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Abstract 

Automatic control system is the most efficient technology for reducing labor cost while 

improving work efficiency. Vector motion monitoring is indispensable for the normal 

operation of automatic control system. Here, we designed a self-powered dual-type signal 

triboelectric nanogenerator (DS-TENG) through integrating an alternative-current TENG and 

a direct-current TENG, which can monitor vector movement in real time based on pulse 

signal counts. As a result, the DS-TENG avoids the shortcoming of traditional self-powered 

sensors based on signal amplitude that is sensitive to the working environment, achieves a 

high sensing precision and maintains stability after reciprocating motion of 500,000 cycles. 

Moreover, it realizes effective movement direction recognition by self-powered switching of 

signal type in reverse movement. This dual-type signal TENG exhibits high precision and 

automatic direction recognition in vector motion monitor and trajectory tracker, paving the 

way for the application of self-powered TENG sensor in automatic control system in the 

future. 
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1. Introduction 

As the automatic control system develop rapidly, the conventional working mode is 

being subverted. It contributes to the development of automatic factories, driverless cars, and 

self-service technologies and so on for replacing human beings to complete dangerous and 

tedious work, while maintaining high standardization and precision.
[1]

 In order to ensure the 

normal operation or supervise equipment failure of automatic control system, vector sensors 

are essential in the automated process to obtain vector motion parameters (movement 

direction, displacement, angle, velocity, acceleration and so on).
[2]

 Currently, some 

commercialized vector sensors have been proposed based on Hall effect, piezoelectric effect 

and photoelectric effect.
[3]

 However, the dependence on external power limits their 

application in distributed arrays of sensors. Besides, the coaxial photoelectric transmitter, 

optical grating, and receiver of traditional grating angular sensor will inevitably increase its 

thickness and weight. Two synchronous photoelectric detectors are required to achieve 

direction recognition based on phase difference principle, otherwise the crosstalk between of 

them will cause the wrong direction feedback. Considering the above constrains, it is highly 

desirable to develop a self-powered, lightweight vector motion monitoring system. 

 In recent years, various kinds of self-powered vector sensors based on triboelectric 

nanogenerator (TENG) have been proposed, because its alternating current (AC) signal 

amplitudes are sensitive to the changes in external movement state (e.g., distance, 

acceleration, velocity).
[4]

 However, the AC signal amplitude is also extremely susceptible to 

the unstable environment (e.g., temperature, humidity), resulting in the degradation of its 

precision.
[5]

 Meanwhile, the principle of direction recognition of traditional self-powered 

sensors in vector motion monitoring, namely phase difference principle, is similar to that of 

grating angular sensor. It also requires complex multi-electrode structure and multichannel 

signal transmission, which may cause crosstalk between different channels. 
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 In this work, we integrated a DC-TENG and an AC-TENG to design a dual-type signal 

triboelectric nanogenerator (DS-TENG) sensor based on triboelectrification, electrostatic 

induction, and electrostatic breakdown. Our sensor realizes pulse-signal counting and the fast 

switching of two-type pulse signal in reverse movement, which further improves the stability 

of precision and simplifies the process of motion direction recognition. Additionally, a linear 

sensor (DSL-TENG) with precision of 500 μm and angular sensor (DSA-TENG) with 

precision of 2° are implemented, enabling vector linear and rotate motion monitoring, as well 

as their theoretical minimum resolution can reach 6.79 μm and 0.12°, respectively. After 

comprehensive optimization with the help of micromachining process and stronger 

electronegativity material, the precision of DS-TENG can be further improved in future. 

Meanwhile, the precision of DS-TENG sensor is not sensitive to the variation of temperature 

and humidity, and maintains stable after reciprocating motion of 500, 000 cycles. Apart from 

generating AC signal in one motion direction, DS-TENG sensor also generates direct current 

(DC) signal in another motion direction. Benefiting from the rapid switching of two-type 

signal in reverse movement, DS-TENG sensor makes the judgement process of motion 

direction more precise and faster. With the advantages of self-powered, high precision and 

simple motion directional recognition technologies, DS-TENG sensor realizes the real-time 

trajectory tracking of robot body movement and driving direction monitoring of vehicle, 

showing great application prospects in the field of smart robot and automatic vehicle. 

