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robotics, security, virtual reality/ 
augmented reality (VR/AR), smart home, 
smart factory, etc. Evolving together 
with the mainstream electronic tech-
nologies, modern HMIs are developing 
toward two directions, i.e., flexible wear-
able compatibility and self-powered 
capability. Recently, flexible wearable 
electronics are attracting more and 
more research interests from worldwide 
due to their unique and irreplaceable 
features of soft, light, comfortable, and 
wearable property.[1–7] Accordingly, the 
developed flexible wearable electronics 
have been further applied for a large 
variety of applications, such as energy 
scavenging,[8–10] motion detection,[11,12] 
physiological monitoring,[13–15] physical/
chemical sensing,[16,17] soft robotics,[18,19] 
healthcare,[20–22] HMI,[23,24] etc. In this 
regard, flexible wearable HMIs can be 
comfortably worn on human body to 
enable smart control whenever and wher-
ever possible. On the other hand, self-
powered electronics are also of increasing 
importance due to their self-sustainability 
and energy saving nature, showing great 
potential to ease the global energy crisis 
and environment pollution. Many self-

powered electronics have been developed through the integra-
tion with different energy harvesting technologies, such as 
electromagnetic,[25,26] piezoelectric,[27–29] triboelectric,[30–32] etc. 
Since its first invention, triboelectric nanogenerator (TENG) 
has been proven as a promising energy harvesting technology, 

Human–machine interfaces are essential components between various 
human and machine interactions such as entertainment, robotics control, 
smart home, virtual/augmented reality, etc. Recently, various triboelectric-
based interfaces have been developed toward flexible wearable and battery-
less applications. However, most of them exhibit complicated structures and 
a large number of electrodes for multidirectional control. Herein, a bio-
inspired spider-net-coding (BISNC) interface with great flexibility, scalability, 
and single-electrode output is proposed, through connecting information-
coding electrodes into a single triboelectric electrode. Two types of coding 
designs are investigated, i.e., information coding by large/small electrode 
width (L/S coding) and information coding with/without electrode at a 
predefined position (0/1 coding). The BISNC interface shows high scalability 
with a single electrode for detection and/or control of multiple directions, by 
detecting different output signal patterns. In addition, it also has excellent 
reliability and robustness in actual usage scenarios, since recognition of 
signal patterns is in regardless of absolute amplitude and thereby not 
affected by sliding speed/force, humidity, etc. Based on the spider-net-coding 
concept, single-electrode interfaces for multidirectional 3D control, security 
code systems, and flexible wearable electronics are successfully developed, 
indicating the great potentials of this technology in diversified applications 
such as human–machine interaction, virtual/augmented reality, security, 
robotics, Internet of Things, etc.

Bio-Inspired Interfaces

1. Introduction

Human–machine interfaces (HMIs) are essential components 
providing communication between the interactions of human 
and machine in diverse applications, e.g., entertainment, 
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which receives rapid development of diverse energy harvesters 
and self-powered sensors globally.[32–41] TENG technology pro-
vides an ideal approach to realize HMIs with both flexible wear-
able compatibility and self-powered capability,[42–47] because of 
its superior merits including self-generated signal, high output 
performance, diverse and simple device configuration, ultra-
wide material applicability, flexibility/stretchability, good scal-
ability, and low cost.[48–56]

During the past few years, various triboelectric interfaces 
have been developed toward a wide range of detection and 
control applications.[57–59] Categorized by the actuated motion 
performing on the interfaces, triboelectric interfaces mainly 
include pressing-type interfaces and sliding-type interfaces. 
Pressing-type interface is normally realized by contact-separation 
mode–based pressure or tactile sensors, in order to detect the 
pressing on the interface for motion control.[60–69] For each of 
the motion control, individual sensing node is required as well 
as sensing electrodes. To give an example, a flexible and trans-
parent TENG interface using array of multiple tactile sensors is 
demonstrated for the detection and mapping of finger contact, 
which then can be further applied for gaming control.[64] Another  
triboelectric interface in form of 3D tactile sensor is reported for 
intuitive control of object attitude in 3D manner (including both 
translation and rotation movement).[60] The 3D tactile sensor 
in total has eight sensing nodes/electrodes to detect different 
operation motions (two finger pressing on both sides of the device)  
for 3D control. Although these developed pressing-type inter-
faces exhibit relatively stable and high output performance, 
they require the designs of complicated structures and a large 
number of sensors/electrodes for different motion control.

