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A B S T R A C T   

Flexible and wearable electronics has presented an opportunity to evolve our society into an intelligent world. 
Especially for biomechanical sensing and gesture recognition, wearable devices are quite indispensable. Here, we 
present a nestable arched triboelectric nanogenerator (NA-TENG), which can be wore on fingers, acting as a large 
deflection biomechanical sensor and energy harvester. With arched structure, the sensor can detect large bending 
angle of fingers with good stability. Meanwhile, the NA-TENG devices can be assembled like matryoshka, which 
greatly increases the extensibility for optimizing output performance of the NA-TENG, and provides a convenient 
method to regulate characteristics of TENG devices in wearable applications.   

1. Introduction 

Modern electronics, which are irreplaceable for human health, safety 
and communication, present a wide spectrum of opportunities to evolve 
our society into an intelligent world [1–3]. To this end, flexible and 
wearable electronics has attracted considerable attention owing to their 
promising applications in a wide range of fields, ranging from flexible 
power supply [4–6], stretchable circuits [7–9], personal health-
care/biomedical monitoring [10–12], artificial electronic skin [13–15] 
to wearable human-interactive interface. 

However, the application of wearable electronics still faces several 
critical challenges. First, for the recording of electrical signals from the 
body, the operations of these wearable electronics usually require 
external power sources which have rigid circuit boards that are heavy 
and have bulky volume, with limited capacity and lifetime [16–18]. 
Second, conventional planar structure may be degraded or even 
damaged due to the large deformations of the human body motions that 
may destroy the structure and function of wearable electronics [19–21]. 

Third, low detection limit and the maximum detection strain are the key 
indicators for a biomechanical sensor. With these disadvantages, the 
practical and sustainable use of wearable electronic devices is largely 
hindered [22–24]. Developing new devices and methods are necessary 
to achieve low detection limit and high stability which plays an 
important role in expanding the working strain range [25–27]. 

Recently, massive efforts have been devoted to developing flexible 
stretchable sensor with combined characteristics of flexibility, broad 
sensing range, high sensitivity, and mechanical stability [28–30]. With 
these unremitting efforts, many types of self-powered functional sensors 
for health monitoring [31–33], motion tracking [34], medical care, 
personal protection, and security have been developed. These wearable 
sensor systems with ultra-thinness, soft robotics, low modulus [35–37], 
light weight, high flexibility, and stretchability [38,39], which can 
contact with the surface of the skin or the organs conformally, could 
provide an exciting opportunity for a continuous, real-time human--
activity monitoring and personal healthcare [40–42]. This kind of 
self-powered sensors are usually based on triboelectric nanogenerator 
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(TENG) which rely on the electrostatic induction and triboelectrification 
[43–45]. With TENG, the mechanical energy can be converted into 
electricity by triboelectrification and electrostatic induction. It has been 
demonstrated that it is capable to harvest different types of ubiquitous 
energies so that TENG solves the problem that electronics need to con-
tact with extra power sources which are heavy and cumbersome [46, 
47]. Nowadays, there are some designs that are three dimensional (3D) 
and arch-structured based on TENG. Thanks to these structures, the 
sensors can be applied to some curved parts of the human body. When 
the human body moves, the sensors can be deformed conformally 
without damaging the structure and its function. In addition, a series of 
materials, including carbon black, carbon nanotube (CNT), graphene 
and metallic nanowire have been widely incorporated into flexible 
polymer matrices to prepare biomechanical sensors [48–50]. 

In this work, we design a nestable arched triboelectric nanogenerator 
(NA-TENG) that can be bent with large angle to act as large deflection 
biomechanical sensor. The NA-TENG consists of two silicone rubber arch 
layers is single-electrode TENG, where one has aluminum (Al) film on 
the silicone rubber layer while the other is just silicone rubber. With 
layers increasing, the operation mode of the device will change, the 
outputs will be enhanced up and some interesting phenomenon appear. 
The NA-TENG can be assembled like matryoshka, which can not only 
optimize the outputs but also provide an interesting approach to design 
new style of TENG devices. 