 

2. Results and Discussion 

2.1 The Structure and Mechanism of Dual-Type Signal Vector Sensor 

Automatic control system is helpful for people to withdrew from some complex, 

repetition and tedious working environment, which can reduce the labor supervision cost and 
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improve work efficiency. For example, the automated vehicle can alleviate traffic congestion 

and make the driver enjoy journey, which is essential to maintain good traffic order and 

reduce the incidence of traffic accidents (Figure 1a).
[6]

 However, continuous real-time 

monitoring of angle and direction of steering wheel in automatic vehicle is still a huge 

challenge.
[7]

 Here, we designed a self-powered dual-type pulse signal angular sensor, which 

can convert motion variables into electrical signal directly, and switch two types of electrical 

signal (AC or DC) in different motion directions (Figure 1b). Unlike traditional complex 

grating sensor needing external energy supply, stable light source and multi-detector design 

(Figure 1c), our self-powered sensor has different types of pulse signal in reverse movement, 

making the vector motion monitoring more effective and accurate (Figure 1d). In addition, 

the DS-TENG sensor has advantages of lower weight and thinner thickness compared with 

traditional photoelectric angular sensor (Figure S1, Supplementary Information). This further 

suggests that the miniaturized and lightweight DS-TENG sensor is more suitable for 

applications in space with limited volume and weight. 

The detailed principle of DS-TENG is shown in Figure 1e, where the generation of DC 

signal in one rotate angle (θ) can be divided into four stages (take clockwise as example first). 

Triboelectrification stage (Figure 1e(i)): when fluorinated ethylene propylene (FEP) as 

friction layer (FL) contacts with copper foil as friction electrode (FE), opposite and equal 

charges are distributed on their surfaces because of the contact triboelectrification effect.
[8]

 

Air breakdown stage (Figure 1e(ii)): once the negative charged FL slips out of the boundary 

of FE, a strong electrostatic field will be established in the tiny gap (~30 μm) between FL and 

charge collecting electrode (CCE), causing air breakdown based on Paschen’s law, which is 

proved by COMSOL simulation (Figure S2, Supplementary Information). With the help of 

breakdown channel, electron always transfers from CCE to FE through external circuit, thus 

generating DC signal.
[9]

 DC blocking stage (Figure 1e(iii)): when FL slides completely over 
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FE, the strong electrostatic filed in the gap disappears, namely the breakdown channel is cut 

off. Re-triboelectrification stage (Figure 1e(iv)): most negative charges on the surface of FL 

have been released during the discharge process of air breakdown. Thus, when FL 

continuously rotates clockwise and contacts with FE, triboelectrification will happen again 

and the next motion cycle will generate a new periodic pulse signal. Therefore, the number of 

DC pulses corresponds to rotation angle of the DS-TENG sensor. 

While during the countermotion (counterclockwise rotate) process, DS-TENG produces 

AC signal due to the effects of triboelectrification and electrostatic induction. The detailed 

mechanism is also divided into four parts, the first stage is triboelectrification stage (Figure 

1f(i)), which is same as Figure 1d(i); Potential non-conservation stage (Figure 1f(ii)): the 

contact area between of FE and FL decreases as the FL gradually slipping out of FE, and the 

electron transfers from CCE to FE to balance the potential difference between them. To avoid 

excess charges on the surface of FL forming breakdown channel in that tiny gap, a DC 

filtering electrode (DCFE) is grounded to decrease the electrostatic field strength between FL 

and CCE, thus reducing the interference for next stage. The comparison results between the 

DSA-TENG with and without DCFE indicates AC is generated in DSA-TENG with FDCE, 

while the other signal is disorganized with many breakdown signals (Figure S3, 

Supplementary Information). Potential maximization stage (Figure 1f(iii)): the relative 

contact area between FE and FL reaches the minimum, and their potential difference reaches 

the maximum, the corresponding COMSOL simulation result is shown in Figure S4, 

Supplementary Information. Potential reverse non-conservation stage (Figure 1f(iv)): the 

contact area between FE and FL increases as the FL gradually slides, and the electron 

transfers from FE to CCE to balance the potential difference between them.
[10]

