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Self-Powered Gyroscope Ball Using a Triboelectric

Mechanism

Qiongfeng Shi, Han Wu, Hao Wang, Hanxiang Wu, and Chengkuo Lee*

Healthcare monitoring systems can provide important health state informa-
tion by monitoring the biomechanical parameter or motion of body segments.
Triboelectric nanogenerators (TENGs) as self-powered motion sensors have
been developed rapidly to convert external mechanical change into electrical
signal. However, research effort on using TENGs for multiaxis acceleration
sensing is very limited. Moreover, TENG has not been demonstrated for rota-
tion sensing to date. Herein, for the first time, a 3D symmetric triboelectric
nanogenerator-based gyroscope ball (T-ball) with dual capability of energy
harvesting and self-powered sensing is proposed for motion monitoring
including multiaxis acceleration and rotation. The T-ball can harvest energy
under versatile scenarios and function as self-powered 3D accelerometer with
sensitivity of 6.08, 5.87, and 3.62 V g! . Furthermore, the T-ball can serve as
a self-powered gyroscope for rotation sensing with sensitivity of 3.5 mV s°'.

the versatile aspects of the healthcare
monitoring, motion information of body
segments, that is, biomechanical para-
meter monitoring, is one indispensible
aspect as useful and opportune know-
ledge of physical and mental status can be
obtained for rehabilitation or diagnostics
purpose.'12] For example, it can be ben-
efited for the detection of human activity
pattern (sitting, walking, or resting), the
monitoring and prevention of elderly
people fall, the training of hemiparetic
patients for limb rehabilitation, etc.'3-1°]
Nowadays, the motion monitoring system
is commonly based on inertial sensor
module including multiaxis accelerometer

It shows good performance in hand motion recognition and human activity
state monitoring applications. The proposed T-ball as a self-powered gyro-
scope for advanced motion sensing can pave the way to a self-powered, more

accurate, and more complete motion monitoring system.

1. Introduction

Healthcare monitoring system is playing a more and more
important role in our daily life to provide useful health informa-
tion for disease prevention and treatment.'3] A wide variety of
sensors have been demonstrated to monitor physiological signs
and biomechanical parameters for healthcare monitoring, such
as tactile sensor, respiration rate sensor, heart rate sensor, blood
pressure sensor, eyeball motion sensor, brain activity sensor
and various implantable biomedical sensors, etc."1% Among
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and gyroscope. Commercially available
microelectromechanical systems (MEMS)
inertial sensor modules have been widely
used for acceleration and rotation sensing
in healthcare and amusement applica-
tions.'o21 Although MEMS inertial sen-
sors have been commercialized and used
in diversified applications, self-powered accelerometers using
piezoelectric and triboelectric mechanisms have been inves-
tigated and considered as novel self-sustained sensors for bat-
tery-less applications in internet-of-things (IoT), healthcare, and
harsh environment monitoring.22-20l

Among these reported self-powered accelerometers, devices
based on flexible polymer with simple fabrication process and
cost effectiveness have been widely investigated. A piezoelectric
polyvinylidene fluoride (PVDF) polymer based cantilever-type
accelerometer was proposed for one-axis low-frequency accel-
eration detection.l??l A triboelectric and electromagnetic hybrid
energy harvester with magnet as movable mass was demon-
strated for z-axis acceleration measurement.?l A popular
device configuration for acceleration sensing is symmetric
structure, for example, spherical-shaped triboelectric nanogen-
erator (TENG) was presented for acceleration sensing as well
as vibration and water wave energy harvesting.?*% The sym-
metric spherical structure has great potential to enable multi-
axis acceleration sensing, however, only one-axis acceleration
measurement was demonstrated. In order to realize the detec-
tion of multiaxis acceleration, a 3D acceleration sensor was
developed with the structure of three tube-shaped TENGs inte-
grated together along x, y, and z direction.?! But the detection
of three-axis acceleration is actually achieved by three individual
devices rather than one single device, which greatly increases
the device size and complexity. Moreover, self-powered gyro-
scope has not been reported yet.
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In general, self-powered sensing design or dual-purpose
design with energy harvesting and sensing capability is a prom-
ising research field to enable long-term and smart motion
monitoring system. Herein, a triboelectric nanogenerator based
gyroscope ball (T-ball) with 3D symmetricity is proposed for
self-powered advanced motion sensing and multimode energy
harvesting. The proposed T-ball is able to harvest energy from
diversified scenarios, such as multiple and random directional
vibration, spinning, rotation, rolling, finger tapping/touching,
etc. Furthermore, it can function as a self-powered 3D acceler-
ometer and gyroscope for advanced motion sensing including
three-axis acceleration and rotation. It exhibits good perfor-
mance in hand motion recognition, showing great potential in
amusement, virtual reality, and game control applications. With
the excellent sensing capability, the T-ball is demonstrated as
a self-powered exercise sensor for human activity monitoring,
which can provide useful and real-time information to health-
care motion monitoring system.

