
        

Citation for published version:
Zhang, T, Ding, Y, Hu, C, Zhang, M, Zhu, W, Bowen, CR, Han, Y & Yang, Y 2022, 'Self-Powered Stretchable
Sensor Arrays Exhibiting Magnetoelasticity for Real-Time Human–Machine Interaction', Advanced Materials.
https://doi.org/10.1002/adma.202203786

DOI:
10.1002/adma.202203786

Publication date:
2022

Document Version
Peer reviewed version

Link to publication

This is the peer reviewed version of the following article:Zhang, T., Ding, Y., Hu, C., Zhang, M., Zhu, W., Bowen,
C. R., Han, Y., Yang, Y., Self-Powered Stretchable Sensor Arrays Exhibiting Magnetoelasticity for Real-Time
Human–Machine Interaction. Adv. Mater. 2022, 2203786.  which has been published in final form at
https://doi.org/10.1002/adma.202203786. This article may be used for non-commercial purposes in accordance
with Wiley Terms and Conditions for Use of Self-Archived Versions. This article may not be enhanced, enriched
or otherwise transformed into a derivative work, without express permission from Wiley or by statutory rights
under applicable legislation. Copyright notices must not be removed, obscured or modified. The article must be
linked to Wiley’s version of record on Wiley Online Library and any embedding, framing or otherwise making
available the article or pages thereof by third parties from platforms, services and websites other than Wiley
Online Library must be prohibited.

University of Bath

Alternative formats
If you require this document in an alternative format, please contact:
openaccess@bath.ac.uk

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Download date: 19. Jun. 2023

https://doi.org/10.1002/adma.202203786
https://doi.org/10.1002/adma.202203786
https://researchportal.bath.ac.uk/en/publications/eaa88040-b330-42fb-8482-41fd51a5f319


  

1 
 

 

Self-powered Stretchable Sensor Arrays Exhibiting Magnetoelasticity for Real-Time 

Human-Machine Interaction 

 

Tongtong Zhang, Yi Ding, Chaosheng Hu, Maoyi Zhang, Wenxuan Zhu, Chris R. Bowen, Yu 

Han*, and Ya Yang* 

 

[*] T. Zhang, C. Hu, M. Zhang, W. Zhu, Prof. Y. Yang, CAS Center for Excellence in 

Nanoscience, Beijing Key Laboratory of Micro-nano Energy and Sensor, Beijing Institute 

of Nanoenergy and Nanosystems, Chinese Academy of Sciences, Beijing, 101400, P.R. 

China 

E-mail: yayang@binn.cas.cn 

Y. Ding and Y. Han, State Key Laboratory of Advanced Power Transmission Technology 

(State Grid Smart Grid Research Institute Co. Ltd.), Beijing 102209, P.R. China  

E-mail: epri313@sina.com.cn 

C. R. Bowen, Department of Mechanical Engineering, University of Bath, BA2 7AK, UK 

T. Zhang, C. Hu, Prof. Y. Yang, School of Nanoscience and Technology, University of 

Chinese Academy of Sciences, Beijing, 100049, P. R. China 

W. Zhu, Prof. Y. Yang, School of Chemistry and Chemical Engineering, Center on 

Nanoenergy Research, Guangxi University, Nanning, Guangxi, 530004, P.R. China  

 

Keywords: self-powered, stretchable strain sensors, human-machine interaction, 

electromagnetic generator, magnetoelasticity. 

 
1. Introduction 

With the rapid development of artificial intelligence [1-3] and related applications, 

stretchable strain sensors [4-6] are able to use mathematical algorithms [7-9] to convert human 

movement into electrical signals. Such sensors are thereby playing an increasingly important 

role in next-generation humanoid-robots [10-13], human-machine interaction (HMI) systems [14-

16] and human movement monitoring [17-20]. Flexible/stretchable strain sensors are able to 

withstand a large external strain [18] in contrast to their traditional rigid counterparts. When 

compared with the traditional keyboards, joysticks and touchpads, stretchable sensors can be 
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2 
 

integrated into the surface of a human body, thereby making it a highly attractive approach to 

measure movement on flexible and curved surfaces. In this regard, with the development of 

new materials and technologies, the advantages of flexible sensors have gradually emerged and 

are being widely exploited in HMI systems. 

To date, stretchable strain sensors based on the piezoresistive effect [21], capacitance effect 

[22], surface electromyography [14, 23-25] and triboelectric effect [17, 26-31] have been developed. As 

an example, M. Boutry et al. [32] reported on a capacitor-based biomimetic soft electronic skin 

that was able to distinguish between normal and tangential forces in real time. K. Suzuki et al. 

