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ARTICLE INFO ABSTRACT

Keywords: The rapid expansion of Internet of Things (IoT) in many living environments, such as smart home, has motivated
Triboelectric nanogenerator (TENG) the development of human-machine interfaces (HMIs) for the interactions between human and machine. In this
Self-powered

paper, a sliding operation triboelectric nanogenerator (TENG) based control disk interface, generating 3-bit
binary-reflected Gray-code (BRGC), is developed by integrating copper electrodes, polytetrafluoroethylene
(PTFE) film, photovoltaic cell, and electronic signal processing circuits. Eight sensing transitions are successfully
achieved by the 3-bit BRGC encoding patterns with two electrodes. One electrode represents the binary bit “0”;
another electrode represents the binary bit “1”. A third electrode located in the middle of the disk is utilized to
indicate the sliding directions (inward or outward). The output signal detection mechanism and signal processing
circuit have been developed, and a Bluetooth transmitter is employed for enabling controlling applications
wirelessly. Besides the self-powered sensing characteristic of the triboelectric control disk, a hybrid energy
harvester that can harvest triboelectric and photovoltaics energy is proposed to power the entire electronic
control circuit. Finally, this triboelectric control disk is employed as a self-powered interface for smart home
control and password authentication access control system, which exhibits promising reliability, practicality, and

Hybrid energy harvesting
Smart home control
Authentication access control

flexibility.

1. Introduction

Internet of Things (IoT) has become a promising technological
paradigm and is rapidly gaining various research interests in recent
years [1-5]. According to Ref. [3], it is predicted that there will be 26 to
50 billion Internet-connected devices by 2020 and 100 billion devices by
2030. These devices will be deployed in different environments, such as
traffic, health, logistic, retail, agriculture, smart cities, smart grids, and
smart homes, to perform sensing, identifying, networking, and compu-
tation [4]. Among these IoT domains, there is increasing research
attention in smart homes over the past few years [5]. In a typical smart
home domain, household devices are equipped with wireless commu-
nication interface, forming a home-based wireless sensor network
(WSN), where the sensed data from the devices are forwarded to and
computed at a central station that is called as home sink or home hub
[5].

Among many commercially available smart home applications,
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besides autonomous turning lights or appliances on and off according to
the surrounding environments, such as light intensity, relative humidity,
and temperature, or a user pre-configured protocol, lights and devices
can also be controlled by mechanical switches. However, mechanical
switches have limited scalability because one mechanical switch can
only control one appliance. This may result in the requirement of a
substantial amount of mechanical switches in a house. Furthermore,
mechanical switches have a limited lifetime and finite flexibility.
Human-machine interfaces (HMIs) play an essential role in IoT appli-
cations to operate different Internet-connected objects, which can help
to exchange information between humans and electric devices effec-
tively [6-10]. Therefore, designing an intelligent and smart control
interface for smart objects is of great importance.

In the last few years, thanks to the invention of triboelectric nano-
generator (TENG) by Prof. Z. L. Wang’s group [11-14], more creative
and intelligent sensing methods have been designed and developed
using TENG. TENG is based on the electrification and electrostatic

Received 21 November 2019; Received in revised form 23 December 2019; Accepted 4 January 2020

Available online 10 January 2020
2211-2855/© 2020 Elsevier Ltd. All rights reserved.


mailto:mehmet.yuce@monash.edu
www.sciencedirect.com/science/journal/22112855
https://http://www.elsevier.com/locate/nanoen
https://doi.org/10.1016/j.nanoen.2020.104456
https://doi.org/10.1016/j.nanoen.2020.104456
https://doi.org/10.1016/j.nanoen.2020.104456
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nanoen.2020.104456&domain=pdf

