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ABSTRACT 

The present work aims to test the performance of the proposed joint motion 

triboelectric sensor to be applied in rehabilitation treatments to enhance human arm 

mobility. The function of the proposed sensor is to harvest energy from the human 

arm rotation to monitor the rehabilitation training of the patients.  

 

The present study revealed that the output voltage of the proposed sensor is 

proportional to the value of the rotating arm angle, ensuring its suitability and 

sustainability. Selecting PA/PTFE as friction surfaces showed the highest values 

compared to PA/PET and PA/Kapton. The highest voltage values were recorded by 

thin SR reinforced by Al and Cu nets. Based on the experimental results, it is 

recommended to conduct further experimental work to enhance the efficiency of the 

proposed sensor.       
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INTRODUCTION 

The contact/separation and sliding of two dissimilar materials on each other generate 

electrostatic charge (ESC).  This phenomenon is called triboelectrification, [1, 2]. The 

mechanism of ESC is electron, ion, and material transfer, [3]. Electron transfer in 

insulators occurs on their surfaces, [4]. The triboelectric series has been suggested to 

determine the polarity of ESC generated on the two surfaces, [5, 6]. The upper surface 

in the triboelectric series will gain positive ESC, while the other will gain negative 

ESC. It is revealed that strain generates ESC, [7]. because strain increases the number 

of contacts charged asperities. Strain strongly influences the magnitude of ESC. Due 

to the alteration of the physical and chemical properties of the surface. Added to that, 

strain produces ions and electrons. 
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A finger-wearable sensor was developed to record the flexion-extension of finger joint 

by observing the positive and negative voltage output generated from the slip of the 

two electrification surfaces, [8]. Triboelectrification is used to harvest energy from 

human movement and convert into electric current. A stretchable structure consisted 

of silicone rubber and silver-coated glass microspheres, [9]. It was proven that the 

device was tested for wearable energy harvesting. It can be fixed on different parts of 

body to harvest energy generated from human motion. Triboelectric nanogenerator 

made of textiles was proposed in wearable clothes. It consisted of silicone rubber as 

the negative surface as well as conductive thread working as the electrode, [10]. The 

output signal was generated from the contact and separation between silicone rubber 

and human skin. 

 

Triboelectrification is used to harvest energy from human movement and convert into 

electric current. A stretchable structure consisted of silicone rubber and silver-coated 

glass microspheres, [11]. It was proven that the device was tested for wearable energy 

harvesting. It can be fixed on different parts of body to harvest energy generated from 

human motion. A triboelectric nanogenerator made of textiles was proposed in 

wearable clothes. It consisted of silicone rubber as the negative surface as well as 

conductive thread working as the electrode, [12]. The output signal was generated 

from the contact and separation between silicone rubber and human skin. 

 

The disability and death are caused by the incidence of stroke, [13]. Activities of arm 

and hand are influenced for many stroke patients, [14 - 16]. Stroke or cerebrovascular 

disease (CVA) is characterized by interruption of the cerebral circulation at any part 

by occlusion or rupture of blood vessels. Stroke is the main reason of disabilities, [17 

- 19]. The spasticity of the arm results from the increase in tonic stretch reflexes and 

muscle tone, [20, 21]. 

  

It is necessary to treat muscle weakness to avoid muscle atrophy and disability of 

hand function. Hand spasticity is characterized by flexion of the elbow and rotation 

of the shoulder, [22]. It is known that mobilization and spasticity cause 

musculoskeletal tightness that decreases the arm recovery, [23], where spasticity is 

accompanied by pain, contracture, fibrosis, and weakness of muscles. 

 

In the present work, it is aimed to design a sensor depends on the triboelectrification  

to detect the rotating motion of the arm during rehabilitation treatment. 

  

EXPERIMENTAL 

The sensor proposed in the present work is a triboelectric nanogenerator that consists 

of two surfaces, which are oppositely charged, as well as an electrode that generates 

external output. The proposed sensor was constructed to feel the ESC generated from 

the slip of the contacting materials, resulting from the flexion and extension of the 

arm. Four types of sensors were examined in the present work. The first sensor 

consisted of polyamide (PA) textile of 25 µm thickness as the first electrification 

surface, contacting Kapton, polyester (PET), and polytetrafluorethylene (PTFE) of 

the same thickness, representing the opposite electrification surface. The two 
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electrodes were made of a copper sheet of 25 µm thickness stuck to the contacting 

surfaces, Fig. 1. The second sensor consisted of silicone rubber (SR) as the negative 

surface and PA surface as the positive one, as well as a copper strip as two electrodes, 

Fig. 2. While in the third sensor, Fig. 3, SR was reinforced by a copper wire of 0.25 

mm diameter. The super elasticity of SR enabled the slip between copper wires and 

SR matrix during deformation to produce an electric current, resulting from the 

friction between copper wires and SR. The fourth sensor replaced the copper wire by 

net of aluminum and copper, Fig. 4. The terminals of the measured voltage were the 

wire and the earth in the third and fourth sensors. The sensor was fixed in the joint 

of the arm by sticker. The sensor performance was tested at 45, 90, 135, and 180° 

rotating angle of arm, Fig. 5. The function of the sensor depends on the idea that the 

relative displacement of the two contacting electrification surfaces at the joint during 

rotation is proportional to the rotating angle. Every experiment includes five angular 

movements, where the pulses of the output voltage of positive/negative were recorded 

by Arduino.  