 

As mentioned above, taking advantage of structural design, DS-TENG sensor generates 

AC or DC pulse signal in reverse movement without external energy supply. Moreover, 
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pulse-signal counting method, here the number of AC or DC pulse counts corresponds to the 

rotation angle, for self-powered system can effectively improve the sensing accuracy of the 

sensor.
 [11]

 

2.2 Structural Optimization of DS-TENG Sensor in Linear Motion 

The structure of DS-TENG suitable for linear motion monitoring (DSL-TENG) is shown 

in Figure 2a. When DSL-TENG moving to the left (the FE is in front of CCE is behind), the 

triboelectrification effect occurs firstly, and then the air breakdown happens, resulting in a 

DC sensing signal. While in the movement to the right (the CCE is in front of FE), it forms 

AC signals without DCFE based on triboelectrification and electrostatic induction. To 

generate count pulse sensing signal, periodic grading structure has been etched on the surface 

of FEP by laser cutting machine. The minimum scale grid period of FEP is 500 μm, 

indicating that each pulse signal represents a motion displacement of 500 μm (other sensing 

precisions of 1 mm and 2 mm are shown in Figure S5, S6, Supplementary Information, and 

the demonstration of real-time monitoring in vector motion is shown in Movie S1, 

Supplementary Information. The original current signal of DSL-TENG sensor is shown in 

Figure 2b, where 10 DC pulse peaks appear when the slider moves 5 mm to the left, and 10 

AC pulse peaks appear when it moves to the right to the initial position. In this process, the 

corresponding DC voltage and AC voltage of DSL-TENG sensor are shown in Figure 2c and 

2d, respectively. The DC voltage occurs when CCE slides over the negatively charged FEP 

(air breakdown area), and disappears in the etched FEP (blank area). When DSL-TENG 

moves to right, the AC voltage, whose period is corresponded to the period of grid, is 

originated from the change of relative friction area. Similarly, the corresponding charge 

signal in that process is shown in Figure S7, Supplementary Information. It can be seen from 

Figure 2e that the denser grid period structure, the higher displacement precision of 

DSL-TENG sensor. Additionally, Figure S8, Supplementary Information shows the precision 
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of DSL-TENG sensor is not affected by the asymmetry of etched area and unetched regions 

within the same grid period, which is further verified the precision of DSL-TENG sensor 

only depends on the grid period rather than unetched region, although the area of unetched 

region will affect the peak value of current signal. Here, we chose the carving power of 2.3 

Watt to fabricate groove grids of 500 μm on the surface of FEP (Figure S9, Supplementary 

Information). According to the following equation,
[12]

 the theoretical displacement precision 

can reach to 1.68 μm (DC signal) and 6.79 μm (AC signal), respectively (Figure S10, Note 

S1, Supplementary Information). 

  
  

         
            (1) 

where S is the theoretical minimum resolvable displacement, ∆S is the practical minimum 

resolvable displacement in this work, ∆I is the current variance corresponding to ∆S, and the 

      
    is the Root Mean Square (RMS) of the noise signal. It can be seen that reducing ∆S 

and increasing ∆I both are helpful to improve the precision of sensor. Taking advantage of 

the micromachining technology, the device with fine and appropriate surface structure can be 

produced to reduce ∆S (Figure S11, Supplementary Information). Meanwhile, friction 

materials with more electronegativity and better mechanical performance can increase ∆I 

(Note S2, Supplementary Information).
[13]

 

 Under different precisions of DSL-TENG, Figure 2f and 2g indicate that the 

experimental data of position and velocity are in line with their theoretical data. In addition, 

under different velocities, the calculated position and velocity from original current data in 

the Figure 2h are also accorded with the corresponding pre-set values (Figure 2i and 2j). This 

verified that the precision of 500 μm can be maintained at different motion velocities. From 