On the other hand, sliding-type interface is normally achieved 
by detecting the sliding motion with pressure/tactile sensor 
array or strip/grating electrodes along the trace.[58,70–75] A 9 × 9 
sensor array with separated electrodes is developed to achieve 
real-time detection of contact position, trajectory, velocity, and 
acceleration of a sliding object.[70] However, sensor array-based 
interfaces have low scalability with the large number of elec-
trodes. When implementing higher resolution, the number 
of sensors and electrodes needs to be increased dramatically, 
introducing significant difficulty in readout circuitry and signal 
processing. To reduce the number of electrodes, a triboelec-
tric interface that is able to detect finger sliding trajectory with 
only four electrodes is proposed.[71] Grid patterns are attached 
on the surface to convert the continuous finger sliding into 
periodic contract and separation along the trace. The four elec-
trodes are located at the edges and the detection is based on 
the charge-induced voltage ratio of opposite electrodes. Another 
sliding-type interface is developed using strip electrodes with 
varying length, for the monitoring of vehicle moving direc-
tion, speed, and acceleration.[76] Compared to pressing-type 
interfaces and sensor array–based sliding-type interfaces, strip 
electrode–based sliding-type interfaces exhibit great advan-
tages for multiple motion control, e.g., simple device configu-
ration, high intuitiveness, and reduced number of electrodes. 
With less number of electrodes in interfaces, beneficial gains 
in device fabrication, signal detection, and processing without 
signal crosstalk can be obtained. The ultimate goal of reducing 
the number of electrodes is the minimalist design, i.e., single-
electrode interface.

Sliding-type interfaces provide promising potential to 
realize single-electrode interface through advanced structure 
innovation. A possible design is using connected strip elec-
trodes with varying number of electrodes in different direc-
tions for multiple motion control. When sliding across the 
electrode patterns, output signal peaks with number as same 
as the number of the strip electrodes are generated. Thus in 
this way, different sliding directions can be distinguished and 
used to define different control motions. However, this design 
through distinguishing the number of output peaks exhibits 
low scalability. That is, if a large amount of control motions 
are required such as multidirectional control with good resolu-
tion, the last electrode pattern needs to have a large number of 
strip electrodes, which greatly increases the device dimension 
and causes significant imbalance in different directions (e.g., 
larger sliding length for patterns with larger number of strip 
electrodes). To overcome this issue, information coding can be 
potentially introduced into the sensing electrodes,[53,76,77] then 
forming 2D layout for multidirectional detection and control.

Nowadays, bio-inspired electronics especially the self-powered  
bio-inspired electronics have gradually evolved into one of 
the most important and emerging research areas,[78–81] devel-
oping toward diverse applications such as energy conversion,[82] 
implanted electronics,[83] electronic skin,[84,85] energy storage,[86] 
sensors,[87] etc. Here in this work, a spider-net layout-inspired 
single-electrode triboelectric interface is developed through 
information coding on the sensing electrode. This bio-inspired 
spider-net-coding (BISNC) interface is highly scalable, robust, 
and reliable for the signal detection in various scenarios, such 
as different sliding force, sliding speed, and ambient humidity, 
since the signal detection mechanism is independent of the 
absolute amplitude. Two types of information coding configu-
rations are investigated to achieve unique and distinguish-
able output signal for each direction with the single-electrode 
output. The first configuration is information coding with 
large/small electrode width, where the output patterns can be 
differentiated through the relative amplitude of output peaks. 
The second configuration is based on information coding 
with and/or without a strip electrode on a predefined position. 
Accordingly, the output signal patterns can be interpreted from 
the positions of the generated signal peaks in time domain. The 
advanced information coding concept enables the realization 
of highly scalable and single-electrode triboelectric interfaces, 
toward diversified applications including 3D control, security, 
VR/AR, human–machine interaction, robotics, etc.

