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SELF-POWERED TRIBOELECTRIC BASED DEVICES

FIELD OF INVENTION

The invention generally relates broadly to self-powered triboelectric based devices, specifically
to a triboelectric based self-powered 3D sensor for diversified applications such as augmented
reality control, game control and smart control, and to a triboelectric ball for diversified energy
harvesting and self-powered motion monitoring including multi-axis acceleration and rotation.

BACKGROUND

Any mention and/or discussion of prior art throughout the specification should not be
considered, in any way, as an admission that this prior art is well known or forms part of
common general knowledge in the field.

Sensors for collecting force and displacement information have been developed extensively
across the world in recent years. Specifically, tactile sensors or touch sensors have stimulated
huge research interest in recent years [Al, A2] These sensors are embedded into conceptual
Internet of Things (IoT) applications such as medical devices, industrial controls, health and
safety devices, augment reality interaction between human and computers, supply chain tools,
etc. According to the prediction by Cisco [A3] there will be trillions of sensors distributed
around the earth by 2020. It is reasonable to expect that the tactile sensors will share quite a
huge proportion in the trillions of sensors. As current sensors are powered by batteries with
limited lifetime, such huge quantity of exhausted batteries distributed around the world will
cause serious environmental issues. Therefore, self-powered sensors have been developed
rapidly as a solution. Specifically, self-powered tactile sensors attract increasing attention due
to their self-generated working mechanism and energy saving capability for IoT applications.

By transforming mechanical energy to electrical energy, self-powered triboelectric
nanogenerator (TENG) based touch sensors which can generate voltage, current or charge to
indicate the property of applied force, have attracted enormous research efforts recently [1-12].
It is a promising technology for solving the issues in economic development, energy saving
and environment protection. Many high-performance tactile or pressure sensors based on
TENG have been prototyped and investigated. For example, Wang’s group has reported a
tactile sensor with high sensitivity of 44 mV-Pa™ in low pressure range (< 0.15 kPa) [6]. Shi et
al. proposed a liquid triboelectric based microfluidic sensor for pressure sensing and finger
motion monitoring [11]. Meng et al. developed a micro-patterned PDMS touch sensor with
high output performance [12]. However, general forces are composed of normal and shear
components. Although the normal force components were characterized by touch sensors with
high sensitivity and robust performance based on TENG in recent researches [13-17], the shear
force components with direction information are rarely studied by TENG based sensors.
Moreover, the reported TENG based sensors are normally 2D or even 1D sensors. They are not
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able to perform 3D force sensing, which greatly limits their applications in 3D control such as
augmented reality, game control, etc.

Previously, many of TENG models are explained by circuit modes. Under the circuit
explanations, the TENGs are more likely working in vertical contact-separation mode or in-
plane sliding mode. Working under these two modes, large displacement needs to be applied
between layers of TENGs to achieve high output. It results in the consequence that TENGs
need to occupy large space which makes it difficult for shrink-down applications. More
recently, Dharmasena et al. built up a distance-dependent electric field model for TENG based
on Maxwell equations [18]. Wang et al. also proposed explanations for triboelectric and
piezoelectric nanogenerators based on Maxwell displacement current [19]. The electric field
and displacement current theories can be adopted as guidance for designing TENG sensors that
are not working in the two circuit modes with robustness, stable output and small structure
deformations [20].

The working modes of TENG based sensors are rather diverse and could also be applied to
harvest most of conventional mechanical/kinetic motions in our daily life [B44-B51]. For
example, Zhu et al. reported a triboelectric tactile sensor that can achieve high sensitivity of 44
mV-Pain low pressure range (< 0.15 kPa) [B52]. Yi et al. presented a self-powered, single-
electrode-based triboelectric sensor (TES) to accurately detect the movement of a moving
object/body in two dimensions [B53]. Shi et al. proposed a flexible liquid-solid interface
triboelectric based microfluidic sensor for pressure/force sensing and finger bending
monitoring [B54]. Meng et al. demonstrated a self-powered touch sensor with micro-patterned
PDMS to achieve high output performance [B55]. Along the years of research, normal force
components were characterized by TENG based touch/tactile sensors with high sensitivity and
robust performance [B56-B58].However, general applied forces on the sensors are composed
of normal and shear components. The shear force components with direction information are
barely studied by TENG based sensors in the 2D applications as mentioned above.
Furthermore, limitation of structure design of the previous TENG based sensors inhibits their
applications for 3D parameter detection. Specifically, to date, no relevant research has been
conducted using the TENG as a self-powered 3D-controlsensor in AR interactive system.

Also, healthcare monitoring systems are playing a more and more important role in our daily
life to provide useful health information for disease prevention and treatment. 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. Among the versatile aspects of the healthcare monitoring,
motion information of body segments, i.e. biomechanical parameter monitoring, is one
indispensable aspect as useful and opportune knowledge of physical and mental status can be
obtained for rehabilitation or diagnostics purpose. For example, it can be benefited 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. Nowadays
the motion monitoring systems are commonly based on inertial sensor modules including
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multi-axis accelerometer and gyroscope. Commercially available microelectromechanical
systems (MEMS) inertial sensor modules have been widely used for acceleration and rotation
sensing in healthcare and amusement applications [C1-C6]. Although MEMS inertial sensors
have been commercialized and used in diversified applications, self-powered accelerometers
using piezoelectric mechanism and triboelectric mechanism have been investigated and
considered as novel self-sustained sensors for battery-less applications in internet-of-things
(IoT), healthcare and harsh environment monitoring [C7-C11].

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 acceleration detection [C7]. A triboelectric and
electromagnetic hybrid energy harvester with magnet as movable mass was demonstrated for
z-axis acceleration measurement [C8]. A popular device configuration for acceleration sensing
is a symmetric structure, for example, a spherical shaped triboelectric nanogenerator (TENG)
was presented for acceleration sensing as well as vibration and water wave energy harvesting
[C9, C10]. The symmetric spherical structure has great potential to enable multi-axis
acceleration sensing, however, only one-axis acceleration measurement was demonstrated. In
order to realize the detection of multi-axis acceleration, a 3-dimension (3D) acceleration sensor
was developed with the structure of three tube shaped TENGs integrated together along x, y
and z direction [C11]. However, the detection of 3-axis acceleration is actually achieved by
three individual devices rather than one single device, which greatly increases the device size
and complexity. Moreover, a self-power gyroscope has not been reported yet.

Nowadays, the energy source of our daily life is heavily depended on fossil fuels. But with the
fossil fuels running out and the consequent environmental issues (pollution, global warming,
climate change, etc.) along with it, the search for new green energy source is becoming more
and more impending. When more than 70% of the earth surface is covered by water, water
wave energy is an enormous green energy source existing all around the world. However, most
of the water wave energy remains unexplored due to the harsh water environment and the lack
of efficient energy harvesting technologies. Although electromagnetic generators have been
developed to convert water wave energy into electricity, there are still no commercial power
farms demonstrated successfully based on water wave energy harvesting. The main challenges
are low energy conversion efficiency of the turbine based electromagnetic generators, heavy
instruments, water corrosion and high maintenance cost. In search for a reliable and efficient
approach to harvest energy from the huge water wave energy source is highly desirable and
necessary.

In general, self-powered sensing design or dual-purpose design with energy harvesting and
sensing capability is a promising research field to enable long-term and smart motion
monitoring system.

Therefore, research for a more reliable and efficient approach to harvest the huge water wave
energy is highly desirable and necessary. Triboelectric nanogenerator (TENG) based on the
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triboelectrification (or contact electrification) and electrostatic induction has emerged as a
promising energy harvesting technology since 2012 [DS8]. After that, diverse TENGs have been
extensively investigated and demonstrated as an effective approach for harvesting mechanical
energy including vibration, human motions, airflow and water wave [D9-D20]. In comparison
to the traditional electromagnetic generators, the emerging TENG technology shows greater
advantages benefited from the simple device configuration, light weight, wide material choice,
cost effectiveness and easy scalability. Furthermore, large-scale TENG array forming network
structure on water surface has been reported to effectively scavenge the wide-area water wave
energy and produce significant output power [D21-D24]. Due to the aforementioned merits,
TENG provides a more efficient way to harvest the random and large-scale water wave energy.
When trying to harvest the water wave energy, three-dimension (3D) structure is more
advanced and can function better in the complicated water wave environment [D25-D31].
Previously developed 3D TENGs for water wave energy harvesting are normally based on the
design of an encapsulated structure with solid movable mass to create impact on TENGs on
the inner surface. For example, a sealed cubic structure with four TENGs on the inner sidewalls
and a movable ball mass is proposed to convert the slow and random water wave energy into
electricity [D25]. An encapsulated box structure with four wavy-structured TENGs as
sidewalls and a free-moving metal ball as movable mass is reported to harvest water wave
energy [D26]. An enclosed polyhedron structure with 12 sets of multilayer wavy-structured
TENGs and a hard ball for water wave energy harvesting has been demonstrated [D27]. A fully
enclosed TENG with a rolling dielectric sphere inside the spherical shell is proposed for low
frequency water wave energy harvesting [D28]. However, there are three major drawbacks of
these reported TENGs as water wave energy harvesters. First of all, water wave with low
frequency and random direction/amplitude may not cause sizable acceleration on the movable
mass, resulting in low impact force on the TENGs and thereby low output performance. Next,
the outer surface of these developed devices is normally wasted due to the fact that
conventional TENGs cannot work in the water environment, which greatly hinders the energy
conversion efficiency. Last but not least, the performance of the developed TENGs for water
wave energy harvesting is highly susceptible to water leakage. Even small amount of water
leakage can cause device failure due to the conventional solid-solid interface TENG design.
Water leakage may be fatal for the conventional TENGs, but on the other hand, water itself can
function as triboelectric material for power generation in liquid-solid interface TENGs.
Recently, liquid-solid interface triboelectrification between polymer and water or liquid metal
has been investigated for energy harvesting and self-powered sensing applications [D32-D43].
TENGs using this phenomenon have received increasing research effort and developed rapidly.
But current designs mainly focus on energy harvesting from vibration/water drop and self-
powered sensing of ion concentration, pressure, flow rate, etc. Only very limited water based
TENGs have been demonstrated for water wave energy harvesting [D44-D46]. A liquid-solid
electrification based thin film TENG with electrode array covered by fluorinated ethylene
propylene (FEP) is reported for harvesting energy from ambient water motions [D44]. A
flexible and arca-scalable TENG based on triboelectrification between solid and liquid
interface is developed for scavenging kinetic water wave energy [D45]. A hybrid TENG by
integrating interfacial electrification and impact electrification is proposed for harvesting the
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electrostatic energy and impact energy from water wave [D46]. However, these developed
liquid-based TENGs are based on 2D structure designs that are less adaptable in the
complicated water environment compared to 3D structure. For example, variation from water
wave direction can cause significant output degradation for 2D structure design. On the other
hand, liquid-based 3D symmetric structure is expected to be more desirable and effective in
the complicated water wave environment and less susceptible to water leakage.

Embodiments of the present invention provide seek to address at least one of the above
problems.

SUMMARY

In accordance with a first aspect of the present invention there is provided a self-powered
triboelectric based device comprising

a base member comprising a first material,

an actuator member comprising a second material having a work function that differs from the
first material disposed on a first surface of the base member, and

a plurality of electrodes electrically coupled to the base member;

wherein the plurality of electrodes are disposed in a manner such that a direction of a shear
force component applied to the actuator member can be analysed based on electrical outputs
measured via respective ones of the electrodes.

In accordance with a second aspect of the present invention there is provided a self-powered
triboelectric based device comprising

a hollow base member comprising a first material,

one or more actuator members comprising a second material having a work function that differs
from the first material disposed inside the hollow base member in a cavity defined by an
internal surface of the base member, and

a plurality of electrodes disposed below the internal surface of the base member;

wherein the plurality of inner electrodes are disposed in a manner such that movement of the
one or more actuator members can be analysed based on electrical outputs measured via
respective ones of the inner electrodes.

In accordance with a third aspect of the present invention there is provided a user interface
comprising the device of the first or second aspects.

In accordance with a fourth aspect of the present invention there is provided a method of
providing user input using the device of the first or second aspects.
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In accordance with a fifth aspect of the present invention there is provided a energy harvesting
device comprising the device of the second aspect.

In accordance with a sixth aspect of the present invention there is provided a method of
harvesting energy using the device of the second aspect.

In accordance with a seventh aspect of the present invention there is provided a submersion-
detecting device comprising the device of the second aspect.

In accordance with an eighth aspect of the present invention there is provided a method of
submersion-detecting using the device of the second aspect.

DETAILED DESCRIPTION

Some embodiments of the present invention provide a 2D sensor with detail analysis on
working mechanism according to the electric field theory and characterization of the device for
normal force and shear force detecting. The self-powered 2D sensor according to example
embodiments has the capability of detecting not only the normal force but also the shear force
directions. For normal force sensing, it has a linear range of 0-25 N according to an example
embodiment. The open circuit voltage, output charge and short circuit current sensitivity is
0.131 V N!, 0048 nC N! and 0.175 nA N, respectively, according to an example
embodiment. Some embodiments of the present invention provide a 3D sensor for collecting
force and displacement information. The 3D sensor according to example embodiments can
significantly extend the usage scenarios and applications, such as augmented reality force
sensor and motion controller of object movements in 3D free space, game control and smart
control, etc.

Because the theoretical model is limited in 1D or 2D in previous works [A13,A16-A19], the
shear force part is not able to be revealed by TENG. In example embodiments described herein,
from the electric field perspective, the 3D force information is able to be characterized by the
electric field variations due to force applied on the device. Besides, the flexibility of liquid
metal and 3D printing structure preferably ensure that the device has a robust force detecting
capability. In the aspect of shear force detection, embodiments of the present invention can
resolve the shear force direction with step resolution of at least 15°. Additionally, the self-
powered cursor according to an example embodiment is also able to detect the rotation motions
applied on the touch point. This self-powered cursor shows significant potential in the
batteryless and energy saving IoT sensor applications.

Generally, some embodiments of the present invention provide a self-powered 2D and a 3D
sensor based on triboelectric nanogenerator (TENG) for collecting force and displacement
information. Based on the theoretical modeling, simulation and experimental characterization
of the 2D sensor, a more novel 3D sensor is then proposed for 3D control.
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The self-powered 2D sensor according to an example embodiment is made of liquid-metal
mixed with PDMS which deforms under applying force and contacts with PTFE generating the
triboelectric signal to denote the force amplitude. The self-powered 2D sensor according to an
example embodiment has the capability of simultaneously detecting normal force in the range
of 0-25 N and shear force direction (0°-360°) for the first time. The normal force sensing is
characterized by open-circuit voltage, charge and current with the sensitivity of 0.131 V NI,
0.048 nC N and 0.175 nA N!, respectively, according to an example embodiment. The shear
force direction detecting can achieve a resolution of 15°. Because of the positive output voltage
and low internal impedance, the self-powered sensor according to an example embodiment is
readily compatible with commercial portable circuits without the requirement of specified
bulky high-impedance instruments to detect the output voltage. Demonstration of the self-
powered sensor as triggering signal to drive a small vehicle is successfully realized by directly
detecting the output voltage without any periphery signal processing circuits. The 2D sensor
according to an example embodiment can be used to control the in-plane movement of an
object.

In an example embodiment, a 3D sensor is provided that can be used to control the movement
of an object in free space, not limited to only in-plane space. This 3D sensor according to an
example embodiment significantly widens the application to ever large area, such as augmented
reality control, game control, smart control, etc.

Figure 1A shows: a) Working mechanism of the self-powered 2D sensor according to an
example embodiment under normal force based on the electric field change with the applied
force. b) Net induced charge. c) The relationship of contacting area and induced charge with
the applied force. d) Multi-slice electrical potential distribution. e) The relationship of open-
circuit voltage with the applied force. Figure 1B shows: f) The structure with multiple
electrodes and working mechanism for shear force detecting. g) Force component analysis
acting on the self-powered 2D sensor. h) Photo of the Self-powered 2D sensor and its cross
section view.