2. Design, Theoretical Consideration, and
Operation Mechanism

Generally speaking, gyroscope is a sensor that can detect the
rotation rate or angular velocity of an object. A traditional gyro-
scope with 3D symmetric structure of a suspending massive
rotor inside three gimbals is shown in Figure Sla (Supporting
Information). Besides, MEMS gyroscopes with vibratory
mechanical elements to sense the angular velocity have also
been proposed and investigated for rotation measurement.[8-21]
The basic device configuration of these MEMS gyroscopes
includes a suspended proof mass, spring beams, driving elec-
trodes, and sensing electrodes. The operation mechanism is that
when the proof mass is driven to vibrate at resonance by elec-
trostatic or electromagnetic force from the driving electrodes,
an angular rotation will induce Coriolis force at the driving fre-
quency which can be detected by the sensing electrodes. These
MEMS gyroscopes require a vibrating proof mass and actuators
to drive it in the resonant state, which causes significant power
consumption from external power supply. Toward self-powered
sensing ability, piezoelectric and triboelectric mechanisms
provide a promising solution.?23% Furthermore, triboelectric
mechanism exhibits great merits of high output performance,
cost effectiveness, simple device configuration, easy scalability,
and a wide range of material selection.’32l TENG based on
triboelectrification and electrostatic induction between two dif-
ferent materials was first proposed in 2012, and since then has
received tremendous research effort in diversified energy har-
vesting and self-powered sensing applications.?3#1]

Therefore, by leveraging the advantages of symmetric struc-
ture and the merits of triboelectric mechanism, a 3D sym-
metric T-ball for multimode energy harvesting and self-powered
advanced motion sensing is proposed. A conceptual illustration
of the T-ball integrated with signal processing and communi-
cation integrated circuit (IC) is depicted in Figure S1b (Sup-
porting Information) for dual purpose of energy harvesting and
wireless self-powered motion monitoring. The detail device con-
figuration of the T-ball with tilted view and cross-sectional view
is shown in Figure 1a,b. The enlarged view of the layer-by-layer
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structure is illustrated in Figure 1c. The proposed T-ball is con-
stituted of a 3D printing ball-shaped frame, four inner Al elec-
trodes covered by polytetrafluoroethylene (PTFE) thin film, four
outer Al electrodes covered by polydimethylsiloxane (PDMS),
and multiple steel balls encapsulated inside. The outer elec-
trodes are fabricated on the outer surface of T-ball to further
enhance the energy harvesting capability. The dimension of the
T-ball is 65 mm in diameter. The multiple small steel balls with
diameter of 6.3 mm serve as movable mass and triboelectric
layer. The four inner electrodes are denoted as Ex+, Ey+, Ex—,
and Ey-, while the four outer electrodes are denoted as E1, E2,
E3, and E4 (Figure 1a). Then the face-to-face Ex+ and Ex— are
connected as the positive and negative input of Ex, while Ey+
and Ey— are connected as the positive and negative input of Ey
for energy harvesting and motion sensing. On the other hand,
the four outer electrodes are working under single electrode
mode for energy harvesting. Figure 1d,e shows the photograph
of the T-ball before and after the assembling, respectively.