2. Operation Principle and Self-Powered 
Characteristics of BISNC Interface

To realize multidirectional detection with single electrode, the 
most straightforward design is using different number of strip 
electrodes for different directions. However, in the case of a 
large amount of detections, the number of strip electrodes has 
to increase linearly with the number of directions, resulting in 
low scalability and great imbalance of device. Therefore, scal-
able coding configurations which can significantly reduce the 
number of strip electrodes are highly desirable. The more 
directions need to be detected, the more obvious gain of  
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the coding configurations. Inspired by the connected structure 
of spider-net, two coding configurations of BISNC interfaces are  
proposed. The first coding configuration is based on electrodes 
designed with large and small width, i.e., large/small (L/S) 
coding, to generate output peaks with coding information in 
terms of relative amplitude. The basic rule of this coding design 
is to interpret the coding electrodes according to the output 
peaks with relative large and small amplitude, which is irrel-
evant of the absolute amplitude of the peaks and can minimize 
the effect of operation and environment conditions. Thus for 
each direction, there should be at least one large electrode and 
one small electrode to create the amplitude variation. Then the 
second coding configuration is based on the design with and/
or without electrode in a predefined position, i.e., 0/1 coding, 
to generate output peaks with coding information in terms 
of their positions in time domain. Both coding designs have 
absolute-amplitude-independent detection mechanism, which 
means that the coding information only relies on the relative 
amplitude or the time-domain positions of the output peaks. 
Thus, the single-electrode coding designs can offer excellent 
robustness and reliability in various usage scenarios, e.g.,  
different sliding speeds, sliding forces, and/or ambient humidity, 
greatly broadening the applications of the BISNC interfaces.

The schematic diagram of a BISNC interface attached on 
a human arm is illustrated in Figure 1a, indicating that the 
spider-net-inspired interface can be applied for a wide range of 
applications, such as energy harvesting, smart control, VR/AR, 
Internet of Things (IoT), smart home/building, etc. Figure 1b 
shows the schematic of a BISNC interface with L/S coding, 
with all the electrodes connecting together into one single elec-
trode. The device consists of only three thin layers, i.e., Ecoflex 
substrate, patterned Al electrode, and polytetrafluoroethylene 
(PTFE) friction layer, resulting in a very succinct device con-
figuration. With the L/S coding design, large output peak is 
generated when sliding across electrode with large width, and 
similarly, small output peak is generated when sliding across 
electrode with small width. Then the output peaks with rela-
tive large and small amplitude can be adopted to interpret the 
coding information on the electrodes.

The basic operation principle of the single-electrode BISNC 
interface with L/S coding can be explained using the schematics 
shown in Figure 1c, where finger is sliding on the interface 
with relatively constant speed. Electrode pattern with large-
small-large electrode width is used as an example here (the 
pattern indicated by the dash arrow in Figure 1b). First, when 
finger wearing nitrile glove comes into contact with the friction 
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Figure 1. Design configuration of the BISNC interface and operation principle. a) Schematic diagram of the spider-net-inspired BISNC interface and 
its diversified applications. b) Schematic diagram and layer structure of the BISNC interface with L/S coding. c) Operation principle of the L/S coding 
design and the corresponding output signals.
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surface of the device, i.e., PTFE, electrons are injected from the 
nitrile glove surface to the PTFE surface due to their different 
electron affinities. Thereby, nitrile glove surface contains net 
positive charges while PTFE surface ends up with net negative 
charges. Accordingly, the three strip electrodes are coupled with 
different amounts of positive charges by the negative PTFE sur-
face, with large amount of charges on the electrode with large 
width and small amount of charges on the electrode with small 
width (Figure 1c-i). The moment finger slides on the area of 
the first strip electrode (with large width) from the center area, 
a large amount of positive charges on that electrode are forced  
to flow into ground due to the arisen of electric potential  
difference, resulting in a large positive peak in the external  
circuit (Figure 1c-ii). Next, when finger slides out of the area of 
the first strip electrode, a large amount of positive charges are 
forced to flow back to the electrode. Then a large negative peak 
is generated in the external circuit (Figure 1c-iii). Then when 
finger slides on the second strip electrode (with small width), 
a small amount of positive charges on that electrode are forced 
to flow into ground, generating a small positive peak in the 
external circuit, due to the small electrode width (Figure 1c-iv). 
The moment when finger slides out of the second electrode, a 
small amount of positive charges are forced to flow back to the 
electrode and a small negative peak is generated in the external 

circuit (Figure 1c-v). Similarly, when finger slides on and out 
of the third strip electrode (with large width), a large amount 
of positive charges are forced to flow between that electrode 
and ground, generating a large positive peak and a large nega-
tive peak in the external circuit (Figure 1c-vi,vii). Then when 
finger leaves the device surface, no output peak is generated 
(Figure 1c-viii). Therefore, when finger slides across electrodes 
with large and small widths, output signals with different 
amplitudes are generated in the external circuit. In other 
words, the coding electrode pattern in the sliding direction can 
be decoded accordingly based on the relative amplitude of the 
output peaks.