[33] designed a carbon nanotube-based resistive strain sensor for real-time monitoring of finger 

joint motion. However, a number of HMI systems that are based on capacitors and resistive 

gloves require a battery for sensor operation. In addition, the feedback of complex gestures 

cannot be readily achieved without powerful signal processing methods, such as machine 

learning. Emerging energy harvesting technologies[34], such as piezoelectricity and 

triboelectricity, are able to reduce or remove a reliance on batteries by collecting the mechanical 

energy associated with human movement, thereby facilitating the development of a self-

powered and wearable HMI systems. However, the triboelectric signal can readily be influenced 

by humidity [35, 36] and temperature [37], and this is particularly important since wearable devices 

will inevitably be exposed to sweat during operation, which can lead to a decrease in the output 

of a triboelectric-based strain sensor. In addition, the mechanical stability, material quality, 

chemical stability or structure of devices contain certain defects [19, 38], resulting in challenges 

to achieve large-scale production. 

The phenomenon of electromagnetic induction was discovered by Faraday [39] in 1831 and 

is the primary means of electricity generation today. While electromagnetic generators (EMGs) 

have been employed to produce power, they have rarely been exploited in flexible and wearable 

devices. To this purpose, we have prepared novel EMG device based on flexible magnets to 

realize self-powered sensing of flexible wearable devices. The device has the advantage of a 
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simple structure, is low cost, uses readily available raw materials, and can realize large-scale 

production. 

In this work, we propose a new form of strain sensor based on a flexible NdFeB magnet, 

which can convert the mechanical energy associated with finger movement into electrical 

energy to realize a wearable and self-powered sensor. The sensing principle of flexible-NdFeB-

magnet-based strain sensor is based on an electromagnetic generator that operates via Faraday's 

law of electromagnetic induction. The sensor provides a highly linear positive correlation with 

stretching length, and stretching frequency. The devices can be stretched to a high strain of 

400%, as a result of its excellent tensile properties. At a strain level of 60% the output current 

of the sensing unit after >10,000 stretch-release cycles were quantified. Using a statistical 

analysis of the measured pulse signal, the degree and direction of finger movement can be 

determined in real time. As a result, a HMI system is designed to allow remote control of a 

robot hand and a motor vehicle using a human hand in combination with the sensor, as shown 

in Figure 1a. This work provides a new scheme for real-time gesture interaction based on 

electromagnetic generators, to realize intuitive and natural HMI. 

2. Results and discussion 

2.1. Wearable man-machine interactive system 

Fig. 1a shows the main functions and structure of the wearable HMI system, which can 

remotely detect gestures and operate a robot hand and road vehicle. The wearable HMI system 

is composed of a soft-magnet-based stretchable sensor array (SMSSA) and a wireless printed 

circuit board (PCB; see Fig. 1a, b). Due to the structural design of the sensor array and the use 

of flexible materials, the sensor can be readily attached to the skin of human fingers when 

subjected to either extended and release states. The PCB that is worn on the hands can integrate 

a variety of tasks, such as wireless signal transmission, signal processing, and signal 

conditioning using integrated circuit components, as shown in Fig. 1c. Supplementary Fig. 1 

outlines the process flow of the hardware and software, with the initial aquisition of the analog 
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signal, followed by signal adjustment and processing, and the signal is finally wirelessly 

transmitted to the robot hand for control and to simulate the movement of a human hand (Fig. 

1c). A detailed outline of the workflow is outlined in Supplementary Note 1. The main purpose 

of the PCB circuit is to amplify the acquired signals, while removing the interference signal and 

ambient noise through a low-pass filter. As a result of the specificity of different sensors, the 

signal adjustment pathway of each sensor is achieved by an analog circuit that is associated 

with the corresponding conversion signal. These factors ensure that the final output of the 

SMSSA can be accurately received and transmitted to the manipulator or remote-control vehicle 

via Bluetooth. The approach also lays the foundation for the subsequent processing of the 

analog-to-digital converter (ADC). 

2.2. Structural design and working mechanism  

The SMSSA is able to actively convert gesture signals into distinguishable electrical 

signals and provide an input message into a circuit system. As shown in Fig. 1d, the core of the 

sensor unit consists of a flexible magnet that is wrapped in a copper coil, which is covered by 

an Ecoflex sleeve. Compared with traditional permanent magnets, the device can be readily 

integrated with copper coils and can be subjected to high tensile strains, as seen in Fig. 1e. A 

scanning electron microscope (SEM) image at different magnifications is shown in  

Supplementary Fig. 2 to show the sensor microstructure. 