Figure S12, Supplementary Information, we can see the reliability of DSL-TENG with high 

precision (500 μm) in long-distance or short-distance monitoring. Moreover, it can be seen 
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from Supplementary Figure13 that the precision of DSL-TENG sensor keeps stable after 

reciprocating motion of 500,000 cycles (detailed description in Note S3, Supplementary 

Information). Apart from self-powered monitoring of displacement and velocity, DSL-TENG 

sensor can effectively and accurately judge the movement direction of an object via the fast 

switching of different type signals, thus obtaining its motion trajectory, as shown in Movie 

S2, Supplementary Information. From the signal of Figure S14 and Note S4, Supplementary 

Information, it can be inferred that the DSL-TENG slider moves 10 mm to the right from the 

starting position (corresponding to 5 AC pulses), then moving 30 mm to the left 

(corresponding to 15 DC pulses), next moving 30 mm to the right (corresponding to 15 AC 

pulses). Finally, the final position is 10 mm to the right of the starting position. This inferred 

trajectory is completely consistent with the pre-set motion process, proving the reliability of 

DSL-TENG in the real-time monitoring of trajectory. 

 

2.3 Output Performance of DS-TENG in Angular Sensor 

To expand the application scenarios of TENG sensor in automatic control system, we 

fabricated a self-powered DS-TENG as an angular sensor (DSA-TENG), whose structural 

design is shown in Figure 3a. The original current signal of DSA-TENG sensor during 

rotation reciprocating motion of 50° is shown in Figure 3b, where each pulse peak represents 

10°, the DC signal represents clockwise rotation, and the AC signal represents 

counterclockwise rotation. Since the angular position and angular velocity calculated from 

Figure 3b match the pre-set values (Figure 3c and 3d), the DSA-TENG sensor is reliable to 

monitor rotational motion. It is worth noting that an interspace is designed on rotator to add a 

DCFE, so that preventing air breakdown in counterclockwise rotation. The influence of 

interspace angle on the performance of DSA-TENG is shown in Figure S15, Supplementary 

Information, where the output of sensing signals increases initially and decreases afterward as 
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the angle of interspace increases. Considering the flexibility of FEP film and the electric field 

between CCE and DCFE, we chose the interspace of 45° to design DSA-TENG. The output 

performance of DSA-TENG sensor can be enhanced by increasing the number of CCE 

(Figure S16, Supplementary Information). Additionally, we also improve the precision of 

DSA-TENG sensor to 5° and even 2° through subdividing the grid period of FEP on the 

circular outer ring. Detailed sensing performances of DSA-TENG with the precision of 5° 

and 2° at different angular velocities are shown in Figure S17, S18, Supplementary 

Information. The calculated position and angular velocity of DSA-TENG sensor with 

different precisions in Figure 3e show good relationship with the pre-set values (Figure 3f 

and 3g). In theory, according to equation (1), the angle precision of DSA-TENG sensor can 

reach to 0.024° (DC signal) and 0.12° (AC signal). Its noise current signal and detailed 

calculation process are shown in Figure S19, Note S1, Supplementary Information, 

respectively. As shown in Figure 3h and 3j, at the same rotation velocity of 144° s
-1

, the 

amplitude of signal changes with the increase of temperature and humidity. However, the 

calculated rotation velocity is matched with the pre-set one, which further verifies that the 

precision of DSA-TENG sensor based on pulse signal counts is not affected by the changes in 

working environment (Figure 3i and Figure 3k). Furthermore, the comparison of sensing 

performance of our sensor and recently vector sensor based on triboelectrification is shown in 

Table S1, Supplementary Information. 