Based on the electrical field theory of TENG, the working mechanism of the self-powered
cursor according to an example embodiment under normal force is explained in Figure 1A a.
As shown in the sketch, the self-powered cursor 100 consists of top semisphere touch point
102, bottom functional semisphere 104, polytetrafluoroethylene (PTFE) thin film 106,
aluminum electrode 108, and supporting structure (not shown). The bottom semisphere 104 is
made by mixing galinstan (eutectic alloy of 68.5% gallium, 21.5% indium, and 10% tin by
weight) with PDMS in one non-limiting example embodiment. The galinstan-PDMS mixture
functions as one triboelectric layer and conductive material during the pressing period as
Fassler and Majidi uncovered [A25]. Because of the work function difference between
galinstan and PTFE [A26,A27], negative charges will transfer from galinstan surface to PTFE
when they contact with each other. Then, galinstan holds net positive charge and PTFE surface
carries net negative charge, as illustrated in Figure 1A a(i). Due to Coulomb’s law, the total
charge induced in the aluminum electrode 108 is contributed by the negative charge on PTFE
surface and the positive charge on galinstan surface. However, the negative charge on PTFE
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surface almost has no change after several periods of fully contacting due to the saturation of
charge density on PTFE surface. When no force is applied, positive charge is widely separated
in the semisphere of galinstan-PDMS mixture to maintain the electrostatic equilibrium. After
force is applied, the positive charge on mixture is attracted significantly by the negative charge
on PTFE in the contacting area, as illustrated in Figure 1A a(ii). The charge density of the
galinstan surface in the contacting area changes dramatically. The electric field generated by
the positive charge is also enhanced under the contacting area. Corresponding charge pair
would be induced in the aluminum electrode. The charge pair is approximately the same
amount of positive charge accumulated in the contacting area of galinstan. After force is
released and the deformed structure recovers to initial shape, the electric field is weakened and
the charge pairs are also reduced, as illustrated in Figure 1A a(iii). When the electrode 108 is
connected to ground 110 with a resistor 112 as shown in Figure 1b, the induced positive charge
in the electrode 108 would flow to the ground to keep electrostatic equilibrium. This is the
basic qualitative working mechanism of the self-powered cursor under normal force, according
to example embodiments. Based on Gauss’s law, the electric field at fixed positions is
proportional to the source charge amount Q. The charges aggregated on galinstan of contacting
area are derived as

0 = Tl W — Wb {

ey

where e is the charge of an electron, Dy is the number of surface states per unit area and unit
energy, Wmn and W, are the work functions for the metal gallium and PTFE, E; and E> are the
modulus of elasticity for galinstan-PDMS mixture and PTFE film, vi and v are the Poisson’s
ratios, respectively, F is the applied force on the top dome, and R is the radius of sphere. Here,
gallium’s work function has been used to represent the work function of galinstan, because
gallium has consisted the main part of the eutectic alloy according to an example embodiment
as shown by an energy-dispersive X-ray spectroscopy image. The specific values of parameters
were derived from the energy-dispersive X-ray spectroscopy data. As the maximum distance
change between vertex and nadir of sphere is 10 mm which is the diameter in a non-limiting
example embodiment, the theoretical maximum applied force is calculated as 25 N.
Relationships of the contact area A, induced charge O, and applied force F is shown in Figure
lc for an example embodiment, in which the contact area curve and induced charge curve are
overlapping with each other as indicated generally at numeral 114. The relationship of
contacting area with applied force is almost linear in the range of 0-25 N. Meanwhile, the
induced charge Q also has a linear relationship with applied force in the range of 0-25 N. In
sensor applications, voltage has huge significance in characterizing the sensor performance for
its convenience to be read by circuits.

A self-powered cursor preferably has a voltage output around 0-5 V which can be directly read

by commercial portable circuits without any periphery processing circuit. Therefore, the
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voltage output of the bottom aluminum electrode 108 relative to the earth ground should be
derived to characterize the intended sensor performance according to an example embodiment.
In the metal and insulator contacting model, the charge distribution in metal is mathematically
difficult to be calculated. That means that the electric field and electric potential are not able to
be resolved through manual calculation. However, finite element modelling offers an effective
method to simulate the voltage potential of the bottom electrode 108 when the sphere deforms.
A finite element simulation is built up to solidify the qualitative analysis and quantitative
derivations. The multislice electrical potential distribution and open-circuit voltage of the
bottom aluminum electrode 108 are shown in Figure 1d,e, respectively. It can be observed that
the open-circuit voltage has an approximately linear relationship with the applied force (see
curve 116) which is in accordance with the theoretical derivations. Although the maximum
output voltage is around 1800 V which is quite high, this simulation is built up in the vacuum
circumstance. Additionally, recent research of TENG in vacuum environment also solidified
that the output voltage level is reasonable [A28].

In the above description, the force is the normal force. In natural environments, forces are more
likely to be random containing both the normal force component and the shear force
component. The normal force is measured through the above mentioned mechanism. The shear
force can be simultaneously measured by the same mechanism with multiple electrodes. The
device according to an example embodiment with multiple electrodes and working mechanism
is shown in Figure 1A f. There are in total four electrodes E1 to E4 under the PTFE sheet to
perceive the charge distribution changes on galinstan surface as the applied force changes. The
PDMS film 118, circling around the sphere 102/104, confines the sphere 102/104 position in
the center. To demonstrate the working mechanism, the shear force is applied toward electrode
E1 and electrode E4, as shown in Figure 1B f(i). The electric field on E1 and E4 generated by
galinstan in the contacting area is enhanced compared with the initial electric field. On the
contrary, the electric field on electrode E2 and electrode E3 generated by galinstan in the
contacting area is weakened compared with the initial state. Therefore, the current flows from
E1l and E4 to the ground and flows from the ground to E2 and E3. When the force is released,
as shown in Figure 11(ii), the electric fields are back to the initial state and current flows in the
opposite direction. Since charge output, open-circuit voltage, and short-circuit current of each
electrode have proportional relationship with force components shared on the corresponding
electrodes, force magnitude and direction can be determined by outputs of the different
electrodes E1-E4. Although force consisted of the normal force component Forma and the shear
force component Figear, as shown in Figure 1B g, the shear force component Fyeqr dominates
the total force Fiom in the applications of touching a cursor to realize controlling different
direction, namely, the vertical angle o, between total force Fiowm and normal force Fromat, 18
greater than 60°. When force is acting on the top dome 102, the shear force Fpear is resolved
into the compressing and elongation of PDMS film which encloses the sphere 102/104 and
confines the sphere positions 102/104 (compare Figure 1B f). The normal force component
Fromal contributes to form the contacting area which induces outputs of the four electrodes.
When the force is released, the PDMS film will push the sphere back to the initial position.
The direction of shear force can be analyzed by the outputs of four electrodes. In figurelB g,
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the x-axis coincides with the angle bisector of electrode E1 and the y-axis coincides with the
angle bisector of electrode E4. For the cursor application, assuming the angle a has negligible
change in each force applying cycle, therefore, the shear force Fiuear has a proportional
relationship with the normal force Fuoma. In this way, it is reasonable to represent the actual
shear force output voltage amplitude by

@

The horizontal angle 8, between the x-axis positive direction and the shear force, is derived by

E ‘}‘" 3
= tan %f
¥ar

&y

3)

If the amplitude of shear force and angle o are constant during the tests, the theoretical output
voltage of electrode E1 is

)

Based on Equation (4), through the theoretical derivation and force detecting mechanisms, a
self-powered cursor 118 according to an example embodiment is fabricated with 3D printing
technology to characterize the applied force information, as shown in Figure 1B h.

Fabrication of the Self-Powered Cursor according to example embodiments

Based on the theoretical derivation and force detecting mechanisms, a self-powered cursor 118
according to an example embodiment was fabricated with 3D printing technology to
characterize the applied force information, as shown in Figure 1h. The scales or bars e.g. 120
were used to denote the direction of applied force. The angle of the center point to adjacent two
bars was 15°. The PDMS (Sylgard 184 Dow Corning, USA) was mixed with cross-linker by
the weight ratio of 10:1. The solution was then mixed with galinstan (Changsha Santech
Materials, China) by the weight ratio of 1:6.44. After that, the galinstan—-PDMS mixture was
poured into a 3D printing mold to form the bottom semisphere. Then, pure PDMS was kept on
pouring into the mold to form the supporting structure. Next, the structure was degassed and
cured in the oven for 30 min under 80 °C. The structure was then demolded and packaged into
another 3D printing structure with PTFE sheet and aluminum electrode on bottom. Single
electrode design on the bottom of PTFE was ready for normal testing. Separated four electrode
design could be used for shear force testing. Last, PDMS touch point was bonded on top by
PDMS-PDMS bonding method [A30]. To compare the output performance, two other devices
according to example embodiments with the same single aluminum electrode and but different
material-configurations for the triboelectric effect were also characterized.
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Characterization of the Self-Powered Cursor according to example embodiments

Open-circuit voltage, charge output measurements of the devices according to example
embodiments were conducted with electrometer (Keithley 6514). Short-circuit current was
measured by Stanford SR570. The normal force applied on these devices was generated by
force gauge (Mecmesin 2.5-1, Germany). The output voltage of four-clectrode galinstan—PTFE
device according to an example embodiment was measured by Agilent DSO-X 3034A
oscilloscope. The Arduino Uno (Arduino, Italy) and small vehicle (DG012-ATV, USA) were
used in the small vehicle control demonstration.

Characterization of Normal Force Detection according to example embodiments

Figure 2 shows: a) Testing setup of normal force detection. b) The open circuit voltage of three
different devices under 24.7 N normal force (1 - PDMS-Aluminum device according to an
example embodiment; 2 - Gold-PTFE device according to an example embodiment; 3 -
Galinstan-PTFE device according to an example embodiment; Each device is tested for
continuous 20s, here their results are combined to be shown compactly in graphs b-d). c) The
output charge of these three devices. d) The short circuit current of these three devices. €) The
open circuit voltage versus applied normal force. f) The output charge versus applied normal
force. g) The short circuit current versus applied normal force. h) The open-circuit voltage
outputs of four-electrode configuration.

First, with reference to Figure 2a, the hammer of the force gauge is set to be in exact contact
with the vertex of the top dome of the sphere without yielding any deformation. Initially, there
is no net charge generated between the two contacting surfaces of the self-powered cursor
according to example embodiments. Because the sphere radius is 5 mm, the force gauge is set
to run up and down 100 cycles with a displacement of 5 mm to make sure that the bottom PTFE
layer is sufficiently charged. In Figure 2b—g, 1 represents PDMS—aluminum device according
to an example embodiment, 2 represents gold-PTFE device according to an example
embodiment, and 3 represents galinstan— PTFE device according to an example embodiment.
Figure 2b—d show the output waveforms of open-circuit voltage, charge output, and short-
circuit current, respectively, under the same normal force 24.7 N.

In Figure 2b, the open-circuit voltage between the bottom aluminum electrode and the ground
is zero when no normal force is applied. Because the surfaces of galinstan and gold generate
positive charge and PDMS surface generates negative charge, the galinstan—-PTFE device
(curve 3) and the gold—PTFE device (curve 2) have positive open-circuit voltage and the
PDMS—-aluminum device (curve 3) has negative open-circuit voltage. This matches well with
the proposed theoretical model.

Figure 2c¢ shows the output charge of induced electrons flowing from the aluminum electrode
to the ground. The initial output charge is zero when no normal force is applied. Because the
bottom electrodes of galinstan—PTFE device and gold—PTFE device attract electrons and the
bottom electrode of PDMS—aluminum device repels electrons, the galinstan— PTFE device
(curve 3) and the gold—PTFE device (curve 2) have negative output charge and the PDMS—
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aluminum device (curve 1) has positive output charge when the normal force is applied. The
results further consolidate the working mechanism model.

Figure 2d shows the short-circuit current flowing from the aluminum electrode to the ground.
The initial short-circuit current is zero when the applied normal force is static. As the bottom
electrodes of galinstan—PTFE device and gold-PTFE device repels positive charge and the
bottom eclectrode of PDMS—aluminum device attracts positive charge, the galinstan-PTFE
device (curve 3) and the gold—PTFE device (curve 1) have positive short-circuit current peak
and the PDMS—aluminum device (curve 1) has negative short-circuit current peak during
dynamic period of normal force enhancing. In the dynamic period of normal force releasing,
the galinstan—PTFE device (curve 3) and the gold—PTFE device (curve 2) have negative short-
circuit current peak and the PDMS-aluminum device (curve 1) has positive short-circuit
current peak. The result also supports the working mechanism model.

By comparing the output curves in Figure2b-d, it can be found that the galinstan—-PTFE
configuration (curves 3) has the best output performance in open-circuit voltage (maximum
3.23 V), charge output (maximum 1.19 nC) and short-circuit current (peak—peak maximum
4.31 nA). The maximum voltage output of gold-PTFE device (curve 2) and PDMS—-aluminum
device (curve 1) are only 0.53 V and 2.57, respectively. Based on the measured charge output
amount, the surface charge density generated by galinstan—PTFE contacting is calculated to be
20.2 uC m~2. Although the experimental values have some deviation from the theoretical value
168 uC m™, they are relatively comparable and reasonable because the testing environment
weakens the output by many factors such as humidity, temperature, surface abrasion,
fabrication defects, and so on. The surface charge density generated by gold—PTFE device is
4.04 uC m, which is much smaller than galinstan-PTFE device. The theoretical charge
density value is 72.9 uC m™2 This theoretical value is smaller than galinstan—PTFE device
which corresponds to the measured charge density comparison of the two devices. Concluded
by Schein, when gold contacts with PTFE, it may even gain the negative charges [A29].
Besides, its fragile property also weakens the output charge. During the experiment, fragments
of gold were found attached onto the PTFE surface while galinstan has no residue on PTFE
surface. Therefore, this suggests that the liquid phase galinstan has superiority over other solid
metals coated on the PDMS surface to contact with PTFE.

Figure 2e—g show the relationship of output performance and the applied force. These outputs
show good linear range from 0 to 25 N, which is consistent with the theoretical and simulation
results. The open-circuit voltage, output charge, and short-circuit current sensitivity are 0.131
VN1, 0.048 nCN™!, and 0.175 nA N7!, respectively. This linear property is quite useful in the
self-powered cursor application for normal force measuring. In the 25-40 N range, the output
gradually saturates and the displacement of force gauge hammer (compare Figure 2a) finally
reaches the maximum 5 mm. Because the hammer is very close to the bottom semisphere in
the last step and the hammer is connected to the ground which is default set by the machine,
the charge on the bottom semisphere is partially coupled by the hammer. Therefore, the outputs
have a saturation trend in the range of 25-40 N which is corresponding to the displacement
4.5-5 mm of the hammer.
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For the PDMS—aluminum device, the open-circuit voltage (curve 1 in Figure 2e) becomes
smaller as the applied normal force increases, while charge output and short-circuit current
keep increasing to saturation in the last step. Here, bottom PDMS semisphere is the only
dielectric material and has no capability of shielding electric field. Therefore, the induced
positive charge on the bottom aluminum electrode is weakened by the ground-connected
hammer. In the charge output and short-circuit current tests, the measurement circuit is
connected directly to the ground. There is no impedance and the induced charge flows freely
to the ground during the dynamic period of force applying. Therefore, the hammer has less
influence on weakening induced charge of bottom electrode in contrast to open-circuit voltage
tests. Additionally, the PDMS—aluminum device’s output voltage is negative (curve 1 in Figure
2b) during the period of force applying because the bottom PDMS semisphere surface is
negatively charged. The negative output property is not compatible for the majority of
commercial circuits. Considering the output stability with metal shielding capability, high
output performance, and positive output voltage of the galinstan-PTFE device, this
configuration is chosen for the self-powered cursor application in a non-limiting example
embodiment which can be directly connected with the commercial portable circuits.

After measuring the single electrode configuration for the above three devices, the galinstan—
PTFE structure is chosen to be further investigated as an example embodiment, integrated with
four separated electrodes. The open-circuit voltage outputs of four electrodes in the 0-24.7 N
linear range are shown in Figure 2h. The four curves show similar linear property and
comparable output amplitude compared with the single electrode device. The voltage output
difference of the four electrodes is due to the fabrication and assembling deviations. In force
measurements, these discrepancies can preferably be eliminated by normalizations which will
be discussed in the next section.

Characterization of Shear Force Detection according to example embodiments

Figure 3A shows: a) The illustration of shear force testing. b) Output voltage waveform of the
four electrodes of a sensor according to an example embodiment by reciprocation and rotation
motions in different directions. c)-f) Zoom-in voltage waveforms of the reciprocation motions.
Figure 3B shows: g)-j) Zoom-in voltage waveforms of the reciprocation motions. k)-n) Zoom-
in voltage waveforms of the rotation motions.

In the characterization experiments, to make the testing results reliable, the force is applied at
the limitation of finger capability on the top dome of the cursor keeping the same amplitude
around 10 N and same vertical angle o nearly 80° in different horizontal directions. The
illustration of force applied is shown in Figure 3A a. The horizontal direction change of force
is realized by following along direction scales on the sensor. The interval between two scales
is 15°. Due to the low input impedance 1 MQ of the Agilent DSO-X 3034 A oscilloscope used
comparing to 200 TQ of Keithley 6514 electrometer used, the output voltages are only a small
portion of the open-circuit voltages and have peak—peak characteristics. However, they can be
used to resolve the horizontal direction of the shear force since output voltages are still
proportional to the force amplitude. Additionally, the reciprocation motion of finger is repeated
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for more than 15 cycles to calculate the mean values of output voltage peak—peak values to
elevate the accuracy and reliability of measurements.