Due to the 3D symmetric ball-shaped design, the T-ball has
the ability to harvest energy from diversified sources and the
potential for complex and advanced motion sensing. Although
complex motion may exhibit random-direction movement
and rotation, it can always be considered as the integration of
linear movement in x, y, and z-axis and rotation. Accordingly,
the movement of steel balls inside the T-ball can be divided into
three major categories—moving along one direction with the
in-plane (x-y plane) vibration, moving along z-axis with out-of-
plane (vertical) vibration, and spinning around the inner surface
of the T-ball. The operation mechanism of the T-ball activated
by in-plane vibration is depicted in Figure 1f by side view. After
contacting with each other, steel balls become positively charged
and PTFE becomes negatively charged because of the difference
in electron affiliation. When the steel balls move to the left side,
electric potential difference appears on the two opposite elec-
trodes and then drives electrons flow from the right electrode to
the left electrode until new balance is achieved. Then when the
steel balls move from the left side to the middle part and fur-
ther to the right side, electrons are forced to flow in the opposite
direction. Figure 1g presents the schematic illustration of the
wire connection and current waveform from Ex when the T-ball
is vibrating in x direction. Only inner electrodes and the PTFE
thin film are shown in the schematic diagram to clearly indicate
the wire connection. When the T-ball is solely vibrating along x
or y direction, there will be only one output in the corresponding
direction since there is no electric potential difference in the
other direction. But when the T-ball is vibrating with a certain
angle 0 with respect to x-axis (0° < 6 < 90°), there will be two
outputs from both Ex and Ey. Thus, the T-ball has the capability
to harvest energy from in-plane vibration source in random and
multiple directions. For out-of-plane vibration, the operation
mechanism is demonstrated in Figure S2a (Supporting Infor-
mation). The electric potential difference on all the four inner
electrodes is the same in vertical vibration, thus in this case the
four inner electrodes are connected in single electrode mode. It
should be noted that the inner electrodes are connected in single
electrode mode only in vertical vibration motion, otherwise they
are connected as Ex and Ey. When the T-ball vibrates downward,
the steel balls depart from the bottom surface of the T-ball,
driving electrons flow from the Al electrode to ground to balance
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Figure 1. Device configuration and operation mechanism of the T-ball. a) Schematic diagram showing the T-ball device structure. Ex+, Ey+, Ex—, and
Ey— are inner electrodes on the inner surface and E1, E2, E3, and E4 are outer electrodes on the outer surface. b) Cross-sectional view of the T-ball.
c) Enlarged view of the device structure layer. d) Photograph of the T-ball before assembling. e) Photograph of the T-ball after assembling. f) Operation
mechanism of the T-ball under in-plane vibration along x-axis. Only inner electrodes and PTFE film are shown. g) Wire connection (only inner electrodes
and PTFE film are shown) and output current waveform corresponding to different stages of the in-plane vibration. h) Operation mechanism under
spinning motion. i) Wire connection and output current waveform corresponding to different stages of the spinning motion.

the electric potential difference. Then when the T-ball vibrates
upward, the steel balls contact with the bottom surface of the
T-ball again and electrons are driven to flow back. Schematic
illustration of the wire connection and current waveform of ver-
tical vibration is shown in Figure S2b (Supporting Information).
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The operation mechanism of the T-ball when it is activated
by spinning motion is depicted in Figure 1h by top view. When
the T-ball is spinning clockwise in x—y plane around a circle
with its own orientation maintaining the same, the steel balls
then undergo circular movement around the inner surface.
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Thus, electric potential difference is induced on all the four
inner electrons (Ex+, Ey+, Ex—, and Ey—) in a consecutive way.
The generated electric potential difference then drives electrons
flow between the corresponding inner electrodes and thereby
current is generated. The clockwise circular movement of the
steel balls results in Ex current waveform with one quarter
phase shift in front of Ey current waveform, since the steel
balls move in the direction of Ex+, Ey+, Ex—, and Ey—. Figure 1i
shows the wire connection and current waveform from Ex and
Ey when the T-ball is spinning clockwise. If the T-ball is spin-
ning in an anticlockwise direction, the current waveform of Ey
will then be one quarter faster in phase.

The T-ball not only can harvest energy from versatile vibra-
tion and rotation sources, it can also harvest the human tapping
and touching energy. The operation mechanism of the T-ball for
finger tapping energy harvesting is illustrated in Figure S2c,d
(Supporting Information). The four outer electrodes are con-
nected in single electrode mode to harvest the energy more
effectively. When an active object such as human finger con-
tacts with the PDMS surface, triboelectrification arises between
the human skin and the PDMS surface. Most common active
objects like human skin, metal surface, and fabric materials is
more positive in the triboelectric series compared to PDMS,
thus PDMS surface turns into negatively charged and the
human finger becomes positively charged. After the triboelec-
trification, when the human finger is approaching the PDMS
surface, electric potential difference drives electrons flow from
ground to the Al electrode. Then when the human finger is
moving away from the PDMS surface, electrons is driven to
flow back to ground.