To determine the suitable electrode width and spacing, 
measurements with both electrode width and spacing varying 
from 6 to 2 mm are conducted, as shown in Figure S1 (Supple-
mentary Information). According to the experimental results, 
it is concluded that certain electrode width and spacing are 
required for the finger sliding application. Normally speaking, 
electrode spacing of 6 mm can achieve clear signal identifica-
tion with separated output peaks. Then to decide the electrode 
width for large and small electrodes, measurements as shown 
in Figure 2 are conducted. The schematic in Figure 2a indi-
cates that two sets of large/small/large electrode patterns with 
different dimensions are connected together and investigated  
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Figure 2. Optimization characteristics of electrode width. a) Schematic of the electrode patterns for the measurement. The generated output peaks 
from the 8/2/8 and 6/2/6 mm electrode patterns under finger sliding in a b) slow, c) normal, and d) fast manner. The generated output peaks from 
the 8/4/8 and 6/4/6 mm electrode patterns under finger sliding in a e) slow, f) normal, and g) fast manner.
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under three sliding speeds (slow ≈38 mm s−1, normal 
≈97 mm s−1, and fast ≈152 mm s−1). The electrode spacing in 
both patterns is kept as constant of 6 mm. The measurements 
in Figure 2b–d are conducted with electrode width of the large/
small/large patterns of 8/2/8 mm and 6/2/6 mm, under slow, 
normal, and fast sliding, respectively. Similarly, the measure-
ments in Figure 2e–g are conducted with electrode width of 
8/4/8 mm and 6/4/6 mm. From the results, it can be observed 
that with larger difference in the electrode width, the varia-
tion of the output signal amplitude is more obvious. But if the 
electrode with small width is too narrow, its generated output 
peak will have limited amplitude due to the small contact area, 
which is easily submerged in the large output peaks from the 
electrodes with large width. In this regard, electrode widths of 
8 and 4 mm are adopted for the electrodes in the L/S coding 
configuration.

Based on the previous optimization results, a BISNC inter-
face is first fabricated with large electrode width of 8 mm, small 
electrode width of 4 mm, and electrode spacing of 6 mm. In the 
ideal case, electrode with larger width should produce higher 

output peak due to the larger contact area during sliding. How-
ever, due to the relatively large size of human finger of ≈15 mm 
and the small electrode spacing of 6 mm, finger may cover two 
adjacent electrodes simultaneously and cause the overlapping 
of generated output peaks, as shown in Figure S2 (Supple-
mentary Information). The negative peak of the former signal 
may overlap with the positive peak of the latter signal, leading 
to amplitude reduction of the second signal. Thus, amplitude 
of the output peaks may not come out as expected—large 
amplitude from large electrode and small amplitude from small 
electrode. In order to accurately recognize the electrode pat-
terns, a forward/backward sliding strategy is proposed together 
with a signal interpretation table, as illustrated in Figure S2 
and Table S1 (Supplementary Information). Then to minimize 
the negative effect of overlapping signals and develop a more 
intuitive detection mechanism, another eight-direction BISNC 
interface with larger electrode spacing (15 mm) is fabricated 
and investigated, with its photograph shown in Figure 3a. Ben-
efited from the design of larger electrode spacing, the overlap-
ping of output signals can be minimized and thereby output 
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Figure 3. The eight-direction BISNC interface with L/S coding and wider spacing (electrode width of 8 and 4 mm, spacing of 15 mm). a) The photograph 
of the device. b–i) The corresponding output peaks when finger sliding across the eight electrode patterns. Insets show the sliding directions and the 
electrode patterns.
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signal pattern corresponding to the electrode pattern can be 
achieved, i.e., large amplitude from large electrode. The gener-
ated output signals when sliding across the eight directions are 
illustrated in Figure 3b–i, respectively. According to the meas-
urement results, it can be observed that the amplitude variation 
of the output signals is able to follow the width variation of the 
sensing electrodes correspondingly. Furthermore, no backward 
sliding is required in order to determine the coding informa-
tion in electrodes. In this way, the interpretation mechanism in 
the processing circuit can then be significantly simplified.