Figure 3A b includes 8 reciprocation motions and 4 rotation finger motions. Each motion
contains 20 s and more than 15 voltage peaks. E1, E2, E3, and E4 are used to represent the
voltage from electrode 1, electrode 2, electrode 3, and electrode 4 of the sensor according to
example embodiments. To differentiate the output voltage waveforms of each electrode, E2,
E3, and E4 have the positive voltage offsets of 30, 60, and 90 mV, respectively. Figures 3A c—
f and Figures 3B g-j show the zoom-in figures of each motion. Direction of 0°-180° as the
reference direction (RD) represents the reciprocation motion in line with the “0°” and the
“180°” scales on the sensor. The other 7 reciprocation motions have the directions in line with
the “30°” and the “210°” scales, in line with the “40°” and the “225°” scales, in line with the
“60°” and the “240°” scales, in line with the “90°” and the “210°” scales, in line with the “120°”
and the “300°” scales, in line with the “135°” and the “315°” scales, and in line with the “150°”
and the “330°” scales, respectively (compare Figure 3A a).

In Figure 3A c, the amplitudes of E1, E2, E3, and E4 are almost the same due to the same
contacting area on each electrode during the operation period. There are small differences in
the magnitudes due to the fabrication deviations. In addition, E1 and E4 are in the same phase
and both are in opposite phase against E2 and E3. The phase of E1 in RD is set as the reference
phase. The opposite phase of the reference phase is denoted with a negative symbol “—” before
the output value. In Figure 3A d, the phases of E1, E2, E3, and E4 keep the same phase as in
RD. E2 and E4 are attenuated and E1 and E3 are improved because the contacting area becomes
smaller for E2 and E4 but becomes larger for E1 and E3. In Figure 3A e, E2 and E4 decrease
to the lowest nearly zero, while E1 and E3 increase to the largest values because the contacting
area are all on E1 and E3. In Figure 3A £, E1 and E3 have slight attenuations and phases keep
the same as in RD. E2 and E4 increase a little and phases are opposite from that in RD. In
Figure 3B g, E1 and E3 keep on decreasing with phases the same as in RD. E2 and E4 keep on
increasing with phases opposite from RD. The amplitudes of E1, E2, E3, and E4 are almost the
same as Figure 3A c due to the same contacting area. In Figure 3B h, E1 and E3 decrease and
phases are opposite from that in RD. E2 and E4 increase with opposite phases from RD. In
Figure 3B i, E1 and E3 decrease to almost zero. E2 and E4 increase to the maximum. In Figure
3B j, E1 and E3 increase a little, while E2 and E4 have slight attenuations. In summary, the
shear force direction can be detected by the self-powered cursor through differentiating the
amplitudes and phases of the four outputs.

Figures 3B k—n show the zoom-in figures output results for the rotation motions of finger
around the center of the sensor according the example embodiment. In Figure 3k, E1, E2, E3,
and E4 have a time delay in turn, as indicated by the arrow. This delay shows the motion is a
clockwise rotation for Figures 3B k and 1. The rotation period is 0.64 ms in Figure 3B k. In
Figure 3B 1, E1, E2, E3, and E4 also have a time delay in turn with larger period of 1.40 ms, as
indicated by the arrow. It is a slower clockwise rotation compared to Figure 3B k. In Figure 3B
m, E1, E2, E3, and E4 have a time advance in turn, as indicated by the arrow. This time advance
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shows the rotation is a counterclockwise rotation. The rotation period is 0.60 ms. In Figure 3B
n, E1, E2, E3, and E4 also have a time advance in turn with larger period of 1.43 ms, as
indicated by the arrow. It is a slower counterclockwise rotation comparing with Figure 3m.
Therefore, except for shear force direction detection (compare Figures 3A c-f and Figures 3B
g-j), the self-powered cursor according to example embodiments is also able to detect the
rotation direction and period of the finger motion. This greatly broadens the self-powered
cursor according to example embodiments for more advanced control applications.

In the above presented testing results, the output trends of each electrode for different force
directions have been illustrated in detail. To minimize the fabrication deviations, the output
from each electrode can be normalized by the corresponding maximum value and will be
discussed with reference to Figure 4.

Figure 4 shows: a) The normalization of theoretical output voltage with different shear force
directions for a sensor according to an example embodiment. The direction number 1, 2, 3, 4,
5, 6,7, 8 and 9 represents the directions of Figures 3c-j, respectively. b) The normalization of
the experimental output voltage found in the experiments with different shear force directions
for the sensor according to the example embodiment.

The normalizations of the theoretical and experimental output voltage values are compared and
shown in Figure 4. The curves from experimental results according to the example embodiment
match quite well with the theoretical values from Equation (4). When force is applied in any
horizontal direction, any two adjacent electrodes would have the positive output voltage and
the other two have negative voltage, namely opposite phase. Through comparing voltage
amplitude ratio and phase of the four electrode outputs, the horizontal direction of the force
can be resolved accurately. With a more reliable testing platform, the shear force can also be
calibrated under the same vertical angle a.

To further broaden the application of the self-powered cursor according to example
embodiments without the limitation of constant vertical angle o, each of the multiple (e,g. E1
to E4) electrodes can be deposited as the bottom electrode in radial sections. The shear force
amplitude can be measured by the outmost radial electrode section which lies in the boundary
of contacting area and the shear force direction could be calculated in the same way as for the
self-powered cursor according to an example embodiment as described above. The normal
force could be derived as the whole output of the electrode sections in the contacting area. In
this way, the force in any direction of half 3D space can be resolved thoroughly.

Self-Powered Cursor Demonstration according to example embodiments

Figure 5 shows: a) The photograph of a small vehicle and a self-powered 2D cursor with
processing unit according to an example embodiment (left side) and a schematic circuit block
diagram of the control mechanism according to the example embodiment (right side). b) The
voltage output waveform read by Arduino Uno for El1 to E4 of the self-powered cursor
according to the example embodiment.
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To examine whether the cursor’s output voltage is compatible with present commercial
portable circuits, the self-powered cursor 500 according to an example embodiment is directly
connected with an Arduino Uno board 502 to control a small vehicle 504, as shown in Figure
5a. The Arduino Uno board 502 is programmed to read the output voltage of the cursor 500
and output corresponding signals to control the small vehicle 504 to move forward and
backward. Figure 5b depicts the readout values when force is applied in 0° and 180° directions.
To differentiate each electrode output in the figure, E2, E3, and E4 have a 5, 10, and 15 V
positive offset against E1, respectively. The output voltage of each electrode has a voltage
amplitude in the range of 0-5 V. For the force applied forward and backward cyclically, E1
and E4 are in the same phase and opposite phase against E2 and E3. The results match well
with the theoretical and experimental output in the reciprocation motion described above with
reference to Figure 4.

Accordingly, a self-powered cursor according to an example embodiment is provided and
investigated with complete theoretical model, experimental characterization, and application
demonstration. The self-powered cursor according to the example embodiment can detect both
the normal force and shear force. In the non-limiting example embodiment, in detecting the
normal force, it shows a linear range from O to 25 N. The open-circuit voltage, output charge,
and short-circuit current sensitivity is 0.131 V N7, 0.048 nC NI, and 0.175 nA N7,
respectively. In the aspect of shear force detection, the self-powered cursor according to the
non-limiting example embodiment has the capability of differentiating the horizontal direction
with resolution of at least 15°. A theoretical analysis of thoroughly resolving force in any
direction of half three-direction space is proposed. Additionally, the self-powered cursor
according to the example embodiment is also able to detect the rotation motions circling around
its touch point. Moreover, the self-powered cursor according to an example embodiment is
successfully demonstrated as the interaction interface for small vehicle controlling. The self-
powered cursor according to the example embodiment shows great potential for sensing and
controlling in batteryless and energy saving applications.

Self-powered virtual reality 3D-control sensor according to an example embodiment

Next, a self-powered virtual reality 3D-control sensor (hereinafter also abbreviated as VR-3D-
CS) according to an example embodiment based on triboelectric mechanism for controlling the
attitude (both the position and rotation) of an object in 3D virtual space will be described. This
cost-effective, simple-designed sensor has a symmetric 3D structure with eight separated
sensing electrodes and two touching spheres as the interactive interface with human fingers for
3D force information sensing and virtual reality (VR) controlling. Based on the coupling effect
of triboelectrification and electrostatic induction, the VR-3D-CS according to an example
embodiment generates different electric output signals in response to different operation
manner that can be used to control the attitude of objects in 3D virtual space. The symmetrical
3D configuration design of the sensor enables the detection of 3D force from both the normal
direction and shear direction. By employing vector properties of force and signal analysis from
the eight sensing electrodes, detection of six-axis directions in 3D space is achieved by
triboelectric mechanism for the first time. The VR-3D-CS according to an example
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embodiment has been demonstrated to be able to detect normal force in the range of 0-18 N. It
can resolve the shear force direction with step resolution of at least 15°. In addition, due to the
positive output voltage and low internal impedance, the VR-3D-CS according to an example
embodiment is readily compatible with commercial portable signal processing systems for
signal analysis and controlling. Demonstration of the VR-3D-CS according to an example
embodiment as interactive interface for Augmented Reality (AR) control was successfully
realized. The robust structure, stable output performance and self-powered sensing property
enable the VR-3D-CS according to example embodiments as an ideal human machine interface
towards AR interface, batteryless and energy saving applications.

Specifically, a self-powered, triboelectric based virtual reality 3D-control sensor (VR-3D-CS)
according to an example embodiment is provided by the coupling of contact electrification and
electrostatic induction. The VR-3D-CS has a novel structure design of two opposite touch
spheres and separated sensing electrodes for 3D force information sensing and controlling. By
moving two spheres toward same directions or opposite directions, 3D space coordinates (X,
Y, Z and 6x, 0y, 6z) can be detected and controlled. Six-axis directions in 3D space are detected
by triboelectric mechanism for the first time. When the sphere under external force approaches
or leaves the triboelectric layer, it will change the distribution of the local electric field, which
would lead to a flow of electrons moving back and forth between the electrodes and ground.
The working mechanism of the VR-3D-CS according to example embodiments is analysed
according to the electric field theory and characterization of the VR-3D-CS for normal force
and shear force detection. Using the vector properties of forces, the attitude-control function in
3D space was realized. The VR-3D-CS generates electric output signals in response to different
operation manner for attitude-control of objects in 3D virtual space.

Fig. 6 Shows: (a) The symmetrical structure of the VR-3D-CS 600 according to an example
embodiment, including two touch-sphere-based modules M-A and M-B. (b) Working
mechanism of the touch-sphere-based components M-A, M-B of the VR-3D-Cs 600 under
normal force based on the electric field change with the applied force. (c)Working mechanism
of the touch-sphere-based components M-A, M-B of the VR-3D-Cs 600under tilted force. (d)
Ilustration of operation chart of the VR-3D-Cs 600. (e) The relationship between the detection
principle of the VR-3D-Cs 600 and (f) the motion of an object 602 in 3D virtual space.

The symmetric VR-3D-CS 600 according to an example embodiment is composed of two
identical non-planar TENG sensing modules, named M-A and M-B as shown in Fig. 6(a). Each
single module M-A, M-B consists of top semi-sphere touch point 604, bottom functional semi-
sphere 606, polytetrafluoroethylene (PTFE) thin film 608, aluminium (Al) electrode 610 and
supporting structure (indicated at numeral 612 in Figure 6(a). In a non-limiting example
embodiment, the bottom semi-sphere 606 is made by mixing galinstan (eutectic alloy of 68.5%
gallium, 21.5% indium and 10% tin by weight) with polydimethylsiloxane (PDMS). The
galinstan-PDMS mixture functions as one triboelectric layer and conductive material [C59].
The working mechanism of each module M-A, M-B under normal force and titled force are
shown in Fig. 6(b) and (c) ,respectively. Under the tilted force, the each module M-A, M-B can
detect both the normal and shear force components simultaneously as shown in Fig. 6(c). The
17



WO 2020/013764 PCT/SG2019/050339

attitude-control principle of the VR-3D-CS 600 is shown in Fig. 6(d-f). By the vector
decomposition of the forces acting on the spheres e.g. 614, the normal and shear forces on the
two modules M-A, M-B are depicted by Fig. 6(¢). Through the combinational detection signals
of the normal and shear forces, the 3D attitude-control of the object 602 in the space (Fig. 6(f))
can be realized along six axes (X, Y, Z and 6x, 6y, 0z) in the rectangular coordinate system
(Fig. 6(e)).

The basic qualitative working mechanism of the VR-3D-CS 600 according to an example
embodiment under normal force is shown in Fig. 6(b) for each module M-A, M-B. Because of
the work function difference between galinstan and PTFE [B60,B61], a physical contact
between the two dielectric films, i.e. between the bottom semi-sphere 606 and the PTFE thin
film 608, with distinct electron affinity creates oppositely charged surfaces. Negative charges
will transfer from galinstan surface of the bottom semi-sphere 606 to the PTFE thin film 608,
which causes the PTFE surface to carry net negative charge. Due to Coulomb’s law, the total
charge induced in the Al electrode 610 is contributed by the negative charge on the PTFE
surface. When the force Fiota 1S applied, the positive charge on the galinstan surface is attracted
significantly by the negative charge on the PTFE surface in the contacting area. The electric
field generated by the positive charge is also enhanced under the contacting area.
Corresponding charge pair would be induced in the Al electrode 610, with the resulting current
flow to ground (via a resistor e.g. 616) from the Al electrode 610. After force is released and
the deformed structure recovers to initial shape, the electric field is weakened and the charge
pairs in the Al electrode 610 are also reduced, i.e. the induced positive charge in the Al
electrode 610 would flow to the ground, with a resulting current flow from ground (via resistor
to the Al electrode 610 to keep electrostatic equilibrium.

Optimizing the contact area and structure of the TENG in each module M-A, M-B can
effectively increase the overall triboelectric charge density. Thus, the structure of the PTFE
film 606 is designed in this example embodiment to be hemispherical, as shown in Fig. 6(a-c).
The contact area A of the galinstan-PDMS semi-sphere 606 and the PTFE film 608 is an
approximate circle in the model used to analyse the example embodiment, as will now be
described.

Based on the contact area between two different materials given by Hertz hypothesis, the area
can be calculated as:

%
&1 ka3

(AD)

where Sa is the contact area of galinstan-PDMS semi-sphere 606 and PTFE film 608 under the
force, E1and E> are the modulus of elasticity for galinstan-PDMS mixture and PTFE film 608,
respectively, viand vz are the Poisson’s ratios, respectively. F is the applied force on the top
semi-sphere 604 and Riand R; is the radius of the galinstan-PDMS semi-sphere 606 and PTFE
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layer 608, respectively. Because the galinstan is still liquid phase in the galinstan-PDMS
mixture, the modulus of elasticity is referred to the value of PDMS.

The surface charge density, ¢ of galinstan-PDMS and PTFE contacting area is given by [B61]:

o = eD, (W, — W,)
(A2)

where e is the charge of an electron, Ds is the number of surface states per unit area and unit
energy. Wi and W, are the work functions of the metal gallium and PTFE. Gallium’s work
function has been used to represent the work function of galinstan, for gallium is the main part
of the eutectic alloy. The charge amount @ generated on galinstan surface of the contacting
area is then derived as:

=g -4
¢ (A3)

Combing Equations (Al) to (A3), the generated charge can be calculated. The material
parameters in the equation can be obtained in Table 1 from the literature [B61-B67].

Table 1 Matenal parameters

Parameter Name Symbel Yalue
Sphere diameter R S m
PTFE sheet thickness a eyt m
galinstan-PORS miviues elastic modutus F, 75 hiPa
PTFE sheet elashic modulus E; 153GPs
gafinstan-PORS mivhees Podsson™s ratio Y {.a

PTTE sheet Polsaon’s ratio i 441
Charge of electron o -LExi O
WaruT pernsiivty 5 854N P
Relative pernutiivity of PIFE EA 21
amber of surfice wiates ) FIO eV e
Work fanction of PTEE Fa 375 eV
Work fmmction of Galling N $35eV
Whrk fmaction of Alhvminom Fy eV
Work fnction of Gold 5 51eV

It is assumed that the galinstan-PDMS semi-sphere 606 can achieve a spherical contact area of
chord length of 10mm under normal force according to a non-limiting example embodiment.
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The theoretical maximum normal force is calculated as 18 N through Equation (A1). The
relationship of contacting area and induced charge Q against with applied force is almost linear
in the range of 0-18 N. Therefore, the normal force can be measured through above-mentioned
mechanism.

The value and direction of shear force component can be simultancously measured by the
design of four quadrant electrodes as shown in Fig. 6(c) and Fig. 7.

Fig. 7 shows: (a) Force component analysis acting on self-powered sensor according to an
example embodiment. (b) The structure form with four electrodes and working mechanism for
shear force detecting.