2. Results and discussion 

Silicone rubber is one of the most common materials for fabricating 
flexible sensor which processes multiple characteristics such as low 
Young’s modulus, superior elasticity, stretchability and good physical 
and chemical stability in the air. As a matter of fact, after two different 
materials come into contact with each other, a chemical bond is formed 
between the two surfaces and charges move from one material to the 
other to equalize the electrostatic potential between them. To screen the 
induced potential difference, the transferred charges will drive free 
electrons to flow back and forth in circuit. As Fig. 1a shows, the silicone 
rubber acts as both flexible substrate and friction layer, while an Al film 
attached to the silicone rubber is used as both electrode and another 

friction layer of the NA-TENG. When the device is in bending state, the 
device will be bent to make the rubber and Al film contact and separate, 
thus the applied mechanical energy is converted into electricity. As 
mentioned before, the NA-TENG can detect large bending angles. The 
silicone and Al film will be contacted completely when the arch is 
deformed to a certain degree. When the bending state is recovering, the 
two layers begin separate. As a result, free electrons in the ground will 
flow into the aluminum electrode to balance the electrostatic potential. 
Due to the electrostatic induction, positive charges are induced in the 
bottom silicone rubber layer which generates an instantaneous current. 
When the two friction layers separate absolutely, both the amount of 
transferred charges and the electrical potential of the Al electrode reach 
their maximum values, reaching a state of electrical equilibrium. When 
the top silicone rubber becomes in contact with the aluminum film 
again, a reverse instantaneous current is generated. As a result, the pe-
riodic contact-separation process between silicone rubber and Al film 
will generate instantaneous alternating potential and current through 
the load. 

The output of two NA-TENG devices are characterized separately 
under a linear motor with the same frequency, same motion speed of the 
contact-separation and same pressure between the two contacting films. 
To imitate the index finger bending movement, one edge of the device is 
fixed to a stage, the other edge is hung up which would contact and 
separate with linear motor to deform the arch of device (Fig. 2a). The 
output of open-circuit voltage (Voc), transferred charge (QTR) and short- 
circuit current (Isc) of the two devices are presented in Fig. 2b–d. To 
make it clear, we named the two devices as No.1 and No.2 with the out- 
layer radii of 5 mm and 6 mm, respectively. The peak value of the Voc of 
the No.1 and No.2 devices are 2.4 V and 2.7 V, respectively. The cor-
responding peak values of the QTR of them are 0.7 nC and 1.2 nC, 
respectively, while the peak values of Isc of the No.1 and No.2 devices 

Fig. 1. (a) Diagram of NA-TENG at original and bending states. (b) Photos of 
NA-TENG from side and top views. (c) Working principle of NA-TENG when 
actuated by external tension. 

Fig. 2. (a) Diagram and Photo of NA-TENG bent by linear motor. (b) Open- 
circuit voltages of the two devices. (c) Short-circuit currents of the two de-
vices. (d) Transferred charges of the two devices. 
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are ~10 nA and ~15 nA, respectively. Due to different gap depth of the 
arches, the outputs of device No.2 is higher than that of No.1. 

Due to the characteristics of large angle that the device could be bent, 
we apply the NA-TENG to detect the movements of knuckles (Fig. 3a and 
b). We fabricate the device with top silicone layer with semicircle radius 
of 5 mm and bottom silicone layer with semicircular radius of 3 mm and 
apply it to the fingers to characterize the bending output. The 

relationship between the bending angles of the finger and the corre-
sponding outputs of the NA-TENG is shown in Fig. S1. It is obvious that 
the electrical outputs of this device increase with the increase of bending 
angles, showing its feasibility for being used in recognition of different 
gestures. As the index finger repeats the actions of bending and 
straightening slowly, the real-time output voltage shows a gradual and 
periodic synchronous increasing and decreasing, showing a real-time 

Fig. 3. (a) Diagram of NA-TENG applied on finger. (b) Photos of NA-TENG applied on fingers. (c) Comparison of open-circuit voltages of NA-TENGs applied on index 
and middle figures. (d) Comparison of short-circuit currents of NA-TENGs applied on index and middle figures. (e) Comparison of transferred charges of NA-TENGs 
applied on index and middle figures. (f) Relationship of bending degrees of finger with output of NA-TENG (g) Repeatable test of NT-TENG by bending fingers 200 
cycles. (h) Details of relationship of bending degrees of finger with output of NA-TENG. 
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self-powered finger motion detection. In the same time, because of the 
superior structure of the device, the NA-TENG could detect a sharp angle 
of the finger. The outputs detected by bending the finger are showed in 
Figs. S2 and S3. The peak value of the Voc is ~4 V and that of the QTR is 
~1.5 nC. Under short-circuit conditions, the peak value of measured Isc 

is ~20 nA. A control group experiment in which added saline is shown in 
Fig. S4. It is obvious that the output voltage of the saline group decreases 
because the single electrode. 

