffic.

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2021.106154.

2.2. Design and analysis of the MAHN as a self-powered sensor for
advanced human-machine interface

Due to the design of magnetic attraction, the MAHN at the rest state
presents a similar feature in the joystick for homing after transfer
commands of direction. The intact triboelectric electrode in the fixed
part can be crossed cut into four electrodes as shown in Fig. 1. A lateral
view is shown in Fig. 5 to illustrate the working principle of the MAHN
applied as a self-powered sensor in transferring commands of direction.
At rest state, four electrodes are coved with the Al layer in the moving
part, thus four single-electrode-based sliding TENGs have been formed.
In Fig. 5a, two TENGs are displayed in view to explain the working
principle, in which the charge balance is achieved referred to Fig. 2.
When the moving part deviates from the rest position and slides to the
left side, the negative charges in the FEP layer will lead to a change
number of induced charges on two electrodes. As a result, positive
charges flow from the left electrode to the ground and flow from the
ground to the right electrode. When the moving part returns to the rest
position, reverse signals are generated in two electrodes. Based on this
working principle, four electrodes in the fixed part are designed and
named as Al, A2, A3, and A4 in Fig. 5b. Designed operations are
demonstrated in Movie V3. When the moving part of the MAHN moves
along the directions of up, down, left, and right, four electrodes will
generate signals according to the principle in Fig. 5a. As shown in
Fig. 5c¢, four electrodes are tested with a multichannel oscilloscope,

(@)

EEE T I E N

(c) Up Down Left Right
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simultaneously, and directions of up, down, left, and right can be easily
determined by observing peaks among four electrodes. Obtained output
voltages are within the range of — 30-30 V, changes in values of four
electrodes are due to external press and release from handlers. When the
moving part slides up and away from A3 and A4, there will be detected
positive peaks in Al and A2, while negative peaks in A3 and A4. In
contrast, there will be negative peaks in A1 and A2 while positive peaks
in A3 and A4 when the moving part slides down. The motions of left and
right can be done in the same manner by determining which pair of
electrodes are detected positive and which pair of electrodes are
detected negative.

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2021.106154.

Primary data collected from the oscilloscope have proved to distin-
guish moving directions of the moving part. To demonstrate the MAHN
as an advanced human-machine interface, another open-source elec-
tronics platform of Arduino 2650 and match circuit are applied to read
voltage signals in four electrodes. Signals read by Arduino board are
illustrated in Fig. S7, in which four kinds of operations are identified
with different changes. Moreover, a classical game of “Snake” is devel-
oped with Python code in Fig. 5d and Movie V4, in which the user can
control directions of the Snake to eat randomly distributed food dis-
played on a computer. In Fig. S8, the interactions of the MAHN applying
in the HMI are clarified. The Arduino board can read the first peaks of
electrodes, and find out which two electrodes present positive peaks.
Then the Arduino sends command codes of up, down, left, or right, into
the Python code, and eventually changes the motions of the Snake. To
sum up, the MAHN has been played as a self-powered “Joystick” in this
application of entertainment, and the moving part will back to the rest
position with help of magnetic attraction after transferring commands of
directions.

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2021.106154.

In Fig. 6, another application domain in the office is demonstrated by
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applying the MAHN as an advanced human-machine interface. Unlike
achieving direction determination with TENGs" signals, the EMG's sig-
nals are also introduced to convey motion information. As shown in
Figs. 6a and b, basic operations are no-contact typed, which are along
with the progressive trend of human-machine interface. Due to the un-
even distribution of the magnetic field in two orthogonal placed magnets
shown in Fig. 6b, positive peaks and negative peaks will be detected
when the vertical moving part drifts over the fixed part. The simulated
distribution of the magnetic field is also clarified in Fig. S9, where the
positions of vertical magnet influence magnetic induction lines, and
correspond moving above the fixed magnet present electric signals’
variations in the coil. In Fig. S10, the voltage signals have been
decreased as increasing the distance between two parts. As shown in
Fig. 6¢, the EMG unit in the MAHN has delivered output voltages of
3 mV as the moving part waving with the user’s hand above the fixed
part about a distance of 10 cm. In the tests, positive peaks are generated
when the user waves the vertical moving part from left to right, and
negative peaks are generated when the user wave that from right to left.
Thus, the obvious difference can be applied to detect the user's simple
gesture of waving a hand. Moreover, four electrodes in the TENG part
also help to detect when the moving part is off the fixed part. In Fig. S11,
output voltages in four electrodes are tested in contact-separation pro-
cesses, where positive peaks are generated as contacting while negative
peaks are generated as separating. The designed operations are sum-
marized in Movie V5, the moving part has been lifted, moved from left
to right, moved from right to left, and put down to achieve no-contact
moded interactions in HMI.