As the applied force changes, the four electrodes E1 to E4 under the PTFE sheet 608 perceive
the change distribution. A PDMS film (not shown in Fig. 7, compare 805 support structure in
Figure 8 described below) supports the top and bottom semi-sphere structures, circling around
the sphere 604/606, confines the sphere 604/606 position in the center. The force Fiora applied
on the top PDMS semi-sphere 604 of the sensor can be resolved into two parts, as shown in
Fig. 7(a). The force contributes to form the contacting area between the galinstan-PDMS semi-
sphere 606 and PTFE 608, which induces outputs of corresponding electrodes. When the force
is released, the PDMS film 608 will push the sphere 604/606 back to the initial position.

To demonstrate the working mechanism, a total force Fiora is applied so that Fipear is at an angle
@ to the x axis, compare Fig. 7(b). The electric field on E1 and E4 generated by galinstan in the
contacting area is enhanced comparing with the initial electric field. Therefore, the current
flows from E1 and E4 to the ground. When the force is released, the electric fields are back to
the initial state and current flows in the opposite direction. Since charge output, open circuit
voltage and short circuit current of each electrode have proportional relationship with force
components shared on the corresponding electrodes, force magnitude and direction can be
determined by outputs of the different electrodes. Fig. 7(b) is a projection of the spherical
surface of the PTFE layer 608 at the bottom. The X and Y axes coincide with the two lines of
the E4 electrode sector, respectively.

For the sensor application according to example embodiments, the amplitude of the output
voltage of shear force is represented by

F . fTrE L s
shegr — % g’ﬁ‘.‘}. + E’{E‘.{;
(Ad)

As shown in Fig. 7(b), the horizontal angle 6, between the x-axis positive direction and the
shear force component, is derived by

8 = 45° — tgn-t 18
¥y
(A5)
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Fabrication process of the self-powered sensor according to example embodiments

Photos of a sensor according to an example embodiment are shown in Fig. 8(a). The detailled
fabrication process according to an example embodiment is shown in Fig. 8(b). (i) The PDMS
(Sylgard 184 Dow Corning, USA) is mixed with cross-linker by the weight ratio of 10:1. The
solution is then mixed with galinstan (Changsha Santech Materials, China) by the weight ratio
of 1: 6.44 in the crucible, and then the mixture is fully stirred and grinded until the galinstan is
completely mixed with the liquid PDMS. Then the mixture is poured into a 3D printing mold
802. (ii) Pure PDMS is then poured into the partially filled mold 802 for the supporting
structure 805. The filled mold 802 is cured in an oven immediately for 60 minutes under 70°C
to solidify the PDMS to form the bottom semi-sphere 804 and supporting structure 805. (iii)
Next, pure PDMS is poured into another mold 808 (corresponding to mold 802) to form the
top sphere 810. (iv) After the structure is degassed and cured in the oven for 60 minutes under
70°C, the top semi-sphere 810 is taken out of the mold 808 to spare. (v) The frame 812 of the
sensor is fabricated with 3D printing technology. The PTFE sheet 814 and Al electrode 816 are
placed on bottom. (vi) The structure 804/805 fabricated by step (ii) is then demolded and
packaged into frame 812. (vii) The PDMS top semi-sphere 810 is then bonded on the bottom
semi-sphere 804 by PDMS-PDMS bonding method on the supporting structure 805. (viii) Two
modules 818, 820 are attached back to back together to form a complete sensor 822.

Characterization of normal force detection according to example embodiments

From the above analysis, the force acting on the sensor according to example embodiments
contains normal force and shear force components. The shear force component has a
proportional relationship with the normal force component. Therefore, the detection of normal
force is performed next. Because of the symmetrical structure design of the VR-3D-CS
according to an example embodiment, the normal force was detected for each module
individually. First, the hammer of the force gauge is set to be exact contact with the vertex of
the top semi-sphere without yielding any deformation. Because the semi-sphere radius is 5 mm
in a non-limiting example embodiment, the force gauge is set to run up and down 50 cycles
with a displacement of 6mm to make sure the bottom PTFE layer is sufficiently charged.

Fig.9A shows: (a) Testing setup of normal force detection for each module of a VR-3D-CS
according to an example embodiment. (b) The open circuit voltage under 18 N normal force.
(c) The output charge. (d) The short circuit current. (¢) The open circuit voltage versus applied
normal force. (f) The output charge versus applied normal force. Figure 9B shows: (g) The
short circuit current versus applied normal force. (h) The open-circuit voltage outputs of four-
electrode configuration (M-A). (i) The open-circuit voltage outputs of four-electrode
configuration (M-B). (j) The reliability test of E1 under pressure of 10N. The voltage change
curves were recorded after each 2500 cycles and 100 cycles of data were presented in each
recording. (k)-(m) The reliability test of E2-E4.

Specifically, the testing setup is shown in Fig. 9A (a). Fig. 9A (b-d) shows the E1 and E1’
outputs performance of modules M- A and M-B, respectively.
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It can be readily found out that the modules according to an example embodiments have the
output performance in open-circuit voltage (maximum 65 V), charge output (maximum 19.3
nC) and short circuit current (peak-peak maximum 0.2 pA). Open circuit voltage, charge
output measurements of the devices were conducted with Electrometer (Keithley 6514). Short
circuit current is measured by Stanford SR570. The normal force applying on the devices is
generated by the force gauge (Mecmesin 2.5-1, Germany).

Fig. 9A (e-f) and Fig. 9B (g) shows the relationship of output performance against the applied
force. These outputs show good linear range from 0 to 18 N, which is consistent with the
theoretical and simulation results. The open circuit voltage, output charge and short circuit
current sensitivity are 3.6 VN, 1.1 nC N and 11.1nA N°!, respectively. This linear property
is quite useful in the self-powered sensor application for normal force measurement. The open
circuit voltage outputs of the four electrodes in 0-18 N linear range are shown in Fig. 9B (h)-
(i). The four curves show similar linear property and comparable output amplitude comparing
with the single (E1) electrode. The cycling stability of a VR-3D-CS according to an example
embodiment under normal force of 10 N is tested as shown in Fig. 9B (j)-(m) by measuring the
open circuit voltages of the electrodes E1-E4, respectively. The consistent voltage can be
maintained after 10,000 loading—unloading cycles, implying long working life and reliability
of VR-3D-CS according to example embodiments.

Characterization of shear force detection according to example embodiments

To make the testing results reliable, the force is applied at the limitation of finger capability on
the top semi-sphere (or dome) of the sensor according to example embodiments in a
configuration as shown in Fig. 6(d). Thumb and index fingers keep the same amplitude around
10 N and same vertical angle in different horizontal directions. First, the shear forces along the
direction of X and Y axes (0°, 90°, 180°, 270°) are detected, as shown in Fig. 10.

Fig. 10 shows: (a-d) Output voltage waveform of module M-A by repetitive motions in 0°, 90°,
180°, 270° directions. (e-h) Output voltage waveform of module M-B by repetitive motions in
0°, 90°, 180°, 270° directions.

Due to the low input impedance (1 MQ) of the oscilloscope (Agilent DSO-X 3034A) used for
the measurements comparing to 200 TQ of Keithley 6514 electrometer, the output voltages are
only a small portion of the open-circuit. It can be used to resolve the horizontal direction of the
shear force since output voltages are still proportional to the force amplitude. The repetitive
motion of finger is repeated for more than 5 cycles and the peak-peak output voltages are
calculated to elevate the accuracy and reliability of measurements.

To differentiate the output voltage waveforms of each electrode, E2(E2”), E3(E3’) and E4(E4’)
have the positive voltage offsets of 60 mV, 120 mV and 180 mV, respectively.. In Fig. 10(a)
and (e), the amplitudes of E2(E2’) and E3(E3’) are nearly zero, while the value of E1(E1”) and
E4(E4’) are larger values because the contacting area are all on E1(E1’) and E4(E4’). E1(E1”)
and E4(E4’) are almost the same due to the same contacting area on each electrode during the

operation period. There are small differences in the magnitudes due to the fabrication
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deviations. In the same way, the 90° direction is characterized by the same value of E3(E3’)
and E4(E4’)and the minimum value of E1(E1”)and E2(E2”). The 180° and 270° directions are
analogous in turn as shown in Fig. 10(c), (g) and Fig. 10(d), (h).

From Equation (A5), it can be seen that the angle 0 is calculated by the voltage amplitudes of
two adjacent electrodes. In order to detect the resolution of the angle 6, the repetitive motion
of finger is moving in different directions, respectively, increasing in units of 5°.

Fig. 11 shows: (a) Repetitive motion of finger in different directions from 5°to 30°, increasing
in units of 5°. (b) The voltage value of four electrodes corresponding to the operation of (a).
(c) Relationship between the measurement curve with error bars of Vi1/VEes and the theoretical
curve. (d) Repetitive motion of finger in different directions from -45° to 45°, increasing in
units of 15°. (e) The voltage value of four electrodes corresponding to the operation of (d). (f)
Relationship between the measurement curve with error bars of Vei/Ves (0-45°), Ve4/VE1 (-
45°-0), and the theoretical curve.

Taking M-A as an example as shown in Fig. 11(a) and (b), the voltage value of E1 gradually
decreases as the angle changes, and the voltage value of Edincreases because the contacting
area is increased. In order to calculate and plot the average voltage ratio of Vgi1/Ves with error
bar according to example embodiments, the output voltage of each electrode was tested and
the ratio for 15 times at every 5° was calculated. As shown in Fig. 11(c), it can be seen that at
every 15°, the ratio value can be clearly distinguished without overlap area, as indicated by the
broken horizontal lines. Therefore, it was defined that the shear force resolution detection
according to example embodiments has achieved a resolution of 15°.

To further verify the accuracy of the resolution, Fig. 11(d), (e).,(f) show other 7 repetitive
motions with the directions of -45°, -30°, -15°, 0°, 15°, 30° and 45°, respectively. Fig. 11(f)
shows the ratio value with error bar as the angle changes from -45° to 45°, increasing in units
of 15°. The error bars of the 7 motions have no overlap area in the projection of ordinate. The
sensor according to example embodiments can accurately identify the direction of the shear
force with a resolution of 15°. In Fig. 7(b), the angle 6 was defined as the acute angle between
the x-axis positive direction and the shear force. So the ratio in equation (AS5) is changed to
VEe4/VE1 when one needs to analyse negative degrees (0 to -45°). Therefore, the result shown
in Fig. 11(f) is bilateral symmetry from O degree and the ordinates are Vi1/Ves4 and Vg4/VE1,
respectively. When the angle exceeds -45° or 45°, the calculation will change to the next pair
of electrodes correspondingly.

In summary, the shear force direction can be detected by the self-powered sensor according to
example embodiments through differentiating the amplitudes and phases of the four outputs.
In order to increase the angle resolution and extend the sensor applications in example
embodiments, the Al electrodes structure can be optimized to change the voltage ratio Ve1/Vis
for increasing the resolution, for example by increasing the number of electrodes, such as 8
sector electrodes, 16 sector electrodes. . .etc..
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Fig. 12 shows: Voltage waveforms of the rotation motions of each module M-A, M-B
according to example embodiments. (a) The motion of a clockwise rotation of M-A at a high
frequency. (b) The motion of a clockwise rotation of M-B at a low frequency. (¢) The motion
of a counter-clockwise rotation of M-A. (d) The motion of a counter-clockwise rotation of M-
B.

Specifically, Fig. 12 shows the output results for the rotation motions of the finger around the
central axis of the single module. In Fig. 12(a), E1, E2, E3 and E4 have a time delay in turn,
indicated by the dotted arrow. This delay shows the motion is a clockwise rotation. The rotation
period is about 1s. In Fig. 12(b), E1°, E2°, E3” and E4’ also have a time delay in turn with a
low frequency, indicated by the less steep dotted arrow. In Fig. 12(c) and 12(d), E1(E1’),
E2(E2’), E3(E3’) and E4(E4’) have a time advance in turn as indicated by the dotted arrows
with different slopes. This time advance shows the rotation is a counter-clockwise rotation.
Therefore, in addition shear force direction detecting, the VR-3D-CS according to example
embodiments is also able to detect the rotation direction and period of the finger motion. This
greatly broadens theVR-3D-CS according to example embodiments for more advanced control
applications. In the next section, the role of rotation direction according to example
embodiments will be introduced.

Strategy and characterization of 3D attitude-control according to example embodiments

At first, the kinematic analysis of an object in the rectangular coordinate system is studied. In
3D space, the transformation between different coordinate systems is the transformation of the
different original points and coordinate axes. The rotation of the two coordinate systems can
be regarded as a coordinate system that rotates three times to another coordinate system, and
the three rotation angles are Euler angles in Equation (A6). Because the translation and scale
transformation are simple, the rotation transformation in the rectangular coordinate system is
considered for the convenience of attitude-control. And later an experiment is carried out in
the rectangular coordinate system. The attitudes of an object in 3D space can be characterized
by the 3D parameters (X, Y, Z and 0x, 0y, 0z) in the rectangular coordinate system.

Euler(8,. 8, 8} = Rot{x, 8, Rot{y 6, 1Rt {z.8:)

i & 8 qjicosdy, 0 O0-—sinfeircosd. sinf, O
=0 vcos, sinf. |} O 1 g [—_ginﬁz cash @E
1§ —sinf, cos8, sing, O cosd, ] & i

(A6)

As described above, the normal force and shear force of each module according to example
embodiments were tested respectively. In order to realize 3D attitude-control and operation for
AR application, a strategy combining the component vectors is proposed. According to the
attitude in 3D space, the normal forces and shear forces detected by the 8 electrodes (modules
M-A and M-B combined) simulate the space vector (X, Y, Z and 6x, 6y, 6z). Through the
combination of these six parameters, the transformation of any attitude in 3D space can be
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realized. Table 2 shows the relationship between the 8 electrodes output instructions and six-
axis attitude-control according to an example embodiment. In order to achieve accurate attitude
operation in example embodiments, a threshold is set for the voltage output under conventional
force operation. The voltage greater than the threshold is set to be “1”.

When (E1, E4) and (E1’°, E4’) increase to the larger value than the threshold because the
contacting areas of two spheres are all on E1, E4 and E1’, E4’ respectively, it indicates the
direction of X+. And there is no signal output at the other electrodes. Similarly, the larger
values than the threshold of (E2, E3) and (E2’, E3’) indicate direction X-. Similarly, the
larger values than the threshold of (E3, E4) and (E3’, E4’) indicates direction Z+. The
larger values of (E1, E2) and (E1’, E2’) indicate direction Z-. On the other hand, the
representation of the Y direction is different from X (and Z) direction. The two symmetric
modules determine the Y+ and Y-directions separately, according to an example embodiment.
Specifically, When the 4 electrodes (EI, E2, E3, E4) have the same value at the same time
and the 4 electrodes (E1°, E2°, E3°, E4’) have no signals, it means the direction of Y-.
Oppositely, when the 4 electrodes (E1’, E2’, E3’, E4’) have the same value at the same time,
it means the direction of Y+.

The larger values than the threshold of (E1, E2) and (E3’, E4’) indicates the counter
clockwise rotation attitude 8x+, and there is no signal output at the other electrodes. The larger
values than the threshold of (E3, E4) and (E1’, E2’) indicate the clockwise rotation
direction Ox. Similarly, the larger values than the threshold of (EIl, E4) and (E2’, E3*)
indicates the counter clockwise rotation attitude 6z, and there is no signal output at the other
electrodes. The larger values than the threshold of (E2, E3) and (E1’, E4’) indicate the
clockwise rotation direction 6z..

On the other hand, to indicate the 8y, the two fingers pinch the balls at the same time, then spin
clockwise (or counter clockwise) around the Y axis. In Table 2, (E4, E3, E2, E1) and (E4’, E3’,
E2’, E1’) have a time delay in turn as indicated using the arrowfor a counter clockwise rotation
Oy. and for clockwise rotation, respectively fy-.

Demonstration of VR-3D-CSfor VR control according to example embodiments

To demonstrate the practical applicability of the VR-3D-CS according to example
embodiments, it was directly connected with A/D converter to control a virtual dice in virtual
space

The sampling frequency of the A/D converter was 10 kHz and the precision of acquisition
voltage was up to 0.01lmV. The A/D converter can collect 8§ channels at the same time. The
converter was connected to the USB port of a computer. In order to avoid the crosstalk between
the 8 signals, mainly two measures were taken: Firstly, the A/D circuit in the convertor card
used differential input to suppress common mode interference. Then, in the experiment, a
relatively high threshold trigger of the sensor in the software was set to distinguish the
instructions and interference. The update rate of the protocol data used in this demonstration
25



WO 2020/013764 PCT/SG2019/050339

was less than 10Hz, thus the response time was more than 0.1s. In the software, the
communication interval is set as 0.3s for this demonstration.