The triboelectric mechanism enables the BISNC interface 
to also function as an energy harvester to scavenge mechan-
ical energy from various contact and sliding motions such as 
human tapping. The measurement results from human hand 
tapping are summarized in Figure S3 (Supplementary Infor-
mation), where the recorded output voltage (on a 100 MΩ 
load), charge, and short circuit current of the device are 385 V, 
482 nC, and 6.25 µA, respectively. Compared to outputs with 
finger sliding, the outputs from hand tapping are greatly 
improved due to the much larger contact area of human palm 
and the device, inducing more charges flowing in the external 
circuit with each tapping motion. When changing the resist-
ance of the connected external loads, the BISNC interface can 
produce a maximum output power of 3.2 mW on a matched 
resistance of 13 MΩ (with tapping frequency of ≈3.5 Hz). 
Therefore, the BISNC interface not only can be used as self-
powered interface, but also can be used as energy harvester/
generator to scavenge energy from human motions and store 
in capacitor for the potential operation of the back-end circuits, 
toward the eventual realization of self-powered and battery-less 
functional interfaces.

3. Advanced BISNC Interface as Three-Bit Binary 
Code Interface and Application

Although intuitive signal patterns can be achieved using L/S 
coding with larger electrode spacing, the comparison and judge-
ment of signal amplitude of large, small, and equivalent are not 
so straightforward in the processing circuit. Besides, the larger 
electrode spacing greatly increases the device dimension. Mean-
while, another information coding scheme, i.e., 0/1 coding, has 
the detection mechanism irrelevant of the signal amplitude, 
but only related to signal positions in time domain. Thus, even 
with some overlapping of signals due to the small spacing, the 
coding information still can be correctly decoded as long as the 
generated signal positions are distinguishable. Herein, another 
advanced eight-direction BISNC interface with 0/1 coding 
is proposed, with the electrode width of 4 mm and electrode 
spacing of only 6 mm. As depicted in Figure 4a, all the elec-
trode patterns are equipped with one beginning electrode and 
one ending electrode as reference points for the recognition of 
output peaks’ positions in time domain. Then the middle three 
electrodes are coded with three-bit binary code of 000, 001, 010, 
011, 100, 101, 110, and 111 (where “1” means that there is one 
strip electrode in that position and “0” meaning that there is no 
strip electrode in that position). Hence, when sliding across the 
beginning electrode, there is always one output peak generated. 
Then if there is a strip electrode in the first coding position, 

another output peak is generated. If there is no strip electrode 
in the first coding position, no output peak is generated and 
signal remains as 0. Similarly, same for the second and the 
third coding positions. After three coding electrodes, another 
output peak is generated from the ending electrode as another 
reference point. Therefore, based on the information-coding 
electrode patterns, output signals with different peak positions 
in time domain will be generated, which can be decoded to 
reveal the coded information. The amplitude of output peaks 
can be ignored in this decoding process, offering a more 
straightforward and reliable detection mechanism.

The detail operation principle of electrode pattern “101” as 
an example is illustrated in Figure 4b. When finger slides across 
the beginning strip electrode, an output peak is generated in the 
external circuit. Then when finger slides across the first coded 
strip electrode (1), another output peak is generated. Moving 
forward, when finger is sliding on the area of the second coded 
strip electrodes (0), no output peak is generated since no strip 
electrode is there due to the “0” coding. After that, two output 
peaks are generated when finger slides across the third coded 
strip electrode (1) and the ending strip electrode. Since finger is 
sliding on the interface with a relatively constant speed, the 0/1 
coding information can be interpreted from the positions of the 
generated peaks in the time domain.

Figure 4c shows the photograph of the fabricated eight-
direction BISNC interface, with two additional sensing patterns 
for potential up/down and rotation control. The corresponding 
output signals for these eight directions are presented in 
Figure 4d–k. The letter “B” and “E” in the graphs denote the 
beginning reference point and ending reference point from 
the two reference electrodes. With the help of these two refer-
ence points, the coding information in the electrode patterns 
can be interpreted accordingly. For example, if there is no 
output peak between the two reference points, it means that 
the coding information is 000. If there are three output peaks 
between the two reference points, it means that the coding 
information is 111. With one output peak in between, the 
coding information can be 001, 010, or 100, according to the 
position of the peak, i.e., closer to the ending reference point 
(001), in the middle of the two reference points (010), or closer 
to the beginning reference point (100). Similarly, if there are 
two output peaks in between, the coding information can be 
011, 101, or 110, according to the positions of the two output 
peaks, i.e., both closer to the ending reference point (011), one 
closer to the beginning reference point and one closer to the 
ending reference point (101), or both closer to the beginning 
reference point (110). Through measuring the peak position 
with respect to the two reference points in time domain, the 
coding information in each direction can be decoded. The 
robustness of the device and detection mechanism regarding to 
the variation of sliding speed is discussed in Figure S4 (Supple-
mentary Information), indicating that as long as the variation 
of sliding speed is within 40%, the coding information can be 
correctly decoded and all directions can be recognized.