All components of the sensing unit are made from economically feasible materials and can 

be produced through a scaleable manufacturing process; the fabrication method is detailed in 

Methods and  Supplementary Fig. 3. NdFeB powders were selected as the functional material 

since it can be dispersed in the polymer elastomer matrix. The device can provide electro-

mechanical conversion by fixing a conductive coil in the appropriate position, where the coiled 

conductive structure ensures that the flexible sensing unit maintains a high electrical 

conductivity under high tensile strain conditions, thus ensuring robustness of the sensing unit. 

A change in the magnetic flux through the copper coil is achieved during individual stretch-
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release cycles, resulting in an induced electromotive force, were Supplementary Fig. 4 

illustrates the response principle of the device. In order to visualize the strain and magnetic flux 

changes during the stretching process, COMSOL was used to simulate the process, where the 

simulation results are shown in Fig. 2c, d and Supplementary Fig. 5. Faraday's law of 

electromagnetic induction indicates that an induced current is produced in a closed circuit by a 

change in the magnetic fluxes that passing through it. The induced current is defined as 𝐼𝐼 = 𝑁𝑁
𝑅𝑅
d𝜑𝜑
d𝑡𝑡

, 

where N represents the number of copper coils, R is resistance, 𝜑𝜑 is the magnetic flux, t is time. 

2.3. Mechanical and electrical properties characterization 

To quantitatively characterize the electrical and mechanical properties of the stretchable 

sensor unit based on NdFeB/Ecoflex composite film, an actuation motor was used to apply a 

cyclic tensile load as an input stimulus. Fig. 2a shows the magnitude of the electric current of 

the sensing unit at a tensile strain of 30% at cycling frequencies of 0.5 Hz to 5Hz. Fig. 2b shows 

the sensitivity of the sensing unit in the frequency range of 0.5 Hz to 5Hz at the same tensile 

strain. Fig. 2c shows that the electric current generated by the sensing unit at a cyclic frequency 

of 5Hz at tensile strains of 20%, 30%, 40%, 50%, 60%, 70% and 80%. According to 

Supplementary Fig. 6, the current signal changes to a small degree when the strain is greater 

than 70%, and the level of linearity of the current-strain response reduces. Based on this, Fig. 

2d examines current-strain data at a tensile strain range of 20% to 70% at different frequencies 

for the linear analysis. The strain amplitude and strain frequency of the sensor can be derived 

by the strain time and current value, where the specific method employed is described in detail 

in Supplementary Note 3 and Supplementary Fig. 7. The output signal is stable and uniform, 

and its amplitude is positively correlated with the frequency and tensile strain respectively, 

which indicates that the sensing unit has the advantages of stable output signal. The sensitivity 

is defined by S = ∆I /∆ε, where ∆I is the difference in current peak and valley and 𝜀𝜀 is the strain. 

According to Figure 2d, an excellent sensitivity from 28.3 μA to 139.4 μA at different 

frequencies was obtained in a wide strain range of up to 70%. In addition, the line in Fig. 2c 
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and Fig. 2d is obtained by fitting the sensor current corresponding to each frequency or 

stretching length, where the output signal is stable at each strain, with a strong R2 correlation 

of up to 0.98. 

We now discuss the response time of the device during stretch-release cycles in response 

to external forces, which is a key factor in evaluating the performance of a sensor when 

undertaking real-time HMI tasks. Here, the response time is defined as the time required to 

transition from its steady-state to a maximum value. Accordingly, the recovery time is the time 

required to recover from the maximum response to the steady-state value. As shown in Fig. 2e, 

the sensors provide a rapid response to both external loading and unloading, where the device 

has a response time of approximately 30 ms and a recovery time of approximately 60 ms, 

enabling the device to sense rapidly changing mechanical stimuli. The output electrical signals 

are similar to the applied tension, with a negligible time difference under a tension of 

approximately 1.6 N; see Fig. 2f and Fig. S8. 

The durability of the device is also a key characteristic to achieve long-term operation 

during mechanical cycling. As seen in Fig. 2g, after over 10,000 consecutive stretch-release 

cycles at a 60% tensile strain, the change in sensor output current is small and less than 2%. 