Table I Chatpurt of the elecinodes corresponding io the different operation insdmictions

Divection and El F2 3 Ed El1 EI E3 EY

attitude

X i i 1 i
X- i i i H

Y 3 i i i
- 1 i 1 i

Z i i i 1
£ 3 i 1 i

8y i i i i
G- i H H i

G i i i i
By 1 i i i
£ 1 i

Bz- i 1 i 1

From Table 2, it can be seen that the eight electrodes do not appear to be “1” at the same time.
In order to improve the interactive effect of controlling an object in AR interface, this aspect
can be used to provide further control inputs, namely realize the picking and releasing
movements of a virtual object according to example embodiments. When two fingers press the
two spheres into the middle at the same time, eight electrodes are “1” at the same time. This
process is defined as single click according to example embodiments, which means the picking
movement of the virtual object. And the action of double clicks is set as the releasing
movements as shown in Fig. 14(a)-(d).

Fig. 13 shows the voltage curves of (a) M-A and (b) M-B with single click, respectively. The
voltage curves of (c) M-A and (d) M-B with double clicks, respectively.

In the above description, the VR-3D-CS according to example embodiments realizes the
attitude control of a single object in virtual space. In the example embodiments, the VR is
realized through the “Unity3D” development engine developed by Unity Technologies,
combined with the C++ programming language. The program of Unity3D can run in the
Windows environment. And it can also be exported to different display platforms and
combined with VR devices such as VR glass, in which the virtual 3D effect can be achieved.
Currently, Unity3D is the mainstream program to realize VR and AR [B68, B69].

To highlight the control characteristics of the sensor according to example embodiments and
facilitate demonstration, the Windows environment in computer terminal is used to
demonstrate the VR effect. To highlight the ability of the VR-3D-CS according to example
embodiments and expand its applications, the virtual assemble for an AR interface is shown in
Fig. 13(e)-(h). There are three parts “A”, “B”, “C” to be assembled according to an example
embodiment. The assembly process is divided into the following three steps. First step is that
the part “A” is placed on the assembly platform. Then, part “B” is packed into the assemble
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hole of part “A”. At last, part “C” and part “B” are assembled according to the requirements.
In the process of operation, the control instructions of parts correspond to the unit distance and
unit angle on the six axes. With the pick and release instructions, three parts are operated in
sequence, and the whole assembly process is completed. Hence, the experiments show that the
VR-3D-CS according to example embodiments can not only realize the attitude-control of a
single object, but also realize the assembly of a number of objects. For the future application,
the device can be improved in power and portability in different embodiments, and by
optimizing structure in different embodiments, e.g. the electrode structures, enabling the
controlling with higher resolution.

In summary, a VR-3D-CS is provided according to example embodiments and investigated
with complete theoretical model and experimental characterization. The sensor according to
example embodiments can detect both the normal force and shear force, which can be used as
AR interactive interface to realize 3D attitude-control operation of the objects. For detecting
the normal force, it shows a linear range from O to 18 N in a non-limiting example embodiment.
The open circuit voltage, output charge and short circuit current sensitivity are 3.6 VN1, 1.1
nCN'and 11.1nAN"}, respectively, in a non-limiting example embodiment. In the aspect of
shear force detection, a non-limiting example embodiment can resolve the shear force direction
with step of at least 15°. The symmetric sensor modules according to example embodiments
are designed with 2 touch points and 8 sensing electrodes. The capability of detecting the
normal force and the shear force is calibrated according to example embodiments by judging
voltage values of the 8§ electrodes. The combination of the 8 electrode components simulates
the space vector (X, Y, Z and 0x, 6y, 6z). Thus, the sensor according to example embodiments
realized the 3D attitude-control operation of object in virtual space. Finally, demonstration of
VR-3D-CS according to example embodiments as interactive tool is successfully realized in
the virtual assembly for AR application. Considering the advantages of self-powered
mechanism, cost effectiveness, and easy implementation, the VR-3D-CS according to example
embodiments shows great potential for batteryless AR interface, robotics, and energy saving
applications.

Figure 14 shows a device structure of 3D sensor 1400 according to another example
embodiment, which is based on an integral design providing 2 touch points 1402, 1404 and 8
sensing electrodes E1-E8. Specifically, Figure 14 shows: a) Tilted view and b) side view of the
3D sensor. Cross-sectional view of the device structure along ¢) A-A’ and d) B-B’. For the
contact electrification (triboelectrification) for signal generation, there can be two types of
scenarios: 1) mixture of liquid metal or more positively charged particles with elastomer
(PDMS or Ecoflex, etc), contacting with the surface of more negatively charged polymer layer
(PTFE, FEP or PDMS, etc) with electrodes; 2) Elastomer (PDMS or Ecoflex, etc) contacting
directly with the surface of electrodes. The electrodes can be fabricated by Al, Cu or Au, etc.

Figure 15 shows the working mechanism of the proposed 3D sensor 1400 of Figure 14. In the

insert table, “1” means there is signal output in the corresponding electrode above a threshold,

“=>” or “€” means that there is a sequential output in the corresponding electrodes. As will be

appreciated by a person skilled in the art, the operation principles are similar those described
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above with reference to the VR-3D-CS with the symmetric sensor modules M-A, M-B
according to example embodiments.

The possible industrial applications of self-powered 2D and 3D sensor according to the
embodiments of the present invention described above include augmented reality, human
machine interface, virtual reality, IoT, smart control, and game control, etc.

In another aspect, embodiments of the present invention provide a 3-dimension (3D) symmetric
triboelectric ball (hereinafter also referred to as T-Ball) with dual capability of energy
harvesting and self-powered motion sensing including multi-axis acceleration and rotation. The
T-Ball according to example embodiments can harvest energy under versatile scenarios, such
as multi-direction vibration, spinning, rotation, rolling, human tapping/touching, water wave,
etc. As a self-powered 3D accelerometer, the T-Ball according to example embodiments shows
direct x, y, z axis sensitivity of 7.8 Vg?, 7.4 Vg'!, 6.1 Vg'! without signal processing,
respectively. Furthermore, the T-Ball according to example embodiments can serve as a self-
powered gyroscope for rotation sensing with sensitivity of 4.6 mVs°!. Embodiments of the
present invention show good performance in hand motion recognition with great potential for
amusement, virtual reality and game control applications. Additionally, the T-Ball as a real-
time activity state monitor according to example embodiments can provide useful information
to healthcare monitoring system. The proposed T-Ball as a self-powered gyroscope for
advanced motion sensing according to example embodiments can pay the way to a self-
powered, more accurate and complete motion monitoring system.

Accordingly, in example embodiments, a triboelectric ball (T-Ball) with 3D symmetricity is
provided for self-powered advanced motion sensing and multi-mode energy harvesting
including water wave energy, 3D vibration, spinning, rotation and various human motion, etc.

Embodiments of the present invention provide a self-powered gyroscope based on a
triboelectric mechanism. The proposed T-Ball as a self-powered gyroscope for advanced
motion sensing according to example embodiments can pay the way to a self-powered, more
accurate and more complete motion monitoring system. For water wave energy harvesting, the
T-Ball according to example embodiments can provide a more efficient and environmental-
friendly approach to harvest the large area green water wave energy.

Specifically, a triboelectric nanogenerator based gyroscope ball (T-ball) according to example
embodiments with 3D symmetricity is provided for self-powered advanced motion sensing and
multimode energy harvesting. The T-ball according to example embodiments 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 accelerometer and gyroscope for advanced motion sensing including three-axis acceleration
and rotation. It exhibits good performance in hand motion recognition, showing great potential
in amusement, virtual reality, and game control applications. With the excellent sensing
capability, the T-ball according to example embodiments is demonstrated as a self-powered
exercise sensor for human activity monitoring, which can provide useful and real-time

information to healthcare motion monitoring system.
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Figure 16 shows the device configuration and photograph of the T-Ball according to an
example embodiment. Specifically Figure 16 shows: a) Schematic diagram showing the 3D
structure of a traditional gyroscope. b) Conceptual illustration of the T-Ball integrated with IC
circuit for energy harvesting and self-powered motion sensing according to an example
embodiment. Figure 17A shows: a) Schematic diagram showing the T-Ball device structure.
Ex+, Ey+, Ex-, Ey- are inner electrodes on the inner surface and E1, E2, E3, E4 are outer
electrodes on the outer surface. b) Cross sectional view of the T-Ball. ¢) Enlarged view of the
device structure layer. d) Photograph of the T-Ball before assembling. e) Photograph of the T-
Ball after assembling.

As mentioned above, a gyroscope is a sensor that can detect the rotation rate or angular velocity
of an object. A traditional gyroscope with 3D symmetric structure consists of a suspending
massive rotor inside three gimbals. MEMS gyroscopes with vibratory mechanical elements to
sense the angular velocity have also been proposed and investigated for rotation measurement
[E18-E21]. The basic device configuration of these MEMS gyroscopes includes a suspended
proof mass, spring beams, driving electrodes, and sensing electrodes. The operation mechanism
is that when the proof mass is driven to vibrate at resonance by electrostatic or electromagnetic
force from the driving electrodes, an angular rotation will induce Coriolis force at the driving
frequency 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 [E22-E30].
Furthermore, triboelectric mechanism exhibits great merits of high output performance, cost
effectiveness, simple device configuration, easy scalability, and a wide range of material
selection [E31,E32]. TENG based on triboelectrification and electrostatic induction between
two different materials was first proposed in 2012, and since then has received tremendous
research effort in diversified energy harvesting and self-powered sensing applications [E33-
E41]. Therefore, by leveraging the advantages of symmetric structure and the merits of
triboelectric mechanism, a 3D symmetric T-ball for multimode energy harvesting and self-
powered advanced motion sensing according to example embodiments is provided.

The detailed device configuration of the T-ball according to an example embodiment with tilted
view and cross-sectional view is shown in Figure 17A (a,b). The enlarged view of the layer-
by-layer structure is illustrated in Figure 17A (c). The T-ball according to example
embodiments is constituted of a 3D printing ball-shaped frame 1700, four inner Al electrodes
e.g. 1702 covered by polytetrafluoroethylene (PTFE) thin film 1704, four outer Al electrodes
e.g. 1706 covered by polydimethylsiloxane (PDMS) 1708, and multiple steel balls e.g. 1710
encapsulated inside. The outer electrodes are fabricated on the outer surface of T-ball to further
enhance the energy harvesting capability. As will be described below in more detail. The
dimension of the T-ball according to a non-limiting example embodiment is 65 mm in diameter.
The multiple small steel balls 1710 with diameter of 6.3 mm according to a non-limiting
example embodiment serve as movable mass and triboelectric layer.
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The four inner electrodes e.g. 1702 are denoted as Ex+, Ey+, Ex—, and Ey—, while the four
outer electrodes e.g. 1706 are denoted as E1, E2, E3, and E4 (see Figure 17A (a). 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, as will be described in more detail below. On the other hand, the four outer
electrodes E1, E2, E3, and E4 are working under single electrode mode for energy harvesting,
as will also be described in more detail below. Figure 17A (d,e) show photographs of the T-
ball 1712 according to an example embodiment before and after the assembling, respectively.
Due to the 3D symmetric ball-shaped design, the T-ball 1712 according to example
embodiments 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 e.g. 1710
inside the T-ball 1712 according to an example embodiment can be divided into three major
categories—i) moving along one direction with an in-plane (x-y plane) vibration, ii) moving
along the z-axis with an out-of-plane (vertical) vibration, and iii) spinning around the inner
surface of the T-ball 1712.

The operation mechanism of the T-ball 1712 activated by in-plane vibration is depicted in
Figure 17B (f) in side view, i.e. the x-y plane is perpendicular to the plane of the page. After
contacting with each other, the steel balls e.g. 1710 become positively charged and the PTFE
1704 becomes negatively charged because of the difference in electron affiliation/work
function. It is noted that the terms electron affiliation and work function are used herein as
synonymous. . When the steel balls e.g. 1710 move to the right side (compare Figure 17B (f)(i)-
(i), T-Ball 1712 moving to the left), electric potential difference appears on the two opposite
electrodes Ex+, Ex- and then drives electrons flow from the right electrode Ex+ to the left
electrode Ex- until a new balance is achieved. Then, when the steel balls e.g. 1710 move from
the right side to the middle part and further to the left side (compare Figure 17B (f)(ii)-(iii), T-
Ball 1712 moving to the right), electrons are forced to flow in the opposite direction. Figure
17C (g) presents the schematic illustration of the wire connection and current waveform from
Ex when the T-ball 1712 according to example embodiments is vibrating in x direction. Only
the inner electrodes and the PTFE thin film are shown in the schematic diagram to clearly
indicate the wire connection. When the T-ball 1712 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. However, when the T-ball 1712 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 1712 has the capability to harvest energy from in-plane vibration source in
random and multiple directions.

The electric potential difference on all the four inner electrodes is the same in vertical vibration,
since the steel balls typically do not “cross” from one to the other inner electrodes, 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,
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otherwise they are connected as Ex and Ey. Specifically, when the T-ball 1712 vibrates
downward, the steel balls e.g. 1710 depart from the bottom surface of the T-ball 1712, driving
electrons flow from the inner (single connected) Al electrode to ground to balance the electric
potential difference. Then when the T-ball 1712 vibrates upward, the steel balls e.g. 1710
contact with the bottom surface of the T-ball 1712 again and electrons are driven to flow back.

The operation mechanism of the T-ball 1712 when it is activated by moving in a circle motion
is depicted in Figure 17B (h) in top view. When the T-ball 1712 is moved clockwise in x—y
plane around a circle with its own orientation maintaining the same, the steel balls e.g. 1710
then undergo circular movement around the inner surface. 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 to flow between the corresponding
inner electrodes and thereby current is generated. The clockwise circular movement of the steel
balls e.g. 1710 results in Ex current waveform with one quarter phase shift in front of Ey current
waveform, since the steel balls e.g. 1710 move in the direction of Ex+, Ey+, Ex—, and Ey—.
Figure 17C (1) shows the wire connection and current waveform from Ex and Ey (i.e. separately
connected, not single electrode mode) when the T-ball 1712 is spinning clockwise. If the T-
ball 1712 is spinning in an anticlockwise direction, the current waveform of Ey will then be
one quarter faster in phase.

The T-ball 1712 according to example embodiments can not only harvest energy from versatile
vibration and rotational movement sources, it can also harvest the human tapping and touching
energy. With reference again to Figure 17A (a)-(c), the four outer electrodes E1 to E4 are
connected in single electrode mode to harvest the energy more effectively. When an active
object such as human finger contacts with the PDMS 1708 surface, triboelectrification arises
between the human skin and the PDMS 1708 surface. Most common active objects like human
skin, metal surface, and fabric materials are more positive in the triboelectric series compared
to PDMS 1708, thus the PDMS 1708 surface becomes negatively charged and the human finger
becomes positively charged. After the triboelectrification, when the human finger is
approaching the PDMS 1708 surface, electric potential difference drives electrons to flow from
ground to the outer Al electrode 1708 (E1 to E4 in single electrode mode). Then, when the
human finger is moving away from the PDMS 1708 surface, electrons are driven to flow back
to ground.

Characterization and Optimization of the T-Ball according to example embodiments

After the fabrication of electrodes and dielectric layers, multiple steel balls as movable mass
and triboelectric layer are put inside the T-ball according to example embodiments. 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 according to example embodiments is first
characterized and optimized in terms of the size and the number of steel balls. The T-ball 1800
is tested under the setup shown in Figure 18A (a), where it is periodically vibrated along the x-
axis with frequency of 3.2 Hz and displacement amplitude of 3 cm. The amplitudes of output
voltage and current from Ex are measured and plotted in Figure 18A(b,c), respectively, when
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the number of different diameter steel balls (6.3, 8.0, and 9.5 mm) increases. Figure 18B (d.e)
shows the output voltage and current waveform, respectively, with different number of 6.3 mm
steel balls plotted consecutively over a time axis for comparison.

It can be seen that the output voltage and current amplitudes first increase with the number of
steel balls and then saturates at a 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 output voltage and current amplitudes for the three different diameter steel
balls saturates at the same level but with different number of steel ball - 12 (9.5 mm), 17 (8.0
mm), and 25 (6.3 mm). Due to the ball-shaped curve surface of the T-ball according to example
embodiments, extra steel balls beyond the saturation level only stack on the previous steel balls
during vibration, without actually contributing to the effective contact area. Thus, the output
voltage and current amplitudes saturate at the number of 12, 17, and 25 for steel balls of 9.5,
8.0, and 6.3 mm, respectively, according to non-limiting example embodiments. 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 according to one non-limiting example
embodiment, 6.3 mm steel balls with number of 25 are adopted as the optimized condition for
energy harvesting and sensing measurements discussed below, unless otherwise specified.