The BISNC interface with 0/1 coding can be potentially 
adopted for 3D drone control, with the eight 0/1 coding elec-
trode patterns for multidirectional in-plane control and the 
two additional electrode patterns for rotation and up/down 
control. In this regard, 3D drone control can be realized using  

Adv. Sci. 2019, 6, 1900617
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the BISNC interface with only one electrode output. To 
differentiate the output signal patterns from those of in-plane 
control, electrode pattern for rotation control is configured with 
six strip electrodes while electrode pattern for up/down control 
is configured with seven strip electrodes. To further distinguish 
the direction of sliding left/right and up/down, the spacing of 
these electrodes is varied from small to large in each pattern. 
Then according to the number of output peaks and the trend of 
the peak intervals (increasing or decreasing), left/right rotation 

control and up/down control can be determined. Figure 4l,m 
shows the generated signals for the rotation control and the 
enlarged view of the output peaks and their time intervals. 
When sliding left, there are six peaks in the generated signal 
and their time intervals are decreasing. Then when sliding 
right, their time intervals are increasing. Figure 4n,o shows the 
generated signals for the up/down control and enlarged view 
of the output peaks and their time intervals. When sliding up, 
there are seven peaks in the generated signal and their time 

Adv. Sci. 2019, 6, 1900617

Figure 4. Advanced BISNC interface with 0/1 coding (electrode width of 4 mm, spacing of 6 mm). a) Schematic diagram of the eight-direction BISNC 
interface with 0/1 coding. b) The operation principle of 0/1 coding design and the corresponding output signals. c) The photograph of the device.  
d–k) The corresponding output peaks when finger sliding across the eight electrode patterns. Insets show the eight different sliding directions, and “B” 
and “E” denote the output peaks from the beginning and ending reference electrode. The generated signals from the top electrode pattern with finger 
sliding to the l) left and m) right direction. The generated signals from the right electrode pattern with finger sliding to the n) up and o) down direction.
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intervals are decreasing. Then when sliding down, their time 
intervals are increasing. The trend of the time intervals in rota-
tion control and up/down control is illustrated in Figure S5 
(Supplementary Information).

Due to the excellent robustness and reliability of the 0/1-
coding eight-direction BISNC interface, it is adopted for 3D 
control of virtual drone in cyber space to show its practical 
usability. As shown in Figure 5a, the entire control system is 
composed of the eight-direction BISNC interface as the control 
interface, a processing circuit, a microcontroller unit (MCU) 
for signal recognition and control command generation, and a 
computer for drone control. The processing circuit mainly con-
sists of a comparator circuit to convert the triboelectric peaks 
into square wave pulses for easy recognition by the MCU. 
Through programming the MCU, the BISNC interface can 

be adopted to control the 3D motions of the drone intuitively 
according to different finger sliding operations. First, the eight 
directions with 0/1 coding electrodes are programed to con-
trol the in-plane motions of the drone, i.e., forward, backward, 
left, right, left front direction, right rear direction, right front 
direction, and left rear direction. The generated triboelectric 
signals from the BISNC interface and the square wave signals 
after the processing circuit for the eight directions are depicted 
in Figure 5b–e. The corresponding finger sliding traces on 
the BISNC interface and drone motions in 3D space are also 
shown as insets. Then the right electrode pattern of seven strip 
electrodes with varying spacing is programed to control the up/
down motion of the drone when sliding up or down by finger. 
Besides, the top electrode pattern of six strip electrodes with 
varying spacing is programed to control the in-plane rotation  

Adv. Sci. 2019, 6, 1900617

Figure 5. Demonstration of 3D drone control using the BISNC interface. a) Block diagram of the entire control system. The generated triboelectric 
output from the BISNC interface and the output after the processing circuit for the drone movement control in b) forward/backward direction, c) left/
right direction, d) left front/right rear direction, e) right front/left rear direction, f) up/down direction, and g) left/right rotation. The insets show the 
sliding operations on the BISNC interface and the corresponding drone movements.
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motion of the drone under left/right finger sliding. The  
generated triboelectric signals and the square wave signals for 
the up/down and in-plane rotation drone control are illustrated 
in Figure 5f,g, together with the finger sliding traces and drone 
motions. The real-time control of the virtual drone in 3D space 
can be found in Video S1 (Supplementary Information).