3. Results and Discussion

3.1. Characterization and Optimization of the T-Ball

After the fabrication of electrodes and dielectric layers, multiple
steel balls as movable mass and triboelectric layer need to be
put inside the T-ball. The size and the number of the steel balls
to be included is a key parameter which has significant impact
on the output performance. Thus, the T-ball is first character-
ized and optimized in terms of the size and the number of steel
balls. The T-ball is tested under the setup shown in Figure 2a,
where it is periodically vibrated along x-axis with frequency of
3.2 Hz and displacement amplitude of 3 cm. The output voltage
and current from Ex is measured and plotted in Figure 3b,c
when the number of different diameter steel balls (6.3, 8.0, and
9.5 mm) increases. Figure 3d,e shows the output voltage and
current waveform with different number of 6.3 mm steel balls.
It can be seen that the output voltage and current first increases
with the number of steel balls and then saturates at certain level
for all three types of steel balls. The larger diameter steel balls
show faster output increment rate due to the faster increment of
effective contact area. The analytical model of contact area and
simulation of potential distribution can be found in Figure S3
(Supporting Information). The output voltage and current of
three different diameter steel balls saturates at the same level
but with different number of 12 (9.5 mm), 17 (8.0 mm), and
25 (6.3 mm). Due to the ball-shaped curve surface of the T-ball,
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extra steel balls beyond that only stack on the previous steel
balls during vibration, without actually contributing to the effec-
tive contact area. Thus, the output voltage and current saturates
at the number of 12, 17, and 25 for steel balls of 9.5, 8.0, and
6.3 mm, respectively. From the analytical model results, it can
be observed that the effective contact area is dominated by the
shadow area of the steel balls. For the T-ball, 6.3 mm steel balls
with number of 25 are adopted as the optimized condition for
energy harvesting and sensing measurements unless specified.

3.2. Multimode Energy Harvesting Capability

Due to the high symmetricity, the T-ball can harvest energy
under a wide variety of circumstances. As discussed before, the
steel balls movements inside the T-ball can be divided into in-
plane vibration, out-of-plane vibration, and circular spinning.
In reality, various ambient motions acted on the T-ball can
cause these movements of the steel balls. Ambient vibrations
are common energy sources that can be found from machine
movement, vehicle engine, water wave, various human motion,
etc. Normally, these vibrations exhibit multiple and random
directions. In order to demonstrate its capability of multimode
energy harvesting, the T-ball is tested under different circum-
stances as illustrated in Figure 3. Both the output voltage and
current performance from Ex and Ey are measured for all the
circumstances. As shown in Figure 3a—c, the T-ball is first
tested under in-plane vibration along 30°, 60°, and 45° with
respect to x-axis. When the T-ball is vibrating with angle of 30°,
output from Ex is larger than that from Ey since the vibration
component in x direction is larger than in y direction. Similarly
for vibration angle of 60°, output from Ey is larger than that
from Ex. With vibration angle of 45°, output from Ex and Ey
shows the same level. Besides the in-plane vibration, the T-ball
is then tested under out-of-plane vibration as demonstrated in
Figure 3d—f with acceleration of 3 and 5 g. The acceleration is
measured by a commercial accelerometer (ADXL325, Analog
Devices) assembled on the T-ball. For the vertical vibration,
electrodes Ex+ and Ey+ are connected as single electrode to
measure the output voltage and current. When the acceleration
level increases, the output voltage and current also increases.
The above results show that the T-ball has the capability to
harvest both in-plane and out-of-plane vibration energy from
multiple and irregular directions.