C. Qiu et al.

induction effects, which can act as a self-powered sensor to detect
human interaction and provide useful information for controlling
different objects by converting a mechanical triggering into a
self-generated electric signal [15-23]. The signal can be processed and
analyzed further by a microcontroller (MCU) or a computer to provide
useful information as active sensors. TENG can be easily applied in the
conventional keyboard to realize HMI [19,24]. For instance, a
TENG-based intelligent keyboard is proposed for keystroke dynamics
investigation and energy harvesting purposes [25], and a TENG-array
which can detect keystroke dynamics is used to achieve authentication
and identification in Ref. [26]. TENG based sensors can also be applied
to detect human motion. For example, work [6] presents a TENG
glove-based control interface that can detect finger movements for
diverse control applications, such as a remote control drone and vehicle.
TENG can also be applied as flexible tactile sensors for electronic skin.
For instance, a stretchable, transparent and self-healing ionic-skin for
powering electronics devices is presented in Ref. [27], and work [28]
proposes another self-powered electronic skin for actively detecting
human motions and environmental atmosphere.

In addition to the numerous applications in self-powered sensors,
TENG has demonstrated great potential in energy harvesting systems.
The TENG can be applied to harvest different mechanical energy in our
daily life, such as human motion [29-31], vibration [32-34], air flow
[35-38], water wave [39-42], and acoustic [43-45]. The triboelectric
induced energy can be stored in an energy storage that is typically a
supercapacitor and then the stored energy can be utilize to power some
other electronic devices [46-49].

Herein, this paper presents an innovative self-powered TENG-based
control disk interface for IoT smart home and access control applica-
tions. The sensor interface is developed based on binary coding mech-
anism, which utilizes two sensing electrodes. One electrode represents
the binary bit “0”, while the other one represents the binary bit “1”.
Furthermore, by introducing an additional electrode in the middle po-
sition of the control disk, sliding directions across the electrodes can be
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obtained. With the binary coding mechanism, multiple sensing patterns
can be identified by sliding finger across the electrodes, which can be
applied for different applications. Moreover, the sliding speed can be
derived from the output signals and used as a control signal. Apart from
controlling functionalities, the TENG-based sensor is integrated with a
small-sized photovoltaic cell forming a hybrid energy harvester, which
is able to scavenge both light and triboelectric energy in order to provide
sufficient power for the entire electronic circuit. A Bluetooth Low Energy
(BLE) based MCU is utilized to recognize and decode the output signals
from the sensor and also transmit real-time control signals to different
appliances. The TENG control disk exhibits exceptional advantages over
mechanical switches, including self-powered, portable, multi-
functional, high reliability and scalability, low-cost, and easy fabrica-
tion. In comparison with other reported TENG-based HMIs, the proposed
control interface offers higher robustness in coding and identification,
and admirable practicality due to the compact size of the device and self-
powered electronic circuits. The proposed control disk interface has
been tested in different applications, including the smart home appli-
ances control and the door access authentication control, which dem-
onstrates promising potentials as a new control interface for human-
machine interactions in IoT applications.

2. System design and working mechanism

The structure of the proposed self-powered TENG control disk
interface is illustrated in Fig. 1(a). The control disk mainly consists of a
standard two-layer printed circuit board (PCB) and a polytetrafluoro-
ethylene (PTFE) film overlay which serves as a friction contact surface.
The thickness of the copper (Cu) layer of the PCB is approximately 35
um. The control disk includes two patterned Cu sensing electrodes (E-1
and E-2) based on 3-bit binary-reflected Gray-code (BRGC) to form a
patterned control array. The patterned Cu electrodes are printed on the
top layer of PCB. E-1 is utilized to represent binary bit “1” in BRGC, and
E-2 represents binary bit “0” in BRGC. E-2 consists of two pieces of Cu

“001”

“010”

“110”