The inset in Fig. 2g shows the output current waveforms of the sensor in the initial and final 

stages of stretch-release cycle process, which remain almost the same. We also explored the 

effect of different particle sizes and doping ratio on the sensor current signal to determine an 

appropriate powder size; see Supplementary Fig. 9. In addition, we also evaluated the stress-

strain response of the sensor and compared the mechanical properties of sensors of different 

size and structure, which are shown in Fig. 2h and Supplementary Fig. 10. The device with an 

inner coil diameter of 3 mm in an Ecoflex matrix exhibited the best mechanical properties, with 

no significant decrease in stress after 40 cycles of stretching. It can be seen from the inset in 

Fig. 2h that a 5 cm long sensing unit can be extended four times its original length to 20 cm. 
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Thus, when compared with the most advanced strain sensors, SMSSAs have a significant 

advantage of a fast response time, high stretchability, good mechanical durability, and high 

sensitivity, to provide a rapid and accurate response to gesture instructions via electrical signals. 

These properties allow the sensor to meet many practical application requirements and are now 

demonstrated. 

2.4. Gesture recognition and its real-time verification in human-machine interaction 

The SMSSAs, which are made from flexible materials and designed as stretchable 

structures, are able to be attached to the surface of a hand or glove to illustrate their potential 

application (Fig. 1a). To demonstrate the ability of SMSSAs to recognize gestures, we have 

evaluated the performance of the core functional sensing unit in response to specific finger 

motions. Supplementary Fig. 11b shows the sensing signals in the form of an electrical current 

from a sensor unit located on the index finger and correspond to three different motion states. 

As a result, finger movements can be analyzed using gloves with SMSSAs attached. As the 

fingers move, information on the motion of each finger is recorded which can be combined into 

a complex set of electrical signals that correspond to different gestures. The finger data channels 

are independent of each other and are combined to reflect finger movement, see Fig. 3a. The 

SMSSAs can accurately identify different numbers such as “8” and “6”, sign language such as 

“love” and “good” and other corresponding different gestures without interference between the 

signals; as shown in Fig. 3c (i). Simultaneously, we tested the stability of the system by 

gesturing the number “6” continuously to produce the signals shown in Fig. 3c (ii) and Movie 

S2, where the signal values are highly consistent. In Fig. 3c, small peaks appear in the little 

finger, which is due to the fact that when some fingers are bent, others are often driven 

unconsciously. Fig. 3c (iii) is the application (APP) screenshot of the system, indicating the 

gesture of number “6”. 

Supplementary Fig. 11 shows that the SMSSA sensor can monitor the degree of bending 

of fingers in the form of a different peak signal output, which can be used for remote control of 
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a manipulator. To demonstrate the real-time control capability of the SMSSA-based sensor 

system, a gloved HMI was integrated with the sensor system to developed a hand controlled 

manipulator. The SMSSA sensors were installed on the finger to control the bending motion of 

the robot finger. The manipulator communicates with the sensors via Bluetooth, so that remote 

control of the robot finger can be achieved, as shown in Fig. 3b. An overview of manipulator’s 

control process is shown in Supplementary Fig. 1, which is connected to the signal processing 

circuit chip (ADC) that receives data from the sensors and transmits signals to control the 

manipulator.  

As shown in Fig. 3d (i-v), as the human fingers are bent in turn, the fingers of the robot 

manipulator also bend, where the robot finger motion can achieve almost complete 

synchronization with the human finger motion. Movie S1 demonstrates the real-time control of 

the robot hand during bending in sequence. In addition, the SMSSAs also demonstrate high 

stability during multi-channel control. When specific fingers are bent, other fingers are often 

unconsciously driven, and the movements can produce false crosstalk signals. The SMSSA-

based HMI system can effectively suppress crosstalk between different channels by setting 

different thresholds, which is important in achieving stable real-time gesture interactions. As 

shown in Fig. 2c, each electrical signal consists of a crest and a set of troughs, which reflect the 

bending and stretching of the fingers, respectively. The motion threshold is determined by the 

mean peak range after several tests. As a result, we can use the SMSSA-based human-machine 

interaction systems to complete complex gestures, as shown in Fig. 3d (vi-x) and Movie S1. 