 

2.4 Application of DSA-TENG Sensor in Smart Robotics 

The working diagram of DSA-TENG sensor applied in real-time monitoring of the joint 

motion of mechanical arm is presented in Figure 4a. The motion of mechanical joint makes 

DSA-TENG sensor generate corresponding electrical signals. According to the characteristic 

of output signal, e.g., signal type, pulse counts and pulse width, we can obtain the rotation 
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direction, angle, and velocity. Figure 4b(i) shows the photo of DSA-TENG sensor combined 

with mechanical arm. Figure 4b(ii) is the disassembly diagram of the arm protector, and the 

detailed enlarged photos of DSA-TENG sensor are shown in Figure 4b(iii) and 4b(iv). In 

Figure 4c, the DC signal represents clockwise rotation, while the AC signal represents 

counterclockwise rotation. Through analyzing the pulse counts and pulse width, the motion 

trajectory of elbow can be monitored in real-time (the detailed dynamic movie is shown in 

Movie S3, Supplementary Information). In the initial posture, the angle between the upper 

and lower arm is 175°. When the elbow gradually bends to an angle of 135° between the two 

arms, the electrical signal with 8 DC pulse peaks is generated, corresponding to 40° of arm 

bending (Figure 4c(i)). The next 6 DC pulse peaks indicate that the elbow continues to bend 

30°. Accumulating the rotation angle of previous stage, the arm is bend 70° relative to the 

initial stage (Figure 4c(ii)), so the angle between two arms is 105°. Then, the arm gradually 

straightens to an angle of 135°, and the 6 AC pulse peaks correspond to a counterclockwise 

rotation angle of 30° (Figure 4(iii)). In the end, the elbow bends 30° relative to last stage, so 6 

AC pulse peaks have been detected (Figure 4c(iv)). Through analyzing the characteristics of 

electrical signal from DSA-TENG, it not only can detect the motion sate of measured object, 

but also monitor the continuous trajectory of arm. This self-powered sensing and 

self-diagnostic function of DSA-TENG sensor is conducive to the real-time movement 

monitoring and motor trajectory tracking of smart robotics. Beyond that, it also might be 

applied in the field of human medical rehabilitation through regular monitoring of joint 

movement. 

 

2.5 Application of DSA-TENG Sensor in Automatic Vehicle  

The traffic congestion and driving fatigue of drivers can be greatly alleviated by the 

automatic vehicle technology.
[14]

 To guarantee driving safety, angular sensor plays an 
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important role in automatic vehicle through real-time monitoring and feedback of the vehicle 

information. Here, we integrated the DSA-TENG sensor into the automatic control system of 

car steering wheel to monitor its rotation angle and direction (Figure 5a). It can be seen from 

Figure 5b that software interface controls the steering wheel and receives the sensing signal. 

The working process of DSA-TENG is shown in Figure 5c. The steering wheel moves 

according to the command preset by the computer, while computer receives the sensing 

signal from DSA-TENG fixed on the steering wheel. Through data acquisition card (DAC), 

physical quantity of motion, e.g., rotation direction, angle, and angular velocity, can be 

obtained based on the type, pulse counts, and pulse width of the sensing signal.  

Figure 5d and 5e are the comparison of actual automatic driving rotation motion and 

sensing signal from DSA-TENG sensor, respectively. The initial state of the wheel faces the 

front of the car. DC signal is generated when wheels turn to the left (clockwise rotation, 

blue-line flow in Figure 5d and blue area in Figure 5e), while the AC signal is produced when 

turning to the right (counterclockwise rotation, red-line flow in Figure 5d and red area in 

Figure 5e). Every electrical signal corresponds to a certain motion process. Thus, we can 

trace the movement of steering wheel, and the detailed dynamic demonstration process is 

shown in Movie S4, Supplementary Information. In summary, an automatic direction sensing 

system based on DSA-TENG can be divided into automatic driving program and information 

feedback (Figure 5f). The automatic driving program pre-inputs certain algorithms or codes 

to control the direction of the car’s movement, and the feedback is obtained by computer 

analysis of the sensing signal from DSA-TENG. Thus, the DSA-TENG sensor achieves the 

real-time monitoring and information feedback of steering wheel. This can be further applied 

to automatic vehicle systems to track vehicle trajectory in real time to ensure driving safety. 