4. Scalability and Diversified Applications  
of BISNC Interface

Except for the application in 3D control, the spider-net-inspired 
BISNC interfaces exhibit outstanding scalability for other appli-
cations such as security code, just like the spider-net that can 
be woven wider and wider. For instance, four directions can be 
defined using two-bit coding electrodes, eight directions can 
be defined using three-bit coding electrodes, 16 directions can 
be defined using four-bit coding electrodes, etc. First, the eight-
direction 0/1-coding BISNC interface is adopted as the inter-
face of security code system. Two types of coding strategies are 
proposed using the device, i.e., graphic code and digital code, 
as depicted in Figure 6a,d. In the graphic code system, each 
direction is only regarded as active or inactive. To set the code, 
one can select which direction is active and which direction is 
inactive. Then in order to trigger the code, one only needs to 
remember all the active directions and slide, regardless of the 
sliding order. Thus, the graphic code is very straightforward 

and easy to remember, fast response in both triggering and 
recognition, and more importantly, no specific order to slide. 
As long as one slides all the “set” active directions, the code 
is considered as correct. Figure 6b,c shows the example of 
the graphic code with all the directions set as active and only 
directions of east, southeast, southwest, west, and north set as 
active, respectively. In the digital code system, each direction 
is treated as one digit of octal code, i.e., from 0 to 7. To set the 
code, one is required to slide each direction in a specific order. 
Then to trigger the code, one needs to slide all the selected 
directions in the same order. Thus to successfully enter the 
code, one needs to remember both the numbers (directions) 
and the order. It can be seen that the digital code system is 
more similar to the traditional code system and it offers higher 
safety level compared to the graphic code. Figure 6e,f shows 
the example of the digital code with “01234567” coding infor-
mation and “05124007” coding information, respectively. In 
practical applications, the BISNC interface can be configured 
into one of the above two code systems according to the usage 
requirements and user’s preference.

To demonstrate the excellent scalability of the spider- 
net-inspired coding interfaces, 16-direction 0/1-coding BISNC 
interface with four-bit binary code is shown in Figure 7a. 
Figure 7c,d depicts the corresponding output signals from the 
16 directions, showing the four-bit binary coded electrodes 
between the two reference electrodes can be differentiated 
according to the time-domain output peaks. Except for the 
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Figure 6. Security code interface using the eight-direction 0/1-coding BISNC interface. a) Graphic code system. b) Graphic code with all the eight 
directions set as active. c) Graphic code with directions of east, southeast, southwest, west, and north set as active. d) Digital code system using 
three-bit binary code. e) Digital code with “01234567” coding information. f) Digital code with “05124007” coding information.
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security code system, the 16-direction interface can also be used 
for Binary Coded Decimal (BCD) and other functions,[88] as 
illustrated in Figure 7b. For instance, the 16-direction interface 
can be used to set the spatial coordinates of a point (15, 35, 22)  
by consecutively sliding across direction 14, 13, 2, 6, 15, 13, 4, 6, 
16, 13, 3, and 3 (“X” “=” “1” “5” “Y” “=” “3” “5” “Z” “=” “2” “2”).  
Another example is that it can function as the input interface 
of a calculator, e.g., calculate the result of “−138 − 56 + 31 =” 
by consecutively sliding across direction 12, 2, 4, 9, 12, 6, 7, 

11, 4, 2, and 13 (“−” “1” “3” “8” “−” “5” “6” “+” “3” “1” “=”), 
as depicted in Figure S6 (Supplementary Information). Then 
the calculator will output the correct result. Besides, the binary 
code system can also be adopted for potential applications in 
classification method,[89] gray code to perform error correc-
tion in communication,[90] etc. When using in a security code 
system, the 16-direction BISNC interface can offer each digit 
of the password varying within the decimal number (i.e., from  
0 to 9). Figure 7e shows the corresponding output signals for 

Adv. Sci. 2019, 6, 1900617

Figure 7. Sixteen-direction 0/1-coding BISNC interface. a) Photograph and coding of the device. b) Schematic diagram of the device and an example 
of BCD. c,d) The output signals generated when sliding across the 16 directions. e) Illustration of using the device for decimal security code with 
step-by-step sliding indication.
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the coding information of “53219078,” together with step-by-
step sliding indications on the respective directions.