Fig. 1. System overview of the self-powered TENG control disk. (a) Structure layout of the TENG control disk. (b) Dimensions of the device. (c) Photographs of the
TENG device. The device can be attached to the wall or the desk to control smart appliances wirelessly.
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electrodes which are connected through the connection wires on the
bottom layer of PCB. With 3-bit BRGC, eight sensing patterns can be
realized. Besides the two essential BRGC patterned sensing electrodes
(E-1 and E-2), one additional electrode (E-3) is used for detecting the
sliding direction across the patterned electrodes, i.e., sliding inwards or
outwards (sliding inwards: from the edge to the center; sliding outwards:
from the center to the edge). The sliding direction is a control signal
which can be used to turn a specific appliance on or off. A BRGC starts
with a voltage peak generated on E-3, which indicates that the sliding
gesture is from the center to the edge. Followed by a BRGC ended with a
voltage peak generated on E-3, this means the sliding gesture is from the
edge to the center. Fig. 1(b) and (c) show a developed self-powered
control disk. The control disk has a dimension of 100 mm. More
detailed dimensions of the control disk are provided in Fig. S1 (Sup-
porting Information). A solar cell with a size of 22 mm x 7 mm is in-
tegrated with the TENG control disk to achieve hybrid solar and
triboelectric energy harvesting. The energy can be used to power the
electronic circuits and BLE module for smart home control purpose. The
compact size of the device enables it to be attached to the wall or the
desk for wireless controlling applications.

The working mechanism of the proposed control disk is systemati-
cally illustrated in Fig. 2. At the beginning, a finger (with nitrile glove)
contacts with the PTFE film surface, as shown in Fig. 2(a, i). Because of
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the significant difference in electron-attracting ability, the electrons will
be attracted by the PTFE film from the nitrile glove surface, which re-
sults in a positively charged finger surface and a negatively charged
PTFE surface. The charges will remain on the surface for a long time.
Accordingly, the negative charges on the PTFE surface will induce
positive charges on Cu electrode due to triboelectric induction effect.
When the finger begins to slide across the electrode as depicted in Fig. 2
(a, ii), the positive chargers on the finger will drive electrons flow to the
Cu electrode from the ground due to the triboelectric induction. The net
amount of positive charges on the electrode reduces and an electric
current is generated in the load until a new electric potential equilibrium
is reached, as shown in Fig. 2(a, iii). As the finger moves away from the
electrode, electrons flow back to the ground, generating a negative
current in the load and the Cu electrode becomes positively charged
again as illustrated in Fig. 2(a, iv). Therefore, an alternating electric
signal is generated as a consequence of sliding across the electrode.
Based on this working mechanism, a TENG coding principle is
developed.

Fig. 2(b) and (c) depict the coding principle of the TENG control disk
to turn on and turn off a smart appliance, respectively. The coding
pattern “001” is used as an example here. The gesture that is used to
turn on appliances is to slide outwards across the patterned electrodes.
As the finger touches E-3 and slides outwards from the center of the

"""""""""""""""""" +  Fig. 2. Operation principle of the TENG control

disk. (a) The working mechanism of the output
signal generating processes based on sliding
operation across the individual sensing electrode.
(b) The coding principle and output signals of the
device when the finger is sliding outwards across
the patterned electrodes “001”, which can be
used as the control signal to turn on a smart
appliance. (c¢) The coding principle and output
signals of the device when the finger is sliding
inwards across the patterned electrodes “0017,
which can be used as the control signal to turn off
a smart appliance. Since the sliding direction is
reversed, the code “100” which is the reverse of
code “001”, is detected at the output.
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control disk and across the patterned electrodes, three output voltage
peaks are generated on three electrodes respectively, as shown in Fig. 2
(b, ii). The output voltage peak on E-1 represents the BRGC binary bit
“1”, and the output voltage peak on E-2 represents the BRGC binary bit
“0”. The relative width of the electrodes indicates the number of binary
bits in the code. Therefore, for the coding pattern “001”, the physical
width of E-2 is twice the size of E-1. A wider electrode will produce a
wider signal pulse, because the relatively longer time is required to slide
across the electrode. Due to the relative width of E-1 and E-2, the pulse
width T2 is two times larger than the pulse width T1, as shown in Fig. 2
(b, ii). The crest and trough of the pulse waves are selected as the
indication of the pulse width, since these two points can be identified
easily. Therefore, from the output pulse width T1 and T2, the device can
recognize there are two bits “0” and one bit “1” in the code. Moreover,
the pulse on E-2 is generated before the pulse on E-1, which indicates
that two bits “0” are followed by one bit “1” in the code. From the
relative pulse width (T1 and T2) and the timestamp of the pulses, the
code “001” can be recognized. Besides, as the finger reaches and leaves
E-3, a positive voltage peak and a negative voltage peak are generated
correspondingly. Hence, from the timestamp of the signal pulses, di-
rection sensing can be realised as well. In this example, the pulse on E-3
is generated before the code pulses “001”, which indicates the sliding
direction is from the center of the device to the edge. In contrast, as
shown in Fig. 2(c), the pulse generated on E-3 is after the code pulses
“100”, which indicates a reverse sliding direction (sliding inwards). In
this way, an appliance can be turned on if the sliding direction is out-
ward, and turned off if slide inwards. The decoding mechanism and
output signals of “000” and “010” are illustrated in Fig. S2 and Fig. S3
receptively in Supporting Information. The summary of the codes trig-
ged by sliding outwards and inwards across the eight sensing patterns is
provided in Fig. S4 (Supporting Information). A video demonstration
showing the operation of the TENG control disk can be found in Video S1
(Supporting Information).