 

3. Conclusion  
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We proposed a self-powered and stable triboelectric nanogenerator vector sensor for 

monitoring linear or rotational motion in automatic control system. Based on the sensing 

principle of pulse signal counts, the decrease of precision caused by non-linear amplitude 

under changed environment has been solved. Besides, the precision of DS-TENG still keeps 

stable after 500, 000 reciprocating cycles. Thanks to the unique structural, DS-TENG can 

generate different signal types (AC or DC) in reverse movement. As demonstrated, 

DS-TENG can be applied in automatic control system for real-time monitoring of linear or 

rotational vector motion. According to the characteristics of signal type, pules counts, pules 

width, we can obtain movement parameters, e.g., the move direction, displacement, angle, 

velocity, and angular velocity. We also preliminarily achieved the real-time monitoring and 

motion trajectory tracking of mechanical arm and steering wheel movements of automatic 

vehicle by DSA-TENG sensor. In future work, the precision of DS-TENG sensor can be 

further improved by micromachining technology and better triboelectrification material. This 

work not only significantly improves the precision stability of self-powered sensors and 

proposes a new method of movement direction recognition through unique structural design, 

but also demonstrates the application potential of TENG sensor in smart robotics and 

automatic vehicle technology. 

 

4. Methods 

4.1 Fabrication of the DSL-TENG  

The DSL-TENG sensor is consist of slider and grid rail. The fabrication of slider: (1) Choose 

an acrylic with thickness of 5 mm as the substrate material, and the size of acrylic (20 mm  

20 mm) is cut by a laser cutter (PLS6.75 Universal Laser System); (2) Attach the same size 

(20 mm  20 mm) of copper foil (thickness 30 μm) to substrate, and this copper foil is called 



 

 

 

This article is protected by copyright. All rights reserved. 

15 

 

friction electrode; (3) Attach a 20 mm  5 mm of copper foil (thickness 30 μm) to the side of 

substrate as the charge collecting electrode. The fabrication of grid rail: (1) Fix the same size 

FEP film with high temperature resistance (thickness: 150 μm) on the acrylic substrate (size: 

100 mm  30 mm); (2) Carve the periodical grid structure (grid period: 0.5 mm, 1 mm, 2 

mm) on the surface of FEP through laser cutter. Here, we choose the carving power of 2.3 

Watt to fabricate groove grids on the surface of FEP.  

 

4.2 Fabrication of the DSA-TENG  

The DSA-TENG is consist of rotor and stator. The fabrication of rotor: (1) Fix the same size 

FEP film (thickness:150 μm) on the acrylic circular substrate (diameter: 30 mm or 50 mm). A 

thin layer of foam (thickness: ~0.5 mm) can be added between the acrylic and FEP film to 

improve contact efficiency of friction electrode and FEP film. (2) Carve the periodical grid 

structure (grid period: 2°, 5°, 10°) on the surface of FEP through laser cutter (carving power: 

~2.3 W). The fabrication of stator: (1) Cut a fan-shaped interspace of 45° in the circular 

substrate; (2) Put a copper foil (thickness: 30 μm) on the base plane of the substrate as 

friction electrode. For reducing the manual preparation, the step (1) and (2) can be combined 

by the mature printed circuit board (PCB) technology. (3) Attach the same size copper foil on 

the two side of fan-shaped hole, and ground one of them as DC filtering electrode, the other 

as charge collecting electrode.  

 

4.3 Experimental Setup for Linear and Rotator Parameter Control and Electrical 

Measurement. 
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The linear motion procession: fix the grid rail on a fixed lifting platform, and the slider fixed 

on the linear motor (LinMot BF01-37) to moves in a linear motion. The motion parameter is 

controlled by computer. The rotation process: fix the rotor on the shaft of stepping electric 

rotating machine (MODEL 86HSE8.5N-B32), and the stator on a fixed lifting platform. The 

rotate motion parameter is controlled by stepper motor controller. A programmable 

electrometer (Keithley Instruments model 6514) is adopted to measure the current, voltage 

and charge signal of DS-TENG. 