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2021.106154.

In the demonstration shown in Fig. 6d and Movie V6, the MAHN has
been applied in controlling a PowerPoint document with Arduino 2650,
match circuit including operational amplifier circuit, and Python code.
Arduino read data is illustrated in Fig. S12, in which designed operations
are identified with different signals from the TENG and the EMG. First,
when the user lifts the moving part of the MAHN, the document starts

playing with Fullscreen as the Arduino has read out four positive values
in four electrodes of the TENGs. Next, operations of the next slide and
previous slid of slides have been achieved with the EMG's signal in no-
contact mode. Finally, the user can end the presentation by setting the
moving part down on the fixed part. The flow chart of interactions is
illustrated in Fig. S13. The signals of TENGs are applied to offset the
transient unstable EMG's signals and play key roles in determining
motions of contact and separation. Besides, the EMG's signals are read
through an operational amplifier circuit and applied to distinguish
waving directions. Finally, the Arduino sends definite command codes
into Python and changes states of presentations. Technically, the MAHN
here is played as a commercial laser pointer and realized key functions
based on a self-powered sensor. To sum up, the MAHN has shown po-
tential as an advanced human-machine interface both in entertainment
and office.

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2021.106154.

It is worth mentioning that two parts of the MAHN are both magnetic
and easily attracted to iron-based furniture and household appliances. In
Fig. 6e and Movie V7, two parts of the MAHN can be anywhere on an
iron cupboard, similar to refrigerator magnets. A virtual book model is
created to demonstrate recognizing simple air gestures in the Smart
home. The waving gestures are designed to accord with directions of
page-turning. As shown in the demonstration, the user can grab down
the moving part and wave it in front of the other part of the MAHN,
resulting in page-turning as the user waving hand along the same di-
rection. Likewise, the user can put down the moving part anywhere on
an iron cupboard after the above no-contact interactions. Briefly, simple
air gestures like waving hands have been recognized by the MAHN.

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2021.106154.

The array with multiple devices is further developed to illustrated
another advanced application in HMI, which is discussed in Fig. 7. As
shown in Fig. 7a, a single device of the MAHN needs four channels to be
combined into 4 pairs to achieve four kinds of functions. Although four
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channels (A1, A2, A3, A4) can be combined into 6 pairs including (A1,
A2), (A1, A3), (A1, A4), (A2, A3), (A2, A4), and (A3, A4), these pairs
result in only one kind of combination which satisfies four different pairs
in one device. Moreover, in Fig. 7b, the traversal method is applied to
find out how many channels are needed to build an array of 3 x 3.
Through calculations in Fig. S14, nine channels generate seven combi-
nations satisfying twenty-eight different pairs in seven devices, ten
channels generate nine combinations satisfying thirty-six different pairs
in nine devices, and eleven channels generate thirteen combinations
satisfying fifty-two different pairs in thirteen devices. As shown in
Fig. 7b, ten channels have been labeled in each electrode, but these
zones can rotate and switch places. So that, 10 channels are applied to
build the array of 3 x 3, instead of 36 channels counted for thirty-six
electrodes. To sum up, nine devices are distinct from each other, and
every device presents four kinds of functions like the MAHN in the
“Snake” game.

With the channels® optimization, a virtual football game is demon-
strated in Fig. 7c and Movie V8. To meet a practical application sce-
nario, outsoles of shoes are attached with Nitrile films, and Nitrile films
play as the Aluminum film in the above discussed moving part. Simi-
larly, outputs in operations of contact, separation, moving along with
different directions are tested and shown in Fig. S15. The magnet in the
above-discussed moving part also can be embedded into the insole, and
the magnetic attraction between two parts is in favor of the user's
locating at specific points. As shown in Fig. 7d and Fig. S16, when the
user puts the foot down on the fixed part of the MAHN, the Arduino
board will recognize which zone is the user in. In the demonstration,
nine zones of the array and nine positions are in the consistent one-to-
one match. When the user steps on “zone 2”, the player in the game
locates at “position 2”. Likewise, “position 6” and “position 7" are
located when the player completes a successful shooting. The four
electrodes in every zone generate different signals when the user does
actions of kick forward, kick left, and kick right. At “zone 2", a successful

shooting has been completed with a front kick. At “zone 6", the user
loses the first try with a left kick, then achieves success with the front
kick. Another two attempts at “zone 7" are operated with the right kick
and front kick. To sum up, a 3 x 3 array of the MAHN is build and
corresponding channels are simplified by traversal method without loss
of functions.

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2021.106154.