Multimode Energy Harvesting Capability according to example embodiments

Due to the high symmetricity, the T-ball according to example embodiments 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 motion.
In reality, various ambient motions acting on the T-ball according to example embodiments
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 1900
according to example embodiments is tested under different circumstances as illustrated in
Figure 19. Both the output voltage and current performance from Ex and Ey are measured for
all the circumstances. As shown in Figure 19A (a—c), the T-ball 1900 according to example
embodiments is first tested under in-plane vibration along 30°, 60°, and 45° with respect to x-
axis. When the T-ball 1900 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. In addition to in-plane vibration, the T-ball 1900
is then tested under out-of-plane vibration as demonstrated in Figure 19A (d—f) with
acceleration of 3 and 5 g. The acceleration is measured by a commercial accelerometer
(ADXL325, Analog Devices) assembled on the T-ball 1900 according to example
embodiments. 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.
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The above results show that the T-ball according to example embodiments 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 rotation motion is also common in the
ambient environment, for example, rotating wheels, moving fans, operating washing machine,
swerving, etc. Figure 19B (g—i) presents the results when the T-ball according to example
embodiments is moved in a circle with diameter of 1, 3, and 5 cm (plotted consecutively along
the time axis for comparison) while its orientation remains the same. When the circle 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

o= mree”
(B1)

where fc is the centripetal force required to maintain the circular movement, m is the object
mass, r is the radius of curvature, and @ is angular velocity. When the circle diameter increases,
higher centripetal force is required to sustain the circular movement. In order to achieve higher
centripetal force, the steel balls need to move to higher position on the inner surface of the T-
ball 1900, resulting in larger contact area and higher output.

The testing results of rotating are depicted in Figure 19B (j—1) when the T-ball 1900 according
to example embodiments, specifically when the3 T-Ball 1900 is rotating along its z-axis 1)
vertically and 2) horizontally (plotted consecutively along the time axis for comparison).
Output from horizontal rotation 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 1900 is rotating with
its z-axis placed horizontally. Rolling can be treated as a special case of rotation without fixed
rotation axis. The testing results of the T-ball 1900 according to example embodiments when
itis rolling 1) slowly and 2) fast (plotted consecutively along the time axis for comparison) on
a table are illustrated in Figure 19C (m-o). Higher output is generated with fast rolling.

Figure 20 shows energy harvesting by a T-Ball according to an example embodiment from the
outer clectrodes and output power performance, specifically: a,b) Output voltage and current
from the outer electrode E1 when the T-Ball according to an example embodiment is tapped
by human finger at ~4 Hz. ¢) Output voltage and power from Ex with different external load
resistance when the T-Ball according to an example embodiment is moved at 4 Hz around a
circle of 5 cm diameter. d) Output voltage and power from E1 with different external load
resistance when the T-Ball according to an example embodiment is tapped by human finger at
~4 Hz.

Figure 21 shows the T-Ball 2100 as a Self-powered 3D accelerometer according to example
embodiments, specifically: a) Schematic illustration of the T-Ball 2100 with wire connection
and applied acceleration in X, y, z direction. Only the inner electrodes e.g. Ex- 2101 and PTFE
film 2102 are shown in the schematic illustration. b) The output voltage from Ex and Ey with
different x acceleration. c) The output voltage from Ex and Ey with different y acceleration. d)
The output voltage from Ex and Ey with different z acceleration.
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Self-Powered Advanced Motion Sensor according to example embodiments

Apart from the multimode energy harvesting capability, the 3D symmetric T-ball according to
example embodiments is ideally suitable for self-powered advanced motion sensing. When
operating as self-powered sensor, the outer electrodes of the T-ball according to example
embodiments are grounded to minimize the electrostatic interference. Conventional TENGs
normally can only achieve one-axis acceleration sensing, but the T-ball according to example
embodiment is able to function as a self-powered 3D accelerometer.

As shown in Figure 22a, acceleration with different magnitude is applied on the T-ball 2200
according to example embodiments 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. Figures 22b—d
present the relationship of output voltage and x, y, and z acceleration when different number
of 6.3 mm steel balls are encapsulated inside the T-Ball 2200 according to non-limiting
example embodiments. When the T-ball 2200 is vibrating in x direction, voltage from Ex first
increases significantly with x-axis acceleration but then gradually saturates as shown in Figure
22b. This can be attributed to the large increment of contact area with small acceleration, but
only small increment of contact area is achieved with large acceleration. Larger number of steel
balls show higher output. The linear range and sensitivity for x-axis acceleration sensing with
25 steel balls is 4.87 g and 6.08 V g~!, according to a non-limiting example embodiment. It can
be observed that voltage from Ey is almost O since no electric potential difference is generated
on electrode Ey+ and Ey- when the T-ball 2200 is vibrating along the 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 for 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+ 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 acceleration further increases, output voltage increases with sensitivity
(25 steel balls) of 3.62 V gL,

The T-ball 2200 as a 3D accelerometer according to example embodiments exhibits better or
comparable sensitivity than the previously reported TENG-based accelerometers
[E23,E24,E26], showing great capability for various applications in motion sensing. The T-
ball according to example embodiments can be used for self-powered human gesture or hand
motion recognition.

Figure 22¢ shows the T-ball 2200 according to an example embodiment held by a human hand
for moving direction monitoring. A commercial accelerometer (ADXL325, Analog Devices)
is assembled on a small breadboard and attached on top of the T-ball 2200 to measure the actual
acceleration. Output voltage from Ex and Ey is connected to an oscilloscope for waveform

recording when the T-ball 2200 is moving left, right, forward, and backward. After each
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movement, the T-ball always moves back to the original position, waiting for the next
movement. Figure 26f illustrates acceleration from the commercial accelerometer (top two
graphs for x and y acceleration, respectively) as well as the output voltage waveform from Ex
and Ey (bottom two graphs, respectively). 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 first peaks are indicted by arrows. The output voltage waveforms
can be explained because when the T-ball 2200 is moving to the left side, the steel balls are
first swung to electrode Ex+ and then vibrate, thus a positive peak is generated at the beginning.
When the T-ball 2200 is moving to the right side, the steel balls are first swung to electrode
Ex— and thus a negative peak is generated at the beginning and then vibrate. The same
phenomenon happens when the T-ball 2200 is moving forward and backward except that the
acceleration is in the y-direction.

While existing TENGs have been extensively developed for various motion sensing including
pressure/force, strain, tactile, and acceleration, no rotation sensing has been reported to the
inventors’ knowledge. For the first time, triboelectric mechanism is demonstrated for self-
powered rotation sensing by using the T-ball according to example embodiments.

As illustrated in Figure 23a, the T-ball 2300 according to an example embodiment is fixed on
a servo motor which can be controlled by Arduino microcontroller with different rotation
angles and angular velocities. In the following, rotation angle means the ball is rotating around
its z axis with by certain degree, one circle is 360 degree. Angular velocity means rotation rate.
Output is generated due to the relative movement of steel balls mass and inner surface. The
performance of the T-ball 2300 is characterized under different rotation angles and angular
velocities. Figure 23b shows the output voltage from Ex when the rotation angle is changed
from 10° to 180° with the angular velocity fixed at 280° s and varying number of 6.3 mm
steel balls from 5 to 25 according to non-limiting example embodiments. Output voltage with
different angular velocities is also measured with the rotation angle fixed at 180°, as shown in
Figure 23c. The output voltage waveform from Ex is depicted in Figure 23d 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
of the steel balls across the sensing electrode and small peaks are generated by the movement
of the minority steel balls across the same sensing electrode (with time lag). The major peaks
are marked by arrows in Figure 23d and the schematic illustration of the steel balls movement
is also indicated to show their inherent relationship (majority and minority separated by the
borderline in the overall steel ball group). Major positive peaks are produced when the steel
balls 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 from 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
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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
according to a non-limiting example embodiment. Benefited from the rotation sensing ability,
the T-ball 2300 according to example embodiments can be used for rotating human gesture
recognition.

Figure 23e shows the T-ball 2300 according to an example embodiment with a gyroscope
(ADXRS622, Analog Devices) for rotation direction monitoring. Figure 23f 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 (middle graph) first shows a negative peak and Vy (bottom graph) 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 because when the T-ball 2300 is rotated clockwise
by a human hand, the steel balls are first swung to Ey+ and Ex—, and then spin around the inner
surface of the T-ball 2300 in the clockwise direction. Hence, a negative peak is first generated
in Vx and 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— (and then spin around the inner
surface of the T-Ball 2300 in the anticlockwise direction), thus a negative peak is first generated
in Vx and a negative peak is first generated in Vy. When the T-ball 2300 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 controlling signal for motion recognition system.
The T-ball 2300 shows great potential for the applications in smart controlling system, virtual
reality, game control, etc.

Monitoring daily activity state or exercise level is important in healthcare monitoring system
for rehabilitation or diagnostics. The T-ball according to example embodiments as a self-
powered exercise sensor can be mounted on the human hand for different exercise state sensing,
as shown in Figure 24A (a). The x-direction of the T-ball according to an example embodiment
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 24A (b) along with the
corresponding acceleration level derived from a commercial accelerometer.

Corresponding 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 undergoing. No significant output peak
in frequency domain can be observed when the tester is standing still, while a small peak with
amplitude 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
running, 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 according to example embodiments.
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The T-ball according to example embodiments can also function as a dropping sensor to
measure the free dropping distance. Figure 24B (c,d) shows the output voltage of the T-ball
according to an example embodiment 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 24B (e) depicts the output voltage of the T-
ball according to example embodiments after 10 000 cycles of vibration, showing the
robustness of the T-ball for long-term applications.

The device performance under extreme environmental conditions such as high temperature and
high humidity is also very important for many sensing applications. The output voltage
performance of the T-ball according to an example embodiment in air and in water with
different temperatures is depicted in Figure 24C (g,h), respectively. From the results, it can be
seen that the performance of the T-ball according to an example embodiment is almost constant
in underwater environment with temperature increases from 30 to 90 °C, compared to the
performance in air. The ability of the T-ball according to example embodiments to operate in
high temperature, high humidity, and underwater environment promotes a wide range of
extended applications such as underwater sensor and water wave energy harvester.

Figure 29A and B shows the energy harvesting capability of the T-BALL according to example
embodiments from outer electrode, specifically: Figure 29A (a) Output voltage and power from
inner electrode Einx under spinning movement at 4 Hz. Figure 29A (b) Output voltage and
Figure 29A (c) output current from the outer electrode Eoux+ under finger tapping at 4 Hz.
Figure 29A (d) Output voltage and power from outer electrode Eoux+ under finger tapping.
Figure 29A (e) Capacitor charging by finger tapping on different capacitors. Insert shows the
rectifier circuit for capacitor charging. Figure 29A (f) Enlarged view of the capacitor charging
curve. Figure 29B (g) Rectifier circuit for direct LED array lighting by the T-BALL under
finger tapping.

As described above, a 3D symmetric T-ball is provided according to example embodiments for
multimode energy harvesting and self-powered advanced motion (multiaxis acceleration and
rotation) sensing. A self-powered gyroscope for rotation sensing based on triboelectric
mechanism is demonstrated using the T-ball according to example embodiments. The T-ball
according to example embodiments can harvest energy under versatile circumstances, such as
multiple and random directional vibration, spinning, rotation, 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 according to a non-limiting
example embodiments 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 according to a non-limiting example embodiment can work as a self-powered gyroscope
for rotation sensing and hand motion recognition with the angular velocity sensitivity of 3.5
mV per degree per second, which shows great potential in smart control system, virtual reality,
and game control applications. In addition, the T-ball according to example embodiments
mounted on human hand exhibits good performance as a self-powered exercise sensor, which
provides useful real-time information for the healthcare monitoring system. Looking forward,
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the T-ball according to example embodiments can be a key component paving the way to
eventually realize a self-powered, more complete, and more accurate motion monitoring
system.

In another aspect, to address and preferably overcome the drawbacks of previously developed
water wave based TENGs, embodiments of the present invention can provide a highly
symmetric 3D spherical shaped water based triboelectric nanogenerator (SWTENG) . The
SWTENG according to example embodiments comprises a double-layer water based TENG
configuration, i.e., both its inner surface and outer surface are in contact with water, which is
ideally suitable for water wave energy harvesting. Firstly, water inside as movable mass is an
ideal approach for harvesting energy from the low frequency and random direction/amplitude
water wave due to its fluidic nature. Even under very subtle perturbation, water mass is able to
respond and move around with conformal contact on the inner surface for output generation.
Secondly, the SWTENG using double-layer water based TENG configuration according to
example embodiments can greatly enhance the energy conversion efficiency because both the
inner and the outer surfaces are effectively utilized. Thirdly, the SWTENG according to
example embodiments is more robust in harsh environment, e.g., in underwater and on water
surface, and is still able to function well even when water leaks into the encapsulated structure
since water is adopted as the triboelectric material.

Additionally, the SWTENG according to example embodiments can also be used for harvesting
energy from 3D vibration, spinning, rotation and diverse human motions. Furthermore, the
SWTENG as power source according to example embodiments can be integrated with other
functional sensors to perform various sensing capabilities. Due to the high scalability, a
SWTENG array according to example embodiments can be connected into a network structure
on water surface, serving as power source for large-area environment monitoring (e.g. water
temperature, water level, water pollution, etc.) and harvesting the huge water wave energy
towards efficient water wave energy farm.

Symmetric configuration design according to example embodiments

Symmetric structure provides a more advanced and effective way to harvest energy from
versatile ambient sources including water wave motion, multiple directional vibration, rotating
and rolling motion, etc. The device configuration of the symmetric 3D SWTENG 3100
according to an example embodiment is shown in Fig. 25. A conceptual drawing of multiple
SWTENGs 2500 connected as network array 2502 according to example embodiments for
large-scale water wave energy harvesting is shown in Fig. 25(a). When a random water wave
2504 comes along, the SWTENG array 2502 will either vibrate up and down or rotate with the
water wave, resulting in power generation in large-area. The device configuration of the
SWTENG 2500 with tilted view and cross-sectional view is illustrated in Fig. 25(b) and (c),
respectively. The SWTENG 2500 according to example embodiments is composed of a
spherical shell frame 2506, inner-layer water based TENG with four Al electrodes 2508
covered by Polytetrafluorocthylene (PTFE) thin film 2510, outer-layer water based TENG also
with four Al electrodes 2512 covered by PTFE thin film 2514, and de-ionized (DI) water 2516
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encapsulated inside as movable mass. Fig. 25(e) is the enlarged view of the different layers.
Fig. 25(d) shows the photographs of the complete SWTENG 2500 and the half SWTENG 2500
with water mass, according to an example embodiments In order to differentiate different
electrodes, a coordinate system as shown in Fig. 25(b) is considered as the intrinsic coordinate
system of the SWTENG 2500. Hereinafter, the four inner electrodes are indicated as Ein-x+, Ein-
y+» Binx, Einy- and the four outer electrodes are indicated as Eouex+, Eout-y+» Eoutx-, Eouty-s
respectively. Einx+ and Einx are then connected as the positive input and negative input of Ej,.
x While Eiy-y+ and Eiuy- are connected as the positive input and negative input of Eiy.y.

For the four outer electrodes Eout-x+» Eout-y+, Eoutx-, Eout-y-, €ach of them works under single
electrode mode to more effectively harvest the random water wave and other ambient
mechanical energy. Fabrication of the SWTENG 2500 starts from two hemi-spherical frames
with diameter of 6.5 cm in a non-limiting example embodiment which are fabricated by using
3D printing technique with the material of Vero Clear. Then separated and symmetric Al foils
are attached on both the inner surface and the outer surface of the two hemi-spherical frames
as electrodes. PTFE thin film with thickness of 100 yum in a non-limiting example embodiment
is then attached on top of the Al electrodes as the friction layer with water. Kapton tape is
adopted to improve the attachment robustness between PTFE thin film and the hemi-spherical
frame, and also to prevent water leakage into the Al electrodes. After that, DI water is poured
inside one hemi-spherical structure for liquid-solid interface triboelectrification with the inner
PTFE thin film. Lastly, the two hemi-spherical structures are attached and encapsulated
together to form the complete SWTENG 2500.

Operation principle according to example embodiments

The SWTENG according to example embodiments can be considered as the integration of
double-layer water based TENG on the inner surface and outer surface. The operation principle
of the inner-layer water based TENG for vibration and spinning/ rotating is depicted in Fig.
26A 26(a) and (b), in which only the water mass 2602, inner PTFE 2604 and inner electrodes
e.g. 2606 of the SWTENG 2600 according to an example embodiment are shown for
simplification. For vibration along x direction, side view of the operation principle is illustrated
in Fig. 26A 26(a). Due to difference in electron affiliation ability between PTFE 2604 and
water 2602, they become negatively charged and positively charged, respectively, after
contacting with each other. After that, when the water mass 2602 is swung between the left
electrode and the right electrode, the induced electrical potential difference drives electrons to
flow between the two electrodes until a new balance is achieved. Thus cyclic output current is
generated if the SWTENG 2600 according to the example embodiment is under cyclic
vibration. When the SWTENG 2600 is vibrating exactly along x direction, only Ei, x generates
output current since there is no potential difference in y direction, and vice versa for y direction.
If the SWTENG 2600 is vibrating at a certain angle with respect to x axis, output current is
produced from both Eiyx and Eip.y.