2.5 Remote control of vehicle in human-machine interaction 

To validate the concept of a HMI application, we produced an automatic recognition 

system which allow humans to use a SMSSA-based HMI system to allow human gestures to 

interact with a vehicle. The system consists of a data acquisition unit, a wireless data 

transmission module, a wireless data receiving module and a four-drive vehicle. Each gesture 

was defined as an individual motion command that related to directional motion, see Fig. 4a. 
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Firstly, dice was used to randomly determine the required mode of motion of the vehicle, and 

the accuracy test of each motion command, namely stopping, forward, left and right was 

completed. The test site layout is shown in Fig. 4c and Movie S3. And since dice rolling has a 

certain contingency, the number of tests for each movement mode is from 63 to 81. A confusion 

map of the results is shown in Fig. 4d, where each row of the matrix represents the test sample 

in an actual category, and each column represents the predicted category. Three of the four 

gestures achieved a classification accuracy of more than 98%, with the lowest accuracy of 

90.1%. In addition, the overall accuracy was 96.8%. Based on this, a maze was designed with 

“MNES (Micro-Nano Energy Sensors)” as the main geometry.  

As shown in Fig. 4e, the maze was a 5 m by 5 m square, and the channel size is slightly 

wider than the car. While wearing gloves equipped with the SMSSA-based sensors, the test 

subject stood at the entrance of the maze and monitored the direction of car movement in real 

time, until the car was out of the maze. Fig. 4f shows photos of the vehicle passing through the 

maze, which were captured by the vehicle entering - Turn 1- Turn 2 - Turn 3. The whole process 

is shown in Movie S4. Due to the curves and size constraints of the maze, communication 

between gestures and vehicle needs to be rapid and accurate, which demonstrates the high 

accuracy and short response time of the sensor.  

Our wearable human-machine interaction system offers several attractive features, and 

future research directions can include the use of flexible electronics for wireless transmission 

so that the mechanical flexibility of the sensor system is enhanced. Since the robot structure of 

can limit sensor functionality, a robot hand that is flexibile in multiple degrees of freedom can 

be employed to achieve remote analog control of a variety of more complex gestures. 

Furthermore, research in this area can be devoted to improve the size and structure of the device, 

further optimize the algorithm framework, and to achieve more functional human-computer 

interaction. 

 



  

10 
 

3. Conclusions 
We have developed a wearable human-machine interaction system that exploits a new 

form of soft-magnet-based stretchable sensor array (SMSSA), which can be used for sign 

language translation, manipulation, and remote control of vehicles. Compared with other 

wearable strain sensors, our new NdFeB based sensor has several attractive and innovative 

features, including high sensitivity, stable operation at high levels of stretch, low cost, uses 

readily available raw materials, and is self-powered; as outlined in Table S1. 

Our SMSSAs are based on electromagnetic generators (EMGs), where the magnetic flux 

through a copper coil changes during the stretch-release process, which can effectively convert 

the tensile force or pressure into an electrical signal. The response-recovery time of the 

SMSSAs is less than 100 ms, while the magnitude of the electrical signal has no observable 

attenuation change after experiencing over 10,000 consecutive stretch-release cycles, which 

makes the sensor simple, reliable and efficient to achieve human-machine interaction tasks and 

the control of robot hands and vehicles. The sensing units of SMSSAs are prepared from 

economically viable materials that can be scaled up for mass production. The flexible substrate 

is made of Ecoflex, which has good biocompatibility and can be integrated on the skin surface 

or woven into the glove. As a result, the electromagnetic generators provide new directions for 

real-time gesture interaction to realize intuitive and natural human-machine interactions. 

4. Experimental Section 

Fabrication of the NdFeB-Ecoflex composite materials: Nd2Fe14B magnetic powders were 

purchased from Jiangmen Yuhong Co., Ltd. The particle size was 100 mesh (~150 μm). The 

silicone elastomer (Ecoflex 0020) was purchased from Shanghai Smarttech Co., Ltd. The 

silicone film was achieved by mixing part A and part B at a ratio of 1:1 in weight. All chemicals 

did not undergo further treatment. 

Fabrication of stretchable strain sensors: The preparation process of the strain sensor is shown 

in Supplementary Fig. 3. Firstly, a cylinder with a diameter of 3 mm was selected as the mold 



  

11 
 

for winding copper wires. A flexible conductive copper wire was rolled into a 150-layered 

spring-like coil with a diameter of approximately 3.0 mm, then it was placed in the center of a 

cube with a size of 50 mm × 3 mm × 3 mm and engraved by a laser engraving machine, as 

shown in Supplementary Fig. 3b. Then, Ecoflex A (2 g) and Ecoflex B (2 g) where placed in a 

beaker and stirred well. A mass of 16 g of Nd2Fe14B magnetic powders were then blended with 

the Ecoflex liquid to produce a black and homogeneous mixture; see Supplementary Fig. 3d. 