In addition, the highly scalable BISNC interfaces can be 
equipped with flexible and/or stretchable compatibility toward 
flexible wearable applications. A flexible four-direction BISNC 
interface and a stretchable four-direction BISNC interface are 
developed and shown in Figure 8a,b, respectively, indicating 
great wearable compatibility of both devices. The flexible BISNC 
interface is based on the same device structure and materials 
as the previous BISNC interfaces, while the stretchable BISNC 
interface is fabricated with encapsulated liquid metal inside of 
Ecoflex channels, forming the coding electrode patterns. The 
detail fabrication process of the stretchable BISNC interface  
is illustrated in Figure S7 (Supplementary Information). 
The output signals from the flexible and stretchable BISNC 
interfaces are depicted in Figure 8c,d, respectively. Video S2 and 
Video S3 in the Supplementary Information present the finger 
sliding operation of both devices and the corresponding output 
signals. From the results, it can be observed that the coding 
information along the four directions can be clearly inter-
preted from the generated peaks for both devices. According 
to the above demonstrations, the concept of single-electrode 
BISNC interface exhibits outstanding scalability, showing great 
potentials in diverse control, security, flexible and wearable 
applications.

5. Conclusions

In summary, highly scalable and single-electrode BISNC inter-
faces are developed through connecting the information-coding 

electrodes into the layout of spider-net structure. Compared to 
the previously reported triboelectric interfaces, the developed 
BISNC interfaces exhibit superior advantages of single-electrode 
output for multidirectional 2D/3D control, high scalability, 
excellent robustness, and reliability in various usage scenarios. 
Because the signal detection mechanism is independent of the 
absolute amplitude of output signals and thereby immunity to 
different sliding force, sliding speed, ambient humidity, etc. 
Besides, the developed BISNC interfaces can also be used as 
energy harvester to scavenge the hand tapping energy with 
good performance. In addition, real-time drone control in 3D 
space using the BISNC interface is successfully demonstrated. 
Moreover, different scalable interfaces have been developed for 
security code system, BCD, and flexible wearable applications. 
The highly scalable and single-electrode BISNC interfaces 
enabled by the spider-net-coding design have great potentials 
in diverse usage scenarios, including 2D/3D control, VR/AR, 
security code system, wearable electronics, robotics, smart 
home/factory/building, IoT, etc.

6. Experimental Section
Fabrication of the BISNC Interface: PTFE thin film was first cut into 

the size of the designed interface. Then aluminum tape electrodes were 
attached on the backside of the PTFE thin film, forming the structure 
layout of connected spider-net. All the electrodes are connected together, 
and thus there is only one sensing electrode for the BISNC interface. 
After that, Ecoflex 00–30 solution with mass ratio of 1:1 (Part A:Part B) 
was mixed thoroughly and coated on top of the electrode as insulation 
and protection layer. Last, the BISNC interface was cured overnight at 
room temperature.

Adv. Sci. 2019, 6, 1900617

Figure 8. Toward flexible wearable applications. a) A flexible four-direction BISNC interface. b) A stretchable four-direction BISNC interface. c) The 
generated signals from the flexible BISNC interface. d) The generated signals from the stretchable BISNC interface.
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Fabrication of the Stretchable BISNC Interface: The process was started 
from molding substrate preparation and cleaning. Next, foam tapes were 
attached on the substrate forming the fluidic channels. Then Ecoflex 
00–30 solution was casting on top and cured at room temperature. 
Next, Ecoflex with fluidic channels was peeled off from the substrate, 
and then liquid metal filling into the fluidic channels was conducted 
using syringe. Last, another Ecoflex layer was casted on top and cured 
for encapsulation.

Characterization of the BISNC Interface: The output voltage of the 
BISNC interface was measured by DSO-X3034A oscilloscope (Agilent) 
with a high impedance probe of 100 MΩ. The output current and charge 
were measured by Keithley 6514 Electrometer. Programmable Arduino 
UNO was adopted as the microcontroller unit for signal recognition and 
command generation.

Study Participation: Prior to participation in the experiments, informed 
consent was obtained from the volunteer in all experiments.
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from the author.
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