Fig. 3c–e shows the data of index finger and middle finger, respec-
tively. By contrast, it is found that some parameters extracted from these 

Fig. 4. (a) Nested NA-TENG inspired by matryoshka. (b–f) Open-circuit voltages of nested NA-TENG under different conditions of wire connection. (g) Comparison of 
open-circuit voltages of nested NA-TENG under different conditions of wire connection. (h) Comparison of short-circuit currents of nested NA-TENG under different 
conditions of wire connection. (i) Comparison of transferred charge quantities of nested NA-TENG under different conditions of wire connection. (j) Comparison of 
peak values of outputs of nested NA-TENG under different conditions of wire connection. 
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data can be used to reflect the difference of devices activated by different 
fingers, such as voltage difference (ΔV), time interval between peak and 
trough of wave (ΔTP) and full width at half maxima (ΔTh). The NA- 
TENG can realize a real-time monitoring of bending finger movement 
by analyzing the electrical signals from the arched device. 

The electrical signals corresponding to multiple bending actions of 
the fingers statistically is also analyzed, and the results is shown in 
Fig. 3f–h. It is found that some prominent angles of the signals corre-
sponding to the finger bending movement, which are 30�, 75�, 90�, 60�, 
10�, 5�, 0�, respectively. The angle of 30� represents a start of a bending 
movement, and the point of 75� represents the middle point during the 
ascend of the electrical signal. At the point of 90�, the finger bends to the 
maximum angle. At the process of 30�–90�, the electrical output in-
creases sharply. The next is the recovering process during the unbending 
of finger. When the finger recovering to the point of 60�, the electrical 
output still increase slowly that may be due to the hysteresis effect of 
triboelectrification [35]. The electrical output reaches the maximum 
value when the bending finger recovers to the point of 10�. It is clearly 
shown that the bending degree of finger changes sharply during the 
period from 90� to 10�, but the electrical output changes gently. We 
speculate that the two friction layers contact entirely when the finger 
recover to 10� so that the output reaches to a peak value. In the next 
process of the point of 10�–0�, the electrical output enters the decay 
period. When the finger recovers entirely, the electrical output also 
approaches to zero infinitely. As shown in Fig. 3f, the sensitive and ac-
curate NA-TENG can convert the bending movement of finger to the 
electrical signal as a biomechanical angle sensor which can be used in 
real-time angle monitoring. The results of repeatable test by bending 
fingers (200 times) are showed in Fig. 3g. There is no significance 
attenuation of the outputs and the electrical signals corresponding to 
multiple bending actions of the fingers are stable. The results of the 
contract area for some prominent angles of the signals corresponding to 
the finger bending movement are showed in Fig. S5. Thanks to its highly 
sensitivity and accuracy, the NA-TENG can also be used as gesture sensor 
to detect different gestures. 

To study the relation between the sensing properties and the size of 
NA-TENG, a smaller device with a size of 5 mm � 10 mm is fabricated. 
The electrical outputs detected by bending the finger are demonstrated 
in Fig. S6. The peak value of voltage is ~1.7 V and that of charge 
quantity is ~0.4 nC. Under short-circuit conditions, the peak value of 
measured current is ~0.4 nA. It is demonstrated that the output of 
smaller NA-TENG is lower than before. We also test the voltage of a 
control group experiment in which added saline and the result. It is 
obvious that the output voltage of the saline group decreases. To further 
optimize the electrification materials, we modified the arched layer by 
incorporating polymer materials into the silicone rubber. The outputs of 
the modified devices are shown in Fig. S7. The results showed that the 
outputs of the BaTiO3 nanoparticles (NPs) mixed NA-TENG have a most 
significant improvement, followed by carbon nanotubes and PVDF 
powders mixed devices. 

Here, we propose a minimalist design of a three layers device based 
on matryoshka as shown in Fig. 4a. The matryoshka device has three 
layers, in which bottom and middle layers are made of same materials- 
silicone rubber and Al film but sizes are different. The bottom and 
middle layer film is in semicircle shape with radius of 3 mm and 5 mm, 
respectively, while the top layer of the matryoshka with semicircle 
radius of 7 mm. As the matryoshka device stack layer by layer, the 
operation mode of the device changes. The matryoshka can be more 
than three layers, and with increasing of layers, some interesting phe-
nomenon appears. Here, we just discuss the device with three layers. 
According to the two wires of the device, we design five connection 
methods, shown in Fig. 4b–f. Here, we call the middle wire as A and the 
bottom wire as B. 

The first connection way is that both A and B connect with the 
positive electrode of the electrometer while the negative electrode 
connects with the ground. The second connection way is that A connects 

with the positive electrode while B connects with the negative electrode. 
The third connection way is that A connects with the positive electrode 
while the negative electrode connects with the ground. The fourth 
connection way is that A connects with the negative electrode while B 
connects with the positive electrode. And the last connection method is 
that B connects with the positive electrode while the negative electrode 
connects with the ground. The five connection methods can be divided 
into five groups to compare the difference of the outputs. To compare 
the output data from different connection way, the first connection way 
is grouped as No.1 and the second and fourth connection ways are 
grouped as No.2. The No.3 group contains the third and last connection 
ways. The No.4 group contains the second and third connection ways. 
The No.5 group contains the fourth and last connection ways. 