 

 
 

 
Fig. 1 The first sensor. 

 

 

 

 

 

 

Fig. 2 The second sensor. 

 

Fig. 3 The third sensor. 
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Fig. 4 The fourth sensor. 

 

 
Fig. 5 Rotating angles of the arm.  

 

RESULTS AND DISCUSSION 

The output positive/negative voltage of the sensor as function of the rotating angle of 

the arm is shown in Figs.  6, 7, 8 and 9 for rotating angles of 45, 90, 135 and 180° 

respectively. The highest voltage values at 45° were +20 and -16 mV, Fig. 3. At 90°, the 

voltage values increased to +28 and -55 mV, Fig. 4. Increasing the angle to 135° caused 

voltage increase to +32 and -98 mV. While at 180° angle, voltage increased up to +56 

and -158 mV. Figure 10 shows the relationship between output voltage of the sensor 

and the rotating angle. It is clearly seen that the proportionality is valid confirming 

the sustainability and suitability of the proposed sensor. 

 

  
Fig. 6 Voltage generated from the 

rotation of the sensor 45°. 

Fig. 7 Voltage generated from the 

rotation of the sensor 90°. 
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Fig. 8 Voltage generated from the 

rotation of the sensor 135°. 
Fig. 9 Voltage generated from the 

rotation of the sensor 180°. 
 

 

Fig. 8 The relationship between the generated voltage and the rotating angle of the 

sensor. 

 

Figure 9 shows the voltage generated from the rotation of the sensor of different 

materials. Sensor consisted of PA and PTFE represented the highest values compared 

to PA/Kapton and PA/PET. That performance is due to the ranks of the tested 

surfaces in the triboelectric series. It is known that the gap between PA and PTFE is 

longer than the gap between PA and PET as well as PA and Kapton. Generally, as the 

angle of rotation increased, voltage significantly increased. This observation confirms 

the suitability of PA and PTFE for the design of the sensor.  
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Voltage generated from the rotation of the sensor consisting of thin and thick silicone 

rubber as negative friction surface contacting PA as the positive friction surface is 

illustrated in Fig. 10. It was reported that the silicone rubber is able to expand when 

stretched and contract during compression, [24, 25]. It is seen that thick SR displayed 

relatively higher voltage that thin one. The voltage values were relatively lower that 

that observed for PA/PTFE.  

 

Figure 11 shows the relation between the generated voltage and the arm angle for 

sensor containing thin and thick SR reinforced by copper wire. The generated voltage 

was the result of the sliding of copper wire inside SR due to its super elastic property, 

where the stretch of the SR is much longer the deformation of the copper wire. Thick 

SR displayed higher voltage than thin SR, where the voltage value was 219 mV at 180° 

arm rotating angle.  

 

 

 

Fig. 9 Voltage generated from the rotation of the sensor of different materials. 
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Fig. 10 Voltage generated from the rotation of the sensor consisting of thin and thick 

silicone rubber contacting polyamide. 

 

 

Fig. 11 Voltage generated from the rotation of the sensor consisting of thin and thick 

silicone rubber reinforced by copper wires. 
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Fig. 12 Voltage generated from the rotation of the sensor consisting of thin silicone 

rubber reinforced by aluminum and copper nets. 

 

Replacing the copper wire by Al and Cu nets reinforcing thin SR generated the 

highest voltage values up to 689 mV at 180° arm angle, Fig. 12. This is due to the 

increased surface area of the wires in the net. When the frictional surface of the 

copper wire contacts SR, the positive ESC generated on copper wire are equal to the 

negative one in the SR. During the slip of wire due to the difference in the stretch of 

SR and wire, the negative ESC generated on the SR transferred to ground, then 

reverse voltage could be measured from the wire terminal. This observation can be a 

motive for further experimental work to develop the design of the sensor.       

 

CONCLUSIONS 

1. The output voltage of the proposed sensor significantly increased with increasing 

the rotating angle of the arm. 

2. Sliding PA on PTFE represented the highest values compared to PA/PET and 

PA/Kapton. 

3. Thick SR displayed relatively higher voltage than that observed for thin one. 

4. Reinforcing SR by Al and Cu nets reinforcing thin SR, generated the highest voltage 

values. Al and Cu nets recorded higher voltage than that measured for Cu wire 

because of the increased surface area of the wires in the net. 
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