The prepared liquid mixture was carefully poured into a hollow cube, and then solidified at 

60°C (Supplementary Fig. 3e). The spring section acted as the electrical component while the 

Nd2Fe14B magnetic powders were selected as the magnetic part. A 50 mm × 3 mm × 3 mm 

composite magnetoelectric elastic conductor was manufactured after being magnetized in a 

high-voltage magnetic field in the axial direction (Supplementary Fig. 3g). The elastic 

coefficient of the flexible sensor is large, and the stretching process has a significant influence 

on the performance of the device. Therefore, the prepared sample was placed into a test tube 

containing Ecoflex colloid and cured at room temperature for one hour to obtain a sensor with 

a final outer diameter of 5 mm (Supplementary Fig. 3h). 

Characterization and measurements: The Nd2Fe14B magnetic powders and its nanocomposites 

were characterized using a field-emission scanning electron microscope (SEM, ZEISS 

GIMINER 300). The specimens were carved by a laser engraving machine (Universal, PLS 

4.75). The mechanical tensile tests of the composite materials were conducted on a universal 

testing machine ESM301-50 N with the tensile mode (100 mm/min). The electrical signals were 

characterized with a Keithely 2611B system controlled by a computer. The stretching process 

is provided by a linear motor (LINMOT). 
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FIGURE CAPTIONS 

 

Figure 1. Schematic of the wearable HMI system and its working mechanism. a) Schematic of 

the HMI system. b) Schematic of a hand wearing a number of SMSSAs along the fingers and a 

wireless PCB. Scale bar in b, 3 cm. c) Photograph of a hand and the manipulator, with the same 

gesture. d) Schematic of the soft-magnet-based flexible sensor unit. e) Picture displaying main 

parts and the sensor after assembly. Scale bar in e, 10 mm. f) and g) Simulation results of the 

tensile deformation of the sensing unit. Scale bar in c, 10 mm. 
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Figure. 2. Electrical characteristics of the sensor response to tension. a) Sensor current 

monotonically increases with stretching frequency change from 0.5 Hz - 5 Hz. b) Measured 

output current as a function of stretching frequency. c) Sensor current monotonically increases 

with change in elongation length from 20% - 100% strain. d) Measured output current as a 

function of strain. e) I-T curve displaying fast response time of 30 ms and recovery time of 60 

ms. f) Waveforms of output current and external tension are maintained in step with loading 

and unloading. g) Mechanical durability test for up to 10,000 continuous stretch–release cycles 

at 60% strain, showing high stability and repeatability. Inset: the enlarged view of the marked 

region. h) Cyclical stress-strain curves of the device for 40 times. Inset: photograph of the 5-

cm-long sensing unit that can be stretched to 20 cm.  

Scale bar in e, 10 mm.
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Figure. 3. Real-time interactive gesture demonstration. a) Photograph of SMSSA-based gesture 

translation system. b) photograph of the robot hand movement controlled by the SMSSA-based 

human-machine interaction systems in real time. c) (i) Electrical signals of different gestures. 

(ii) Stability of the SMSSA-based gesture translation system. (iii) APP screenshot of the system. 

d) SMSSA-based human-machine interaction systems that controls the movement of the robot 

hand. 

 



  

19 
 

 
Figure. 4. Real-time interactive gesture demonstration. a) Each of the four categories of hand 

gestures was appointed a specific motor command to guide the movement of the vehicle. b) 

Photograph showing the installation of the SMSSAs on a glove. c) Photograph of accuracy site 

layout. Scale bar in c, 0.5 m. d) Classification test confusion matrix of 289 test data sets; each 

row and each column represent an instance of the predicted class and the actual class, and the 

diagonal value represents the correct result. The color bars indicate the number of predicted 

numbers. e) Scenarios of the vehicle walking through the labyrinth based on the HMI system. 

f) Photograph of the vehicle passing through the maze.  
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Abstract: Stretchable strain sensors are highly desirable for human motion monitoring, and can 

be used to build new forms of bionic robot. However, the current use of flexible strain gauges 

is hindered by the need for an external power supply, and the demand for long-term operation. 

Here, we present a new flexible self-powered strain sensor system based on an electromagnetic 

generator which possesses a high stretchability in excess of 150%, a short response time of 30 

ms, and an excellent linearity (R2 > 0.98). Based on this new form of sensor, a human-machine 

interaction (HMI) system was designed to achieve remote control of a robot hand and vehicle 

using a human hand, which provides a new scheme for real-time gesture interaction. 