 

Supporting Information  

Supporting Information is available from the Wiley Online Library or from the author. 
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Figure 1. The structure and mechanism of dual-type signal TENG (DS-TENG). a) The 

concept application of DS-TENG. b) The magnified image of the selected area in diagram (a) 

to exhibit the installation position of DS-TENG, and further zoom in the detail structure of 

DS-TENG. c) The characteristics of traditional sensor in rotation motion monitoring. d) The 
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advantages of our sensor in rotation motion monitoring. e) The working mechanism of direct 

current (DC) signal generated by DS-TENG in one rotate angle θ (take the clockwise rotation 

for example). f) The working mechanism of alternating current (AC) signal generated by 

DS-TENG in the counterclockwise rotation. 
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Figure 2. The structural optimization and characterizations of dual-type signal TENG in 

linear motion (DSL-TENG sensor). a) The structure and working mechanism of DSL-TENG 

sensor. Scale bar, 500 μm. b) The original current signal of DSL-TENG sensor with precision 
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of 500 μm, motion distance of 5 mm and velocity of 20 mm s-1 in reverse movements. c) The 

DC voltage signal and d) AC voltage signal of DSL-TENG sensor at the same situation of 

diagram b in reverse movements respectively. e) The current signal generated by DSL-TENG 

sensor with different precisions (0.5 mm, 1 mm, 2 mm) but same displacement and velocity 

(6 mm and 20 mm s
-1

). Scale bar, 2 mm. f) Calculated positions and g) velocities from the 

experimental data in diagram (e), and their comparisons with the pre-set value. h) Current 

signal generated at the DSL-TENG sensor with 0.5 mm precision at various velocities but 

same displacement (2.5 mm). i) Calculated positions and j) velocities from the experimental 

data in the diagram (h), and their comparisons with the pre-set value. 
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Figure 3. The output performance of dual signal angular sensor (DSA-TENG sensor). a) The 

structure representation of DSA-TENG sensor. b) The current signal of DSA-TENG sensor at 

precision of 10°, rotation angle of 50° with various angular velocities in reverse rotational 

movement. c), d) Calculated positions and angular velocity from the experimental data in the 

diagram (b), and their comparisons with the pre-set value. e) The current signal of 

DSA-TENG sensor with different precisions (2°, 5°, and 10°) but same rotation angle and 

angular velocity (30° and 45° s
-1

). f) Calculated positions and g) angular velocities from the 

experimental data in the diagram (e), and their comparisons with the pre-set value. Current 

signal generated at the DSA-TENG sensor with different temperatures h) and relative 

humidity j) but same motion conditions. i) and k) Calculated angular velocity from the 

experimental data in the diagram (h) and (j), and their comparisons with the pre-set value. 
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Figure 4. Application of DSA-TENG sensor in real-time monitoring in robotics. a) 

Schematic illustration of real-time monitoring the motion of robotic arm by DSA-TENG 

sensor. b) The digital photo of DSA-TENG sensor fixed on a person brace. c) The collected 

current data from DSA-TENG sensor when elbow bend with different angle. 
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Figure 5. Application of DSA-TENG sensor in real-time monitoring in driverless car. a) The 

demonstration of rotation motion monitoring system, which is consist of a steering wheel 

equipped with DSA-TENG sensor, a remote-controlled car, a computer and an electrometer. 

b) The magnified image of the operational software in the diagram (a), scale bar 1 cm. c) 

Schematic illustration of real-time monitoring the motion of steering wheel by DSA-TENG 

sensor. d) The digital photo of the front wheels in various steer directions, and the 
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corresponding collected current data e) by DSA-TENG sensor during the change of rotation 

direction. f) The potential application of DSA-TENG sensor in driverless. 

The Table of Content Entry: A self-powered dual-type signal vector sensor is designed by 

integrating an alternating current TENG and a direct current TENG, which achieves a high 

sensing precision and stability, provides an effective movement direction recognition method 

by self-powered switching of signal type in real-time motion monitoring of mechanical arm 

and automatic steering wheel.  

 

Keyworks: self-powered vector sensor, real-time monitoring vector movement, triboelectric 

nanogenerator, automatic robotics, automatic vehicle. 
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