For spinning/rotating motion, top view of the operation principle is illustrated in Fig. 26 26(b).
When the SWTENG 2600 according to example embodiments is under spinning/rotating
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motion, the water mass 2602 will move along the inner circumference of the SWTENG 2600,
creating consecutive electrical potential difference on the four inner electrodes. Then electrons
are driven to flow between the two ends of Einx and Eiuy in response to the induced electrical
potential difference by the water mass, resulting in current flow in the external circuit. For the
spinning/rotating motion, both of Ei,x and Eiwy produce output current.

The operation principle of the outer-layer water based TENG of the SWTENG 2600 according
to an example embodiment under single electrode mode for harvesting human motion energy
and water wave energy is depicted in Fig. 26A(c), 26B (d)-(f). Only the outer PTFE 2608 and
outer electrodes e.g. 2610 of the SWTENG 2600 are shown in the schematic diagram for
simplification. The operation principle for harvesting energy from human finger tapping is
illustrated in Fig. 26A 26(c). The PTFE 2608 ends up with negative charges on surface and the
human finger 2612 ends up with positive charges on surface after their first contact. Then when
the human finger 2612 is moving closer to the outerlayer TENG, electrons are driven to flow
from ground to the outer Al electrode e.g. 2610 to balance the electrical potential difference.
When the human finger 2612 is moving away from the outer-layer TENG, electrons are driven
to flow from the outer Al electrode e.g. 2610 back to ground. Thus current flow between the
outer Al electrode e.g. 2610 and ground is generated in the external circuit in response to finger

tapping.

In water wave energy harvesting, there are basically three types of motion that the SWTENG
2600 experiences on water surface — vibrating up and down, rotating back and forth, or rotating
in one direction. The operation principle of outer-layer water based TENG of the SWTENG
2600 according to an example embodiments vibrating up and down on the (external) water
2614 surface is indicated in Fig. 26(d). After contacting, PTFE 2608 becomes negatively
charged and the water 2614 surface becomes positively charged. Electrical potential difference
is generated when the SWTENG 2600 vibrates up and down and the water 2614 surface level
covers up to different percentages of the PTFE 2608 area. Electrons are driven to flow between
the outer Al electrode 2610 and ground, leading to current generation in the external circuit.

The operation principle of outer-layer water based TENG of the SWTENG 2600 according to
an example embodiment rotating back and forth or rotating in one direction on the water surface
is shown in Fig. 26B 26(e) and (f), respectively. Although the water-cover surface level may
maintain the same in these two scenarios, electrical potential difference is produced when the
PTFE thin film 2608 is rotating across the water-air interface. Electrons driven by the electrical
potential difference are forced to flow between the outer Al electrode e.g. 2610 and ground,
generating output current flow.

In practical situations on water surface for water wave energy harvesting, the actual motion of
the SWTENG according to example embodiments is normally the combination of these three
different motions described above. Due to the multiple operation principles under different
circumstances, the SWTENG according to example embodiments has the ability to harvest
diverse mechanical energy, human motion energy and random water wave energy from various
aspects, enabling high efficiency and good performance under different usage scenarios.
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Device characterization and optimization according to example embodiments

Prior to the selection of the dielectric layer for the double-layer water based SWTENG
according to example embodiments, a comparison of output performance between
Polydimethylsiloxane (PDMS), Kapton and PTFE against water was conducted. A simple
device configuration with a metal electrode coated with dielectric layers on both sides is
adopted for the comparison of different materials’ performance [D37]. With this device
configuration, large contact area can be achieved for different dielectric materials and thus the
triboelectric performance can be clearly observed and compared. The Al electrode with
dimension of 2 cm x 2 cm is sandwiched between the same dielectric layers (PDMS, Kapton
or PTFE). The three fabricated devices are then periodically inserted into and pulled out of
water for output generation. When the dielectric layer contacts with water, it attracts electrons
from water and thus becomes negatively charged on surface while water becomes positively
charged. Then when the device is periodically inserted into and pulled out of water, the
alternating electrical potential difference drives electrons flow between the Al electrode and
ground.

The output voltage and current waveform for different dielectric layer were compared. The
voltage measurement was achieved by connecting the output to a DSO-X3034A oscilloscope
(Agilent) with a high impedance probe of 100 MQ. The current measurement was achieved by
connecting the output to a low noise SR570 current pre-amplifier (Stanford Research Systems).
From the output performance, it was seen that PTFE shows better energy harvesting capability
than PDMS and Kapton against water. This can be attributed to its excellent triboelectric
property and hydrophobic nature of PTFE thin film, which produces maximum electrical
potential difference in water environment. A water droplet of 4 uL is dripped on the surface of
Kapton, PDMS and PTFE. The corresponding contact angle is measured to be 97.9°, 111.8°
and 111.5°, respectively. For water based SWTENGs according to example embodiments,
triboelectric surface with good hydrophobicity is preferred since residual water on the
triboelectric surface reduces the electrical potential difference and thus weakens the power
generation capability. Therefore, PTFE thin film with excellent triboelectric property and
hydrophobic nature is selected as the dielectric layer for the water based SWTENG according
to example embodiments described herein, by way of example, not limitation.

As discussed in the operation principle section for the inner-layer water based TENG of the
SWTENG according to example embodiments, water mass can be activated by ambient
mechanical excitation such as vibration and spinning motion. Fig. 27A(a) depicts the testing
setup diagram for vibration along x axis (harmonic vibration) and spinning/rotating motion
around a circle, where the output voltage from Eiux is measured. The amount of water inside
the SWTENG 2700 is important for the output performance. Thus the SWTENG 2700 is first
characterized and optimized in terms of the encapsulated water volume ratio. In order to
determine the optimized water volume ratio according to an example embodiment, output
voltage from Einx is measured with varying water volume ratio, as shown in Fig. 27A (b). The
applied vibration is along x direction with frequency of 3.5 Hz and amplitude of 5 cm. Other
than 3.5 Hz vibration, 1 Hz and 2 Hz vibration measurements are also conducted to find out
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the corresponding optimized water volume ratio. As shown in Fig. 27A (c), it can be observed
that when the vibration frequency decreases, the overall output performance also decreases due
to the lower acceleration. Different frequency seems to have an optimized water volume ratio
which decreases when the vibration frequency increases. This may be due to the fluidic nature
of water. When higher frequency is applied, the water is spread out in a large-area and thus
covers more surface area. When the frequency reduces, more amount of water is required to
cover the same surface area. Here water volume ratio of 10% is adopted for the SWTENG 2700
according to an example embodiment.

Then output voltage performance with different vibration frequency is measured and plotted in
Fig. 27A (d), from 1.6 to 4.8 Hz at 3 cm displacement. Output voltage performance with
different vibration displacement amplitude is then measured and shown in Fig. 27A (e). The
vibration amplitude increases from 1 cm to 9 cm while the vibration frequency is fixed at 2.5
Hz.

From these results, it can be observed that the output voltage increases with vibration frequency
and amplitude due to the increment of contact area. Although output voltage from both Einx
and Einy is generated when the SWTENG 2700 according to an example embodiment is under
spinning/rotating motion, only output from Einx is measured and plotted to compare with the
output from vibration motion. Fig. 27A (f) shows the output voltage performance with different
spinning frequency when the spinning diameter is fixed at 3 cm according to a non-limiting
example embodiment. Fig. 27B (g) shows the output voltage performance with different
spinning diameter when the spinning frequency is maintained at 3.5 Hz. The results show that
output voltage increases when the spinning frequency or diameter increases. This is due to the
increment of contact area when higher spinning frequency or diameter is applied on the
SWTENG 2700 according to an example embodiment. With higher spinning frequency or
diameter, higher centripetal force is required for the water mass to maintain the circular motion,
hence the water mass is swung higher and spread into large-area on the sidewall of the
SWTENG 2700 due to its fluidic nature. The short-circuit current and the transferred charge
under vibration motion of 3 Hz is shown in Fig. 27B (h) and (i), respectively. The transferred
charge is measured by connecting the output of the SWTENG 2700 according to example
embodiments to a model 6514 system electrometer (Keithley).

Versatile mechanical motion and human motion energy harvesting capability according
to example embodiments

The symmetric structure enables the SWTENG according to example embodiments to harvest
energy under versatile mechanical motion and human motion. Fig. 28A and B demonstrate the
energy harvesting capability of a SWTENG 2800 according to example embodiments under
various mechanical motion excitations - vibration, spinning, rotation and rolling. The output
voltage and current from both Ei,x and Einy are measured and compared. As shown in Fig. 28A
(a) to (c), the SWTENG 2800 according to example embodiments is under in-plane (x-y plane)
vibration with vibration angle of 30°, 45° and 60° with respect to x axis. From the output
voltage and current results, it can be seen that output from Eiyx is higher when vibration angle
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is smaller than 45° and output from Ei,y is higher when it is vibration angle is larger than 45°.
Similar output performance is generated in Eyx and Eiy if the vibration angle is 45°. This can
be attributed to different contact area in x and y direction when the vibration angle is different.

Fig. 28A (d) to (f) shows the SWTENG 2800 according to a non-limiting example embodiment
under spinning/rotating motion with diameter of 1 cm, 3 cm and 5 cm. The output from both
Einx and Eiy increases with larger spinning diameter since larger contact area is achieved.
Similar to spinning around a circle, the SWTENG 2800 according to the example embodiment
is also able to harvest energy when it rotates along its z axis vertically and horizontally as
shown in Fig. 28B (g) to (i). It can be seen that higher output is achieved when the SWTENG
2800 is rotating with its z axis placed horizontally, as the contact area of water mass with the
inner electrode is large in the horizontal placement. Rolling is similar to rotating and the device
performance with slow and fast rolling is shown in Fig. 28B (j) and (1). Higher output is
generated in both Einx and Einy when the SWTENG 2800 is rolling fast.

The above demonstration of the SWTENG according to example embodiments operating under
different mechanical motion shows that it is highly adaptable to various usage scenarios and
can harvest energy from diverse ambient energy sources due to its novel structure design. The
maximum output voltage and output current attained from the inner-layer TENG of the
SWTENG according to a non-limiting example embodiment is 13.5 V and 0.38 puA,
respectively, under spinning motion with 5 cm diameter. Due to its diverse energy harvesting
capability, the SWTENG according to example embodiments has the potential to function as a
self-powered buoy ball on water surface for fishing or other sensing applications.

For example, when the SWTENG according to an example embodiment is connected to a hook
and the hook is pulled by a fish, the water mass inside will vibrate along the pulling direction
and output signals will be generated. With the x and y direction sensing capability discussed
above, pulling force direction or fish position can be differentiated based on the output
amplitude in x and y direction. When the SWTENG according to an example embodiment is
spinning with frequency of 4 Hz and diameter of 5 cm, the maximum power of 3.04 uW can
be achieved when the load resistance is 56.5 MQ according to a non-limiting example
embodiment.

Except for energy harvesting ability from various mechanical motions, the SWTENG
according to example embodiments can also harvest energy from human motions such as finger
tapping. When the SWTENG is cyclically tapped by human finger at frequency of 4 Hz, the
output voltage and current achieved is 520 V and 25 pA, respectively, according to a non-
limiting example embodiment. When different external load resistor is connected to the
SWTENG according to example embodiments, the output voltage and power curve is measured
and plotted. The maximum power achieved is 6.5 mW when the load resistance is 9.1 MQ
according to a non-limiting example embodiment. The produced output energy from finger
tapping can be stored in capacitors after a rectification circuit as power source for other
electronics. The output from the SWTENG according to example embodiments by finger
tapping can directly light up LED array without using capacitor to store the energy.
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Additionally, due to the encapsulated movable water mass, the SWTENG according to example
embodiments can also be used as an inertial sensor for acceleration sensing and human activity
monitoring. When the SWTENG is mounted on human hand, it can serve as a self-powered
activity sensor for monitoring different human activities like slow walking, fast walking and
running, similar to the embodiments described above using solid balls as internal mass.

Water wave energy harvesting according to example embodiments

Water wave energy is a huge green energy source existing across the world in oceans, rivers,
lakes, pools, etc. However, until now, majority of the water wave energy still remains
unexplored and wasted. When trying to harvest the water wave energy, water pollution is one
of the main concerns for the water wave energy harvesters. The SWTENG according to
example embodiments is fabricated from pollution-free materials, i.e. water, Al, PTFE and
Vero Clear, thereby providing a green approach to harvest the water wave energy. Furthermore,
since water itself is adopted as one triboelectric material, the device according to example
embodiments is more stable and robust when operating in the wet or water environment. The
SWTENG according to example embodiments is still able to work even when water leakage
happens.

Thus the SWTENG according to example embodiments is ideally suitable for harvesting the
ambient water wave energy in a green, stable and efficient way. Multiple SWTENGs can be
connected together into network structure to harvest the large-area water wave energy
according to example embodiments, as depicted in Fig. 25 (a). The SWTENG array lying on
water surface can also be integrated with other functional sensors to form large-area self-
powered sensing system according to example embodiments. Each SWTENG node can serve
as a power source for the integrated functional sensors to enable self-powered environment
monitoring, such as water pollution, water temperature, water level, water flow, etc. according
to example embodiments.

Fig. 30A (a) shows the schematic diagram of SWTENG 3000 according to an example
embodiment floating on water surface as water wave energy harvester. Fig. 30A (b) shows an
enhanced SWTENG 3002 by attaching four additional single electrode water based TENGs
e.g. 3004 on the outer sidewall of the SWTENG 3000, according to example embodiments.
The four additional TENGs e.g. 3004 (Eexwax+) have the same boat shaped structure with Al
electrode covered by PTFE thin film on both sides to enhance the contact area and efficiency.
More additional TENGs can be further attached layer by layer on the SWTENG forming flower
structure to further improve the output performance, according to different embodiments. As
discussed in the operation principle section above, the SWTENG according to example
embodiments will vibrate or rotate on water surface along with the water wave, resulting in
power generation from the outer-layer water based TENG of the SWTENG according to
example embodiments.

When the SWTENG 3000, 3002 vibrates or rotates with the water wave, the water mass inside
the device will also vibrate or rotate on the inner surface, resulting in power generation from

the inner-layer water based TENG of the SWTENG 3000, 3002, as described in details above.
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The output voltage from the SWTENG 3000 and the enhanced SWTENG 3002 according to
example embodiments activated by water wave in a water tank is shown in Fig. 20A (c)-(e). A
commercial accelerometer ADXL.325 (Analog Devices) is attached on the SWTENG 3000 and
the enhanced SWTENG 3002 to measure the actual acceleration magnitude corresponding to
the water wave. The output voltage from the electrode Einx, Eout-x+ and Eexwax+ is measured and
compared. The water wave resulting in the outputs in Fig. 30A (c) and (d) is produced by
shaking the water tank at a low frequency of ~0.15 Hz to mimic a normal ocean wave. The
acceleration level and the vertical amplitude of the produced water wave are 1.1 g and 9 cm,
respectively. The output voltage of the SWTENG 3000 is 3.1 V and 7.5 V from Ejnx and Eou-
x+, Trespectively. Under similar incoming water wave level, the enhanced SWTENG 3002
exhibits similar output voltage from Ein-x and Eoux+, but additional output voltage of 15.2 V is
generated from Eexaax+. Higher voltage is generated from Eexuaxs is due to its larger contact
area with water from both sides.

For the measurement in Fig. 30A (e), the water tank is shaken with a higher frequency of ~0.47
Hz to generate the continuous water wave. When the enhanced SWTENG 3002 is activated by
the continuous water wave, the corresponding voltage output is also generated in a continuous
way. When a water wave excitation comes along, the SWTENG 3000, 3002 according to
example embodiments will also vibrate with amplitude gradually decreasing. Thus
corresponding signals are generated along with the incoming water waves.

The short-circuit current and the transferred charge from inner electrode and outer electrode
under continuous water wave is also measured and shown in Fig. 30A (f) and 30B (g) for the
enhanced SWTENG 3002. Current of 0.07 uA and 0.12 pA and charge of 0.8 nC and 6 nC is
observed for inner and outer electrode, respectively, in a non-limiting example embodiment.
The output energy from water wave activation can also be used for capacitor charging. A
rectification circuit design for multiple single electrode mode TENGs is adopted [D45] in
example embodiments, and the circuit connection 3004 of all the outputs for capacitor charging
is shown in Fig. 30B (h). The charging curves on a 4.7 uF capacitor from different connection
configurations are shown and compared with finger tapping result in Fig. 30B (i). The capacitor
can be charged up to 2.2 V from parallel connection of the enhanced SWTENG 3002 according
to a non-limiting example embodiment after 45 s.