3. Conclusion

In summary, a magnetic-interaction assisted hybridized
triboelectric-electromagnetic nanogenerator is designed and optimized
with two magnets in attraction, and a silicone-based cushion with mi-
crostructures. The MAHN is based on a contact-separation structured
TENG and EMG. And the whole device including a fixed part and a
moving part is with a small size of 35 mm x 35 mm x 8 mm. At rest
state, the moving part and the fixed part are attracted to each other.
Outputs of TENG and EMG have been enhanced by the powerful
attraction, and the scaling-down effect of output performance by lower
operating frequency has been weakened with magnetic attraction
induced by the two-magnet design. The MAHN has demonstrated as an
efficient hybridized energy harvester for impact energy, as well as a self-
powered sensor for the advanced HMI. The TENG delivers the maximum
peak power of 6.89 mW at the load of 1.1 MQ, and the EMG delivers the
maximum peak power of 2.7 mW at the load of 1.1 kQ. Benefiting from
the designed hybridized buck circuit, outputs of the TENG and the EMG
are rectified and integrated to charge different capacitors. Thus, a
capacitor of 100 pF is charged to 2.03 V within 30 s, which is better than
the performances of individual parts and MAHN with a parallel-
connected circuit. A thermometer and a Bluetooth module are pow-
ered with different amounts of attracted magnets, implying the high
adaptability of the energy harvester. Attributed to the adaptivity of
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magnets’ amount, the MAHN is applied as an adjustable energy
harvester in powering different electronics. Moreover, the intact tribo-
electric electrode has been cross-divided into four electrodes for appli-
cations of the human-machine interface. By utilizing both the
triboelectric signals and electromagnetic signals, the MAHN can func-
tion as an advanced HMI in entertainment, office, and gaming control,
providing higher controlling capability and flexibility in various sce-
narios. Along with the Arduino platform, the MAHN can transfer moving
directions by determining positive peaks in four electrodes, and achieve
control like a joystick in a classic game of Snake. Moreover, non-contact
operations have been developed by the user waves the vertical moving
part above the fixed part, resulting in recognizing simple air gestures for
contactless controlling. Combined with contact-separation of the split
design, the MAHN helps the user control a PowerPoint document
including fullscreen, page down, page up, and end presentation, which
realizes most functions of the commercial laser pointer but with a self-
powered design. The MAHN also can be easily attached to iron-based
furniture and household appliances, similarly to refrigerator magnets,
for non-contact interactions in the smart home. Moreover, a 3 x 3 array
of the MAHN is prepared and channels are simplified by traversal
method without loss of functions to achieve more complex control. Thus,
a virtual football game is demonstrated with the Nitrile film attached to
the outsole. The user steps on different zones to assist the player in the
game in locating at different positions and functions in different zones
assist the player in shooting in different directions. Therefore, the hy-
bridized triboelectric-electromagnetic nanogenerator with magnetic
interactions is a promising candidate in harvesting distributed me-
chanical energy and shows great innovation in the HMI.

4. Experimental section

4.1. Fabrication of the magnetic attraction-assisted hybridized
triboelectric-electromagnetic nanogenerator (MAHN)

First, two rigid square structures with circular holes are prepared by
the 3D printer (ANYCUBIC 4Max Pro) with polylactic acid (PLA). A pair
of attracted magnets are respectively attached in the hole with double-
sided tape so that two rigid surfaces can be attracted to each other
closely. Then a Cu coil with 3800 turns, 24 mm diameter and 1 mm
thickness, is fixed in a 3D printed rigid frame with Al tape and attached
on the rigid surface of one square part. The other square part is covered
with Al tapes.

Second, an Exo-flex 0030 based cushion is prepared by smearing and
curing on a commercial conductive textile of 35 mm x 35 mm. Then the
cushion is torn off and flatted on the former rigid frame, where the
surface with microstructure is facing the rigid frame.

Third, a square electrode applied for energy harvester and crossed
electrodes for the self-powered sensor is fabricated by attaching Al tape
on a sheet of FEP film (50 um thickness,10 cm width, DUPONT). Then
the film is flatted on the cushion and fixed with extra parts attached to
the rigid margin.

4.2. Characterization and electrical measurement

The outputs data is acquired and saved by Model DSOX3034T
Multichannel Oscilloscope (Keysight), where 1000X probes (TT-HVP-
15HF) are applied to measure voltage signals of the TENGs, and 1X
probe (GTL-101) is applied to measure voltage signals of the EMG. The
current signals are measured with Electrometer (Keithley Model 6514)
for TENG and low noise current preamplifier (SR570) for EMG. The
charging performances are measured by Electrometer (Keithley Model
6514). Optical photos are photoed with OLYMPUS BX53M.
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