Similar to vibration motion, spinning or rotating motion
is also common in the ambient environment, for example,
rotating wheels, moving fans, operating washing machine,
swerving, etc. Figure 3g-i presents the results when the T-ball
is spinning with diameter of 1, 3, and 5 cm while its axis ori-
entation maintains the same. When the spinning diameter
increases from 1 to 5 cm, output voltage and current increases
from 8 to 32 V and from 0.15 to 0.35 pA, respectively. When the
steel balls undergo circular movement, the centripetal force is

fo=mro? (1)
where f. is the centripetal force required to maintain the cir-

cular movement, m is the object mass, r is the radius of cur-
vature, and o is angular velocity. When the spinning diameter
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Figure 2. Characterization and optimization of the T-ball. a) Schematic illustration showing the testing setup of the x-axis vibration. b) The relationship
of the output voltage and the number of steel balls with different size. c) The relationship of the output current and the number of steel balls with
different size. d) Output voltage waveform with different number of 6.3 mm steel balls. e) Output current waveform with different number of 6.3 mm

steel balls.

increases, higher centripetal force is required to sustain the cir-
cular movement. In order to achieve higher centripetal force,
the steel balls need to move to higher position on the inner sur-
face of the T-ball, resulting in larger contact area and higher
output. The systematic analysis of steel balls’ position inside
the T-ball during spinning is shown in Table S1 and Figure S4
(Supporting Information). The testing results of rotating are
depicted in Figure 3j-1 when the T-ball is rotating along its
z-axis vertically and horizontally. Output from horizontal rota-
tion is higher than that from vertical rotation due to the larger
contact area of steel balls on the boat-shaped electrodes when
the T-ball is rotated with its z-axis placed horizontally. Rolling
can be treated as a special case of rotation without fixed rota-
tion axis. The testing results of the T-ball when it is rolling
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slowly and fast on a table are illustrated in Figure 3m-o. Higher
output is generated with fast rolling. The detail characterization
of the T-ball under in-plane vibration and spinning is shown
in Figure S5 (Supporting Information). The photograph of the
testing setup is shown in Figure S6 (Supporting Information).
Energy harvesting results from outer electrode and output
power are shown in Figure S7 (Supporting information).

3.3. Self-Powered Advanced Motion Sensor
Apart from the multimode energy harvesting capability, the 3D

symmetric T-ball is ideally suitable for self-powered advanced
motion sensing. When operating as self-powered sensor, the
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Figure 3. Multimode energy harvesting capability of the T-ball. a—c) Schematic illustration, output voltage and current of the T-ball when it is vibrating
in-plane along 30°, 60°, and 45° with respect to x-axis. d—f) Schematic illustration, output voltage and current of the T-ball when it is vibrating in out-
of-plane direction with acceleration of 3 and 5 g. g—i) Schematic illustration, output voltage and current of the T-ball when it is spinning with diameter
of 1, 3, and 5 cm. j-l) Schematic illustration, output voltage and current of the T-ball when it is rotating vertically and horizontally. m-o) Schematic
illustration, output voltage and current of the T-ball when it is rolling slowly and fast.
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outer electrodes of the T-ball are grounded to minimize the
electrostatic interference. Conventional TENGs normally can
only achieve one-axis acceleration sensing, but the proposed
T-ball is able to function as a self-powered 3D accelerometer.
As shown in Figure 4a, acceleration with different magni-
tude is applied on the T-ball in x, y, and z-axis direction. The
output voltage from Ex and Ey is measured when x and y-axis
acceleration is applied, while the output voltage from single
electrode Ex+ and Ey+ is measured with z-axis acceleration is
applied. Figure 4b—d presents the relationship of output voltage
and x, y, and z acceleration when different number of 6.3 mm
steel ball is encapsulated inside. When the T-ball is vibrating
in x direction, voltage from Ex first increases significantly with
x-axis acceleration but then gradually saturates as shown in
Figure 4b. This can be attributed to the large increment of con-
tact area with small acceleration, but only small increment of
contact area is achieved with large acceleration. Larger number
of steel balls shows higher output. The linear range and sensi-
tivity for x-axis acceleration sensing with 25 steel balls is 4.87 g
and 6.08 V g1. It can be observed that voltage from Ey is almost
0 since no electric potential difference is generated on electrode
Ey+ and Ey— when the T-ball is vibrating along x direction. The
small voltage from Ey with increasing x acceleration is caused
by the fabrication error and alignment error, that is, the four
electrodes are not perfectly symmetric and the alignment of the
vibration is not exactly in x direction. Measurement results are
similar to y-axis acceleration, where the linear sensing range
and sensitivity with 25 steel balls is 5.06 g and 5.87 V g*. For
z-axis acceleration, voltage is generated from both Ex+ and Ey+