Supplementary video related to this article can be found at https
://doi.org/10.1016/j.nanoen.2020.104456.

The effect of the sliding speeds on the output signals has been
investigated, as illustrated in Fig. 3. Fig. 3(a)-(c) demonstrate the per-
formance of the output when sliding with slow (~60 mm/s), normal (~
100 mmy/s), and fast (~200 mm/s) speeds across the coding pattern
“001” at a frequency of 1 Hz, respectively. The peak of the output
voltage signal increases with the higher sliding speed from 10 V at slow
sliding speed to 40 V at fast sliding speed. Although the time intervals T1
and T2 decrease with the higher sliding speed, the time ratio of T2 over
T1, which represents the number of bits “0” and “1” in the code, is
almost identical (T2/T1 ~ 2) regardless of various sliding speeds. The
average time ratio of T1 and T2 (T2/T1) is 1.85, 1.70, and 1.72 at slow,
normal, and fast sliding speeds, respectively. The consistent time in-
terval ratio under various sliding speeds shows the robustness of the
coding mechanism. The result reveals that the TENG control disk is able
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to function under various sliding speeds with accurate coding recogni-
tion. Furthermore, different levels of sliding speeds can be derived from
the output time intervals. Therefore, the sliding speed can be used as a
control signal as well, e.g., to control the brightness level of lights or the
speed setting of fans.

3. Hybrid energy harvesting

A hybrid energy harvester is proposed to harvest both TENG and
solar energy in order to power the electronic circuits of the sensor
interface. The TENG can generate electricity from mechanical impact, e.
g., hand tapping. In the meantime, the solar cell can scavenge energy
from natural and artificial light sources. The hybrid energy generated
from TENG and solar cell can be stored either in a supercapacitor or in a
rechargeable battery to power the electronic circuits. To verify the en-
ergy harvesting capability of the proposed TENG, the electric outputs
from hand tapping have been investigated, as shown in Fig. 4(a)-(e). All
of the three electrodes (E-1, E-2, and E-3) are connected together to the
load to maximize the output power. Fig. 4(b) and (c) depict the open-
circuit voltage (measure by a 100 Mohm probe) and short-circuit cur-
rent of the TENG under repeated hand tapping with a frequency about 3
Hz. The average peak open-circuit voltage (V,.) is about 570 V, and the
average peak short-circuit current (I;.) is about 30 yA. With every hand
tapping, the amount of induced charges is about 210 nC, as shown in
Fig. 4(d). The quantity of charges induced by hand tapping is obtained
by integrating the short-circuit current I, — t curve. Fig. 4(e) demon-
strates the charging curve of a 10 uF capacitor which is charged by the
TENG disk under hand tapping via a full-wave rectifier. The capacitor is
charged from 0 V to 4.8 V in 60 s via the hand tapping at a frequency of 3
Hz. In Fig. 4(f), the charging curves of a 0.33 F supercapacitor which is
charged by the solar cell under natural sunlight and artificial light
sources are illustrated. The photovoltaic cells power management chip
ADP5090 is utilized to store the power generated by the solar cell to the
supercapacitor. During the experiment, the solar panel is exposed to the
sun at the irradiance level of 1000 W/m?2. The supercapacitor is charged
from 2 V to 3 V in 100 s. On the other hand, when the solar cell is
illuminated at a distance of 30 cm under a 40 W table lamp in which the
irradiance level is 400 W/m?, the supercapacitor can be charged from 2
V to 3 V in 230 s. The TENG energy harvester and solar cell energy
harvester are connected in parallel to store the energy in a rechargeable
battery. The hybrid energy harvesting circuit is shown in Fig. S5 (Sup-
porting Information). The stored energy is used as a power source to
function the entire electronic circuit of the control disk, which is suffi-
cient for both indoor and outdoor applications.