Self-powered buoy ball towards water surface sensor according to example embodiments

Various sensors are required to operate on water surface in order to collect information of the
water pollution, water flow, water level, water temperature, etc. But the harsh and perishable
environment makes it quite difficult for regular battery replacement and has high risk to cause
battery deterioration and thereby water pollution. On the other hand, the SWTENG buoy ball
according to example embodiments with diverse energy harvesting capability according to
example embodiments provides a promising solution, which can function as self-powered
sensor on water surface and is robust in the water environment. Moving forward, it can be
further optimized and embedded with other sensing function for various sensing applications
on the water surface. A self-powered fishing sensor using the SWTENG 3100 according to an
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example embodiment as a substitute of fishing buoy is illustrated in Fig. 31A (a). The purpose
of conventional fishing buoy is to remind the fisherman that there is a fish baiting the hook
when it starts to sink. However, sometimes it is not so obvious and one may miss the good
chance to pull the fishing rod. The SWTENG 3100 as a self-powered fishing buoy according
to example embodiments can generate an output signal when a fish is pulling the hook, since
the water-air interface for the SWTENG 3100 is changed. If the SWTENG 3100 is connected
with a processing circuit, an alarm signal (e.g. LED flashing) can be triggered. The
measurement setup of the SWTENG 3100 according to an example embodiment floating on
the water surface for pulling test is shown in Fig. 31A (b).

When there is a pulling force applied on the SWTENG 3100 such as fish baiting, it will start
to sink into the water. Then an electrical signal is generated on the outer electrode due to the
electrical potential difference induced by the water-air interface change. Fig. 31A (c) depicts
the relationship of the output voltage from Eoutx+ and the applied pulling force under still water
surface condition. It can be observed that when the SWTENG 3100 is placed on still water
surface, the output voltage increases with the applied force. Even when the applied force is as
small as 0.2 N, an output voltage peak can be observed.

After the applied pulling force exceeds 0.85 N, the output voltage gradually saturates with
further increasing the pulling force. The increment of the output voltage is mainly because of
the increment of the contact area, i.e. the immersion area of the PTFE thin film due to the
applied pulling force. When the pulling force is smaller than 0.85 N, larger immersion area is
achieved. But when the pulling force is larger than 0.85 N, the SWTENG 3100 according to an
example embodiment is almost fully immersed under the water surface and thus the immersion
area remains constant after that. The generated output voltage waveform with 0.3 N and 0.85
N applied force is shown in Fig. 31A (d) and (e), respectively. The left parts of both waveforms
show that no signal is generated when the SWTENG 3100 is placed on still water surface. Then
when force is applied, output peaks with different magnitude are observed. After that, for 0.3
N applied force, since the force is not high enough to pull the device under the water surface,
thus the device still floats on the water surface and the agitated water induces small vibrating
signals on the device, as seen after the peak indicated by the arrow in Fig. 31A (d).

On the other hand, when for 0.85 N applied force, a higher output voltage peak is generated,
as indicated by the arrow in Fig. 31A (e). Then the device submerges under the water surface
completely and no signal is observed after that. Although fishing on still water surface is
common, sometimes fishing on wavy water surface (river or ocean) is also common. To
characterize the influence of the wavy water surface, pulling force measurement on wavy water
surface with continuous water wave is also conducted. Fig. 31A (f) depicts the relationship of
the output voltage from Eoux+ and the applied pulling force under wavy water surface. It can
be seen that when the SWTENG 3100 is placed on wavy water surface, output voltage (~4 V)
is already generated even when no pulling force is applied due to the agitated water. Thus if
the applied force is too small, the generated voltage peak will be too small to be differentiated
from the background signal. When the applied force is larger than 0.6 N, the generated peak
can be observed. Typical waveform of 0.3 N and 0.85 N applied force is shown in Fig. 31B (g)
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and (h), respectively. The left parts of both waveforms show a background signal without any
applied forces. Then when force is applied, output peaks (indicated by the arrows in Fig. 31B
(g) and (h)) with different magnitude are generated. For 0.3 N applied force in Fig. 31B (g),
the generated signal is difficult to be differentiated from the background signal. After that,
background signal is observed again since the device still floats on water surface. For 0.85 N
applied force in Fig. 31B (h), the generated signal is higher than the background signal and can
be clearly observed. And after that, no more background signal is observed since the device
submerges under the water surface completely. Based on the magnitude of the output signal
and the waveform pattern, the SWTENG 3100 according to an example embodiment is able to
function as a fishing sensor to monitor the pulling force even under wavy water surface.

In the practical fishing sensor application, the output voltage can be connected to a signal
processing circuit for output pattern differentiation according to example embodiments.
Thereby the information of the fishing environment (still water or wavy water) and the pulling
force (larger than a threshold) can be obtained. Then an alarm signal such as LED flashing can
be triggered to remind the fisherman that there is a fish pulling the bait. Based on the magnitude
of the pulling force, different level of signals can be activated such as one LED flashing, two
LED flashing, etc.

As described above, a highly symmetric 3D spherical-shaped water based triboelectric
nanogenerator (SWTENG) is provided according to example embodiments for harvesting
energy from ambient water wave motions and various mechanical motions. The SWTENG
with double-layer water based TENG configuration on both surfaces according to example
embodiments is ideally suitable for harvesting the random directional and irregular water wave
energy, due to the novel 3D symmetric structure design and robust water based operation
principle. In addition, the SWTENG according to example embodiments shows excellent
performance for harvesting energy from diverse ambient motions, e.g. 3D vibration, spinning,
rotation, rolling and various human motion, etc. Furthermore, the SWTENG according to
example embodiments can serve as a self-powered fishing sensor on still water surface or wavy
water surface to generate a reminding signal when fish pulling the bait. Due to the high
adaptability and scalability, the SWTENG according to example embodiments not only can
function as single power source, but also can form SWTENG network on water surface for
large-area water wave energy harvesting towards applications of environment monitoring and
efficient water wave energy farm.

The possible industrial applications of various embodiments of the present invention described
above also include multi-mode energy harvester, water wave energy harvester, self-powered
water surface sensor (e.g. fishing sensor), self-powered multi-axis accelerometer, gyroscope,
human motion monitor, gesture monitor, activity state sensor, exercise sensor in amusement,
healthcare, virtual reality, smart control, game control applications.

In one embodiment, a self-powered triboelectric based device is provided comprising

a base member comprising a first material,
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an actuator member comprising a second material having a work function that differs from the
first material disposed on a first surface of the base member, and

a plurality of electrodes electrically coupled to the base member;

wherein the plurality of electrodes are disposed in a manner such that a direction of a shear
force component applied to the actuator member can be analysed based on electrical outputs
measured via respective ones of the electrodes.

The actuator member may be elastically deformable such that a normal force component
applied to the actuator member can be analysed based on the electrical outputs measured via
the respective ones of the electrodes.

The self-powered triboelectric based device may be configured for 2-dimensional or 3-
dimensional sensing of control signals for providing a user control interface.

The self-powered triboelectric based device may further comprise a supporting structure for
supporting the base member, the actuator member and the plurality of electrodes.

The actuator member may be sphere-shaped and the second material is comprised in a semi-
spherical portion of the actuator member.

The first surface of the base member may have a semi-spherical contour for receiving the semi-
spherical portion of the actuator member. The second surface of the base member may have a
semi-spherical contour, and the plurality of electrodes are arranged in a semi-spherical contour
for receiving the second surface of the base member.

The self-powered triboelectric based device may comprise four electrodes.

Two of the self-powered triboelectric based devices may be coupled together to form an
integral device.

The actuator member may be sphere-shaped and the second material is comprised in contact
points on a surface of the sphere-shaped actuator member. The base member may be integrally
formed with the electrodes such that the electrodes comprise the first material. The electrodes
may comprise two sets of four electrodes each, each set being disposed circumferentially
around four of the contact points at different and wherein the two sets and their respective
associated contact points are disposed at different latitudes of the sphere-shaped actuator
member.

In one embodiment, a self-powered triboelectric based device is provided comprising
a hollow base member comprising a first material,

one or more actuator members comprising a second material having a work function that differs
from the first material disposed inside the hollow base member in a cavity defined by an
internal surface of the base member, and
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a plurality of electrodes disposed below the internal surface of the base member;

wherein the plurality of inner electrodes are disposed in a manner such that movement of the
one or more actuator members can be analysed based on electrical outputs measured via
respective ones of the inner electrodes.

The one or more actuator members may comprise one or more balls.
The actuator member may comprise the second material in liquid form.

The self-powered triboelectric based device may be configured for 3-dimensional sensing of
control signals for providing a user control interface and/or a gyroscope.

The self-powered triboelectric based device may be configured for harvesting signals for
conversion into energy.

The base member may further comprise a plurality of outer electrodes covered by a layer made
from a third material, such that further triboelectric signals can be measured via the outer
electrodes responsive to an external material having a work function that differs from the third
material co-operating with the third material.

The base member may further comprise a plurality of additional electrodes covered by a layer
made from a fourth material, such that additional triboelectric signals can be measured via the
additional electrodes responsive to an external material having a work function that differs
from the fourth material co-operating with the fourth material. The additional electrodes may
be covered by the fourth material on two opposing surfaces for cooperating with the external
material.

In one embodiment a user interface comprising the device of the above embodiments is
provided.

In one embodiment a method of providing user input using the device of the above
embodiments is provided.

In one embodiment an energy harvesting device comprising the device of the above
embodiments is provided.

In one embodiment, a method of harvesting energy using the device of the above embodiments
is provided.

In one embodiment a submersion-detecting device comprising the device of the above
embodiments is provided.

In one embodiment a method of submersion-detecting using the device of the above
embodiments is provided.

Aspects of the systems and methods described herein may be implemented as functionality
programmed into any of a variety of circuitry, including programmable logic devices (PLDs),
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such as field programmable gate arrays (FPGAs), programmable array logic (PAL) devices,
electrically programmable logic and memory devices and standard cell-based devices, as well
as application specific integrated circuits (ASICs). Some other possibilities for implementing
aspects of the system include: microcontrollers with memory (such as electronically erasable
programmable read only memory (EEPROM)), embedded microprocessors, firmware,
software, etc. Furthermore, aspects of the system may be embodied in microprocessors having
software-based circuit emulation, discrete logic (sequential and combinatorial), custom
devices, fuzzy (neural) logic, quantum devices, and hybrids of any of the above device types.
Of course the underlying device technologies may be provided in a variety of component types,
e.g., metal-oxide semiconductor field-effect transistor (MOSFET) technologies like
complementary metal-oxide semiconductor (CMOS), bipolar technologies like emitter-
coupled logic (ECL), polymer technologies (e.g., silicon-conjugated polymer and metal-
conjugated polymer-metal structures), mixed analog and digital, etc.

The above description of illustrated embodiments of the systems and methods is not intended
to be exhaustive or to limit the systems and methods to the precise forms disclosed. While
specific embodiments of, and examples for, the systems components and methods are described
herein for illustrative purposes, various equivalent modifications are possible within the scope
of the systems, components and methods, as those skilled in the relevant art will recognize.
The teachings of the systems and methods provided herein can be applied to other processing
systems and methods, not only for the systems and methods described above.

The elements and acts of the various embodiments described above can be combined to provide
further embodiments. These and other changes can be made to the systems and methods in light
of the above detailed description.

In general, in the following claims, the terms used should not be construed to limit the systems
and methods to the specific embodiments disclosed in the specification and the claims, but
should be construed to include all processing systems that operate under the claims.
Accordingly, the systems and methods are not limited by the disclosure, but instead the scope
of the systems and methods is to be determined entirely by the claims.

Unless the context clearly requires otherwise, throughout the description and the claims, the

non

words "comprise,” "comprising," and the like are to be construed in an inclusive sense as
opposed to an exclusive or exhaustive sense; that is to say, in a sense of "including, but not
limited to."” Words using the singular or plural number also include the plural or singular

"non

number respectively. Additionally, the words "herein,” "hereunder,” "above," "below," and
words of similar import refer to this application as a whole and not to any particular portions
of this application. When the word "or" is used in reference to a list of two or more items, that
word covers all of the following interpretations of the word: any of the items in the list, all of

the items in the list and any combination of the items in the list.
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CLAIMS
1. A self-powered triboelectric based device comprising
a base member comprising a first material,

an actuator member comprising a second material having a work function that differs from the
first material disposed on a first surface of the base member, and

a plurality of electrodes electrically coupled to the base member;

wherein the plurality of electrodes are disposed in a manner such that a direction of a shear
force component applied to the actuator member can be analysed based on electrical outputs
measured via respective ones of the electrodes.

2. The self-powered triboelectric based device of claim 1, wherein the actuator member is
clastically deformable such that a normal force component applied to the actuator member can
be analysed based on the electrical outputs measured via the respective ones of the electrodes.

3. The self-powered triboelectric based device of claims 1 or 2, wherein the self-powered
triboelectric based device is configured for 2-dimensional or 3-dimensional sensing of control
signals for providing a user control interface.

4. The self-powered triboelectric based device of any one of claims 1 to 3, further
comprising a supporting structure for supporting the base member, the actuator member and
the plurality of electrodes.

5. The self-powered triboelectric based device of any one of claims 1 to 4, wherein the
actuator member is sphere-shaped and the second material is comprised in a semi-spherical
portion of the actuator member.

6. The self-powered triboelectric based device of claim 5, wherein the first surface of the
base member has a semi-spherical contour for receiving the semi-spherical portion of the
actuator member.

7. The self-powered triboelectric based device of claims 6, wherein the second surface of
the base member has a semi-spherical contour, and the plurality of electrodes are arranged in a
semi-spherical contour for receiving the second surface of the base member.

8. The self-powered triboelectric based device of any one of claims 1 to 7, comprising
four electrodes.
9. The self-powered triboelectric based device of any one of claims 1 to 8, wherein two of

the self-powered triboelectric based devices are coupled together to form an integral device.

10.  The self-powered triboelectric based device of any one of claims 1 to 4, wherein the
actuator member is sphere-shaped and the second material is comprised in contact points on a
surface of the sphere-shaped actuator member.
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11.  The self-powered triboelectric based device of claim 10, wherein the base member is
integrally formed with the electrodes such that the electrodes comprise the first material.

12.  The self-powered triboelectric based device of claims 10 or 11, wherein the electrodes
comprise two sets of four clectrodes each, each set being disposed circumferentially around
four of the contact points at different and wherein the two sets and their respective associated
contact points are disposed at different latitudes of the sphere-shaped actuator member.

13. A self-powered triboelectric based device comprising
a hollow base member comprising a first material,

one or more actuator members comprising a second material having a work function that differs
from the first material disposed inside the hollow base member in a cavity defined by an
internal surface of the base member, and

a plurality of electrodes disposed below the internal surface of the base member;

wherein the plurality of inner electrodes are disposed in a manner such that movement of the
one or more actuator members can be analysed based on electrical outputs measured via
respective ones of the inner electrodes.

14.  The self-powered triboelectric based device of claim 13, wherein the one or more
actuator members comprise one or more balls.

15.  The self-powered triboelectric based device of claim 13, wherein the actuator member
comprises the second material in liquid form.

16.  The self-powered triboelectric based device of any one of claims 13 to 15, configured
for 3-dimensional sensing of control signals for providing a user control interface and/or a
gyroscope.

17.  The self-powered triboelectric based device of any one of claims 13 to 16, configured
for harvesting signals for conversion into energy.

18.  The self-powered triboelectric based device of any one of claims 13 to 17, wherein the
base member further comprises a plurality of outer electrodes covered by a layer made from a
third material, such that further triboelectric signals can be measured via the outer electrodes
responsive to an external material having a work function that differs from the third material
co-operating with the third material.

19.  The self-powered triboelectric based device of any one of claims 13 to 18, wherein the
base member further comprises a plurality of additional electrodes covered by a layer made
from a fourth material, such that additional triboelectric signals can be measured via the
additional electrodes responsive to an external material having a work function that differs
from the fourth material co-operating with the fourth material.
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20.  The self-powered triboelectric based device of claim 19, wherein the additional
electrodes are covered by the fourth material on two opposing surfaces for cooperating with
the external material.

21. A user interface comprising the device as claimed in any one of claims 1 to 20.

22. A method of providing user input using the device as claimed in any one of claims 1 to
20.

23.  An energy harvesting device comprising the device as claimed in any one of claims 13
to 20.

24. A method of harvesting energy using the device as claimed in any one of claims 13 to
20.

25. A submersion-detecting device comprising the device as claimed in any one of claims
13 to 20.

26. A method of submersion-detecting using the device as claimed in any one of claims 13
to 20.
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