www.advenergymat.de

when the steel balls start to vibrate. When z acceleration is less
than 1 g, almost no output voltage is observed from Ex+ and
Ey+, because the acceleration is not able to separate the steel
balls from the bottom surface of the T-ball. When z accelera-
tion further increases, output voltage increases with sensitivity
(25 steel balls) of 3.62 V g'!. The T-ball as a 3D accelerometer
exhibits better or comparable sensitivity than the previously
reported TENG-based accelerometers,?>2+26 showing great
capability for various applications in motion sensing.

The T-ball can be used for self-powered human gesture or
hand motion recognition. Figure 4e shows the T-ball held by
a human hand for moving direction monitoring. A commer-
cial accelerometer (ADXL325, Analog Devices) is assembled
on a small breadboard and attached on top of the T-ball to
measure the actual acceleration. Output voltage from Ex and Ey
is connected to oscilloscope for waveform recording when the
T-ball is moving left, right, forward, and backward. After each
movement, the T-ball always moves back to the original posi-
tion, waiting for the next movement. Figure 4f illustrates accel-
eration from commercial accelerometer as well as the output
voltage waveform from Ex and Ey. When moving left, Vx first
shows a positive peak and then several vibrating peaks while
Vy shows no signal since acceleration is in x direction. When
moving right, Vx first shows a negative peak and then several
vibrating peaks while Vy also shows no signal. The difference
in the output voltage waveform is because when the T-ball is
moving to the left side, the steel balls are first swung to elec-
trode Ex+ and then vibrates, thus a positive peak is generated
at the beginning. When the T-ball is moving to the right side,
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Figure 4. Self-powered 3D accelerometer and hand motion recognition. a) Schematic illustration of the wire connection and applied acceleration in x,
y, z direction. Only inner electrodes and PTFE film are shown in the schematic illustration. b) The output voltage from Ex and Ey with different x-axis
acceleration. c) The output voltage from Ex and Ey with different y-axis acceleration. d) The output voltage from Ex and Ey with different z-axis accelera-
tion. e) Photograph of the T-ball for different moving direction sensing. f) The acceleration level and the output voltage waveform from the T-ball when
it moves left, right, forward, and backward. Red arrows in the graph indicate the first generated peak.
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Figure 5. Self-powered rotation sensing and hand motion recognition. a) Testing setup for rotation sensing showing the T-ball mounted on a servo
motor. Insert shows the horizontal view of the testing setup. b) The relationship of the output voltage and the rotation angle when the angular velocity
is 280° s\ ¢) The relationship of the output voltage and the angular velocity when the rotation angle is 180°. d) The output voltage waveform from Ex
when angular velocity is 280° s™'. e) Photograph of the T-ball assembled with commercial gyroscope for clockwise and anticlockwise rotation sensing.
f) The angular velocity from the commercial gyroscope and the output voltage waveform from the T-ball when it rotates clockwise and anticlockwise.

Red arrows in the graph indicate the first generated peak.

the steel balls are first swung to electrode Ex— and thus a nega-
tive peak is generated at the beginning. The same phenom-
enon happens when the T-ball is moving forward and backward
except that the acceleration is in the y-direction.