4. Application 1: smart home control

A smart home control system is developed based on the proposed
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Fig. 3. The output voltage of the patterned electrodes (“001” as the example here) under different sliding speeds: (a) slow (~60 mm/s), (b) normal (~ 100 mm/s),

and (c) fast (~200 mm/s).
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Fig. 4. Hybrid energy harvesting with the
TENG control disk and the photovoltaic cell.
(a) The illustration of the TENG device
under hand tapping. (b) The open-circuit
voltage of the TENG device under hand
tapping. (c¢) The short-circuit current of the
TENG device under hand tapping. (d) The

amount of induced charges when the device
is under hand tapping. (e) A 10 uF capacitor
is charged by the TENG device under hand
tapping. (f) The charging curves of a 0.33 F
supercapacitor with the photovoltaic cell

under natural sunlight and artificial light.
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TENG control disk, as demonstrated in Fig. 5. Fig. 5(a) depicts the
structure of the TENG control device. The front side of the device is the
TENG sensor, and the back side of the device is the electronic circuits,
including signal processing circuit, power management circuit, and a
rechargeable battery to store the hybrid energy scavenged by TENG and
solar cell. The detailed structure layout of the fabricated device is shown
in Fig. S6 (Supporting Information). A MCU with BLE 5.0 module
(MDBT42Q) is employed to achieve wireless smart appliances control.
The block diagram of the entire smart home control system is illustrated
in Fig. 5(b). As the finger sliding across the patterned electrodes, the
output voltage signals generated by the TENG control disk are detected
and processed by the signal processing circuit and MCU. When different
codes are detected, corresponding instructions will be sent via a BLE
network to control the smart appliances. Fig. 5(c) presents four exam-
ples of TENG electric signals corresponding to the sliding motion to turn
on different appliances in the home. The electric signals corresponding
to the sliding motion to turn off smart appliances is shown in Fig. 5(d).
The output signals of all the eight sensing patterns are depicted in Fig. S7
and Fig. S8 (Supporting Information). Furthermore, different levels of
sliding speeds can be derived from the time intervals of signal pulse, as
depicted in Fig. 5(e). Therefore, the sliding speeds can be used as a signal
to control the brightness level of lights or the speed setting of fans. The

100 150 200 250

Time (s)

photographs showing three brightness levels of a light controlled by the
TENG device are shown in Fig. S9 (Supporting Information). The power
consumption of the device is 18 mA at 3.3 V power supply when it is
activated for sensing and wireless controlling. For each controlling
operation, the energy consumption of the device can be recovered in 55 s
by solar energy harvester, as illustrated in Fig. S10 (Supporting Infor-
mation). Moreover, to reduce the power consumption of the control
device, the system is programmed to go into a sleep mode after 5 s idle
state. The power consumption of the device is 0.3 yA at 3.3 V power
supply in the sleep mode. Despite the electronic control circuit is mainly
powered by the photovoltaic cell, the TENG has shown promising ad-
vantages as an additional power source. As illustrated in Fig. S11
(Supporting Information), the TENG can be used to recover the energy
consumption of the device that is in sleep mode. The energy consump-
tion of the device in sleep mode for 120 s can be recovered by tapping
the TENG in about 40 s. Assuming the control device is required to
operate every 20 min and each operation requires 10 s, the average
power consumption of the device is about 0.5 mW. The system can be
waked up from the sleep mode by tapping on the sensor. The tapping
motion generates a voltage peak on E-3 that is used to wake up the
system from the sleep mode. A video demonstration of the real-time
smart home control can be found in Video S2 (Supporting Information).
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Fig. 5. Smart home control with the TENG control disk. (a) The front and back view of the self-powered TENG device. (b) Block diagram of the wireless smart home
control system. (c) Four examples showing the output signals corresponding to the sliding operation to turn on four smart appliances. (d) Four examples showing the
output signals corresponding to the sliding operation to turn off four smart appliances. (e) Demonstration of using various sliding speeds to control the brightness of