TENGs have been extensively developed for various motion
sensing including pressure/force, strain, tactile, and accelera-
tion, but no rotation sensing is reported. There is an essential
missing link in using TENG as a rotation sensor. Here for the
first time, triboelectric mechanism is demonstrated for self-
powered rotation sensing by using the proposed T-ball. As illus-
trated in Figure 5a, the T-ball is fixed on a servo motor which
can be controlled by Arduino microcontroller with different
rotation angles and angular velocities. The performance of
the T-ball is characterized under different rotation angles and
angular velocities. Figure 5b shows the output voltage from
Ex when rotation angle is changed from 10° to 180° when the
angular velocity is fixed at 280° s™! and the number of 6.3 mm
steel balls varies from 5 to 25. Then output voltage with dif-
ferent angular velocity is measured when the rotation angle is
fixed at 180°, as shown in Figure 5c. The output voltage wave-
form from Ex is depicted in Figure 5d when the angular velocity
is 280° s and the rotation angle is 180°. The output signal
from rotation is generated by the movement of the steel balls.
Major peaks are generated by the movement of the majority
steel balls across the sensing electrode and small peaks are gen-
erated by the movement of the minority steel balls across the
sensing electrode. The major peaks are marked by red arrows
in Figure 5d and the schematic illustration of the steel balls
movement is also indicated to show their inherent relation-
ship. Major positive peaks are produced when the steel balls
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move on Ex+, while major negative peaks are produced when
the steel balls move away from Ex+. The voltage and rotation
angle/angular velocity relationship is extrapolated by extracting
the peak-to-peak voltage form the output voltage waveform
data under different testing conditions. It can be observed that
output voltage linearly increases with the rotation angle, since
larger rotation angle induces higher electric potential difference
on inner electrodes and thus higher output. The output voltage
also linearly increases with the angular velocity. More steel
balls encapsulated in the T-ball provide larger effective contact
area and thus induce higher output signal and sensitivity. The
output voltage sensitivity of 25 steel balls for angular velocity
sensing without further signal processing or amplification is
3.5 mV per degree per second. A video demo of the T-ball acti-
vated by the servo motor can be found in Video S1 (Supporting
Information).

Benefited from the rotation sensing ability, the T-ball can be
used for rotating human gesture recognition. Figure 5e shows
the T-ball with a gyroscope (ADXRS622, Analog Devices) for
rotation direction monitoring. Figure 5f depicts the angular
velocity and output voltage waveform when the T-ball is rotating
clockwise and anticlockwise. When the device is rotating, output
voltage signal is generated from both Ex and Ey. For clockwise
rotation, Vx first shows a negative peak and Vy first shows a
positive peak. While for anticlockwise rotation, Vx first shows
a negative peak and Vy also first shows a negative peak. This
is due to that when the T-ball is rotated clockwise by a human
hand, the steel balls are first swung to Ey+ and Ex—, and then
spins around the inner surface of the T-ball in the clockwise
direction. Hence, a negative peak is first generated in Vx and
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a positive peak is first generated in Vy. Then when the T-ball is
rotated anticlockwise, the steel balls are first swung to Ey— and
Ex—, thus a negative peak is first generated in Vx and a negative
peak is first generated in Vy. The detail schematic illustration
of first peak generation mechanism for different moving and
rotation directions is depicted in Figure S8 (Supporting Infor-
mation). When the T-ball is operated under different moving
and rotation direction, different waveforms of Vx and Vy can be
identified by a signal processing circuit and can serve as con-
trolling signal for motion recognition system. The T-ball shows
great potential for the applications in smart controlling system,
virtual reality, game control, etc. A video demo of the T-ball for
different moving and rotation direction sensing can be found
in Video S2 (Supporting Information).

Monitoring our daily activity state or exercise level is impor-
tant in healthcare monitoring system for rehabilitation or diag-
nostics. The T-ball as a self-powered exercise sensor can be
mounted on human hand for different exercise state sensing, as
shown in Figure 6a. The x-direction of the T-ball is aligned with
the moving direction of the human. When standing, walking
slowly, walking fast, or running, the output voltage from Ex is
plotted in Figure 6b along with the corresponding acceleration
level. Due to the increment of acceleration, the output voltage
of the T-ball also increases. Other than just judging from the
output voltage waveform, frequency domain analysis can also
be performed to determine which exercise the tester is under-
going, as depicted in Figure S6 (Supporting Information). No
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significant output peak in frequency domain can be observed
when the tester is standing still, while a small peak with ampli-
tude of 0.17 at 0.80 Hz appears when the tester is walking
slowly. When the tester is walking fast, the peak amplitude
increases to 0.62 and frequency increases to 1.00 Hz. For run-
ning, amplitude and frequency further increase to 1.00 and
1.35 Hz, respectively. The amplitude in the frequency domain
is normalized to the amplitude when the tester is running.
Based on the frequency domain analysis results, different types
of exercise can be easily determined from the output signal of
the T-ball. A video demo of the T-ball mounted on human hand
as an exercise sensor can be found in Video S3 (Supporting
Information). The T-ball can also function as a dropping sensor
to measure the free dropping distance. Figure 6¢,d shows the
output voltage of the T-ball when it is dropped from dropping
distance of 5 to 25 cm. The output voltage increases with the
dropping distance since higher dropping distance induces
higher backward acceleration on the T-ball. Figure 6e depicts
the output voltage of the T-ball after 10 000 cycles of vibration,
showing the robustness of the T-ball for long-term applica-
tions. The device performance under extreme environmental
conditions such as high temperature and high humidity is very
important for many sensing applications. To demonstrate the
sensing stability of the T-ball, its performance is measured and
compared in underwater environment with different tempera-
ture, as shown in Figure 6f. The output voltage performance
of the T-ball in air and in water with different temperature is
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Figure 6. Self-powered human exercise sensor and stability test. a) Schematic illustration of different type of exercises with the T-ball mounted on hand.
b) The acceleration level and the output voltage from the T-ball when the tester is standing, walking slowly, walking fast, and running. c) The output
voltage from the T-ball when it is dropped to ground from different height distance. d) The relationship between the output voltage and the dropping
distance. €) The output voltage after 10 000 cycles of vibration showing the robustness of the T-ball. f) Photograph of the T-ball for underwater test.
g) Output voltage waveform of the T-ball in air and in water with different temperature. h) Output voltage performance comparison of the T-ball in air