the light.

Supplementary video related to this article can be found at https

://doi.org/10.1016/j.nanoen.2020.104456.

5. Application 2: home authentication access control system

The TENG control disk can also provide a solution for self-powered
password authentication entry system. A flexible, efficient, and secure
smart home entry system has been developed, as shown in Fig. 6(a).

With 3-bit BRGC coding, 8 digits (0-7) can be realised. The door access
can be obtained by entering a 6-digit entry password. There are more
than 262,000 combinations of potential passwords based on this
configuration, which is sufficient for everyday needs. Fig. 6(b) illustrates
the block diagrams of two separate modules of the smart home entry
system. The outdoor module consists of the TENG control disk, TENG
control circuits, and a MCU for digits decoding; the indoor module
mainly includes the MCU for password recognition and a control circuit
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is entered.

for the door locker. In daily operation, after the outdoor module is
waked up by the homeowner via hand tapping from the sleep mode to
input password, the MCU will start to decode the corresponding output
signal generated by the TENG control disk. The outdoor module will
transmit the decoded digits to the indoor module through the BLE
network. If the 6-digit password (“ 1234567) has been entered, the door
will be opened. Fig. 6(c) depicts an example output signal of the pass-
word “123456”. Since only the outward sliding operation is needed for
password entering, only 2 electrodes (E-1 and E-2) are required here.
The third electrode (E-3) may be used for direction sensing (sliding
outward or inward) if needed. Hence, 16 digits can be realised from the
TENG control disk, which will further improve the numbers of combi-
nations of potential passwords (a total of 16,777,216 potential 6-digit
password combinations). A small door model is designed and built for
the demonstration purpose as shown in the Supporting Information
Fig. S12. A video demonstration of the real-time home authentication
entry system can be found in Video S3 (Supporting Information).
Supplementary video related to this article can be found at https
://doi.org/10.1016/j.nanoen.2020.104456.

6. Conclusion

In this paper, an innovative self-powered triboelectric control disk
interface is proposed for IoT smart home control and authentication
access control applications. Based on the binary coding mechanism, by
using only two sensing electrodes (one serves as binary bit “17; the other
serves as binary bit “0”), multiple sensing transitions can be achieved.
An additional electrode can be employed to indicate the sliding di-
rections across the patterned electrodes. Eight codes can be encoded on
the sensor through 3-bit binary code to achieve eight control

instructions, leading to sufficient number of codes and control signals for
controlling of devices in a home environment. Furthermore, a hybrid
energy harvester, which incorporates the proposed TENG control
interface and solar cell, is designed to scavenge both the mechanical
energy from hand tapping and the energy of light to power the electronic
circuits. A smart home control system has been developed and demon-
strated the feasibility of utilizing the TENG control disk as a HMI. The
system can detect the output signal of the control disk accurately and
then send the corresponding commands to control the smart appliances
in real-time via a BLE network, such as to turn on or turn off the light and
the fan. With slow to fast sliding speeds across the electrodes, the
brightness of the light will be adjusted from minimum to maximum level
accordingly. In addition, the control disk can be used as a password
input interface as well. An authentication access control system is
demonstrated by inputting password to gain the door access. The self-
powered, multi-functional, and portable TENG control disk with high
scalability and reliability exhibits significant advantages in IoT enabled
devices controlling, such as smart home, smart building, and remote
robotics control.
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