and in water with different temperature.
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depicted in Figure 6gh. From the results, it can be seen that
the performance of the T-ball is almost constant in underwater
environment with temperature increases from 30 to 90 °C,
compared to the performance in air. Its ability to operate in
high temperature, high humidity, and underwater environment
promotes a wide range of extended applications such as under-
water sensor and water wave energy harvester.

4, Conclusion

In this study, a 3D symmetric T-ball is proposed for multimode
energy harvesting and self-powered advanced motion (multi-
axis acceleration and rotation) sensing. A self-powered gyro-
scope for rotation sensing based on triboelectric mechanism is
demonstrated using the T-ball for the first time. The proposed
T-ball can harvest energy under versatile circumstances, such
as multiple and random directional vibration, spinning, rota-
tion, rolling, finger tapping/touching, etc. It is highly adaptable
and practicable to harvest energy from various types of ambient
energy source. Besides, the symmetric structure enables the
T-ball for self-powered 3D acceleration sensing with x, y, and z
direction sensitivity of 6.08, 5.87, and 3.62 V g'! without signal
processing by IC circuit. Moreover, the T-ball can work as a
self-powered gyroscope for rotation sensing and hand motion
recognition with the angular velocity sensitivity of 3.5 mV s°7!,
which shows great potential in smart control system, virtual
reality, and game control applications. In addition, the T-ball
mounted on human hand exhibits good performance as a self-
powered exercise sensor, which provides useful real-time infor-
mation for the healthcare monitoring system. Looking forward,
the proposed T-ball can be a key component paving the way to
eventually realize a self-powered, more complete, and more
accurate motion monitoring system.

5. Experimental Section

Fabrication of the T-Ball: Two hemispherical frames were first
fabricated by 3D printing with the material of Vero clear. The next steps
were carried out on both frames. Al foil pieces were then attached on
both the inner surface and the outer surface of the frames as electrodes.
After that, PTFE thin film was attached on top of the inner Al electrodes.
Kapton tape was utilized to enhance the attachment of the PTFE thin
film on the hemispherical frame. PDMS solution with mass ratio of 10:1
(elastomer base to curing agent) was mixed and coated on the outer
surface of the frame and then cured for 2 h at 60 °C. Next, multiple steel
balls were put inside of one hemispherical structure as movable mass
to create triboelectrification and electrostatic induction. Finally, the two
hemispherical structures were aligned with each other and sealed as a
complete T-ball.

Characterization of the T-Ball: Voltage measurement was conducted
by connecting the output signal to a DSO-X3034A oscilloscope (Agilent)
with a high impedance probe of 100 MQ. Current measurement
was conducted by connecting the output signal to a low noise SR570
current pre-amplifier (Stanford Research Systems). For measuring the
acceleration magnitude, a commercial accelerometer ADXL325 (Analog
Devices) was assembled with the T-ball. Angular velocity was measured
by attaching a commercial gyroscope ADXRS622 (Analog Devices) on
top of the T-ball. To generate rotation motion with controllable rotation
angle and angular velocity, a servo motor connected to a programmable
Arduino UNO was used.
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