We measure Voc, QTR, Isc of the matryoshka in each connection way, 
we analyze the data, then select group No.1, the device of two layers and 
the matryoshka device with the last connection way together for further 
analysis. Compared all these electrical outputs, the data of each peak 
value of the Voc, QTR, Isc of five connection ways and the device of two 
layers are analyzed and shown in Fig. 4j. From the comparison of No.2 
and No.3 group, there is a phenomenon that the output is higher when B 
connect with the positive electrode than A connect with the positive 
electrode. And from the comparison of No.4 and No.5 group, the output 
of the matryoshka device when the negative electrode connects with the 
ground is higher than that of the device when it connects with A or B. 
When analyzing the No.1 group, it is obvious that the output that both A 
and B connect with the positive electrode is the highest, compared with 
other connection methods. Here are some hypothesis. In the matryoshka 
device, it mainly relies on the bottom layer to generate electricity. When 
the negative electrode connects with the ground, a part of the 
matryoshka is similar to a single-electrode TENG. Therefore, when the 
negative electrode connects with the ground, the output will be more 
stable. There is an interesting phenomenon that the largest peak value of 
Voc is the matryoshka device of No.1 group, which is almost twice as 
much as the output of the device with two layers. And the peak value of 
Isc of the matryoshka device with this connection method is higher than 
the device with two layers. As for the QTR, there is no big difference 
between the matryoshka device in the first connection method and the 
device with two layers. We suspect that the matryoshka device may 
become a capacitor. According to the following capacitor formulas, Q ¼
R

Idt, Q ¼ ε SU
d  , because the charge quantity of No.1 has no big dif-

ference with the device of two layers, and the current of No.1 is higher 
than the device with two layers so that the time of No.1 group must be 
shorter than that of the device with two layers. As a matter of fact, there 
is a time delay in the output peak from the device with two layers, shown 
in the Supporting Information Fig. S2d. As for the voltage, the peak 
value of Voc of No.1 is higher than the device with two layers, so the 
distance of No.1 group must be longer than the device with two layers. 
In fact, the distance from the top layer to the bottom layer of the 
matryoshka device is longer than the device with two layers. In this 
project, we only discuss three layers based on matryoshka and we find 
out that the outputs increase with the increase of layers. When layers 
increasing, there will be more interesting phenomenon. It is thought- 
provoking and worth to be investigated. 

To further show the scalability of the NA-TENG in wearable elec-
tronics, a nested NA-TENG with large triple layer is fabricated for energy 
harvesting, which can be wore on the wrist (Fig. 5a). Larger size means 
higher output. We use the nested NA-TENG bent by linear motor with 
frequency of 2 Hz to light LED bulbs and charge a capacitor (Fig. 5b). 
The output properties of the nested NA-TENG are tested by the linear 
motor with frequencies of 1 Hz, 2 Hz and 3 Hz, respectively (Fig. 5c–e). 
The results show that the outputs of the nested NA-TENG are higher than 
that of the previous double layered one and smaller triple layered one. 
To make the device smaller and more ingenious, we used different 
materials and fabrication methods to fabricate another miniaturized 
triple layered NA-TENG. (Fig. S8). PET (Polyethylene terephthalate) is 
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introduced to make the arched structure of the device through ther-
moforming process. The thickness of each layer is 100 μm. The length of 
the main part of the triple layered device is about 3 mm and the height is 
about 2 mm. Meanwhile, the Al foil electrode is replaced by a thin Al 
electrode deposited by magneton sputtering. Based on the ingesting 
characteristics of the NA-TENG, we anticipate the future wearable 
electronics and robots based on the NA-TENG and related designs in 
Fig. 5f. Various ingenious gesture sensors can be fabricated to be wore 
on hands and integrated in robotic arms more conveniently. 

3. Conclusion 

In summary, a nestable arched triboelectric nanogenerator with the 
advantages of highly flexible, stable and reliable features, is designed 
and fabricated for real-time large deflection angle sensor. Two different 
NA-TENG devices are fabricated and characterized, showing that with 
the longer the distance of the two layers, the higher of the output will be. 
The NA-TENG is applied to fingers to detect the bending angles. By 
analyzing the relationship between the electrical signal and the angles of 
bending finger, it is obvious that the NA-TENG is sensitive as an angle 
sensor which can be bent in a very large deflection angle. Moreover, the 
NA-TENG based on matryoshka can be assembled, and here we only 
fabricate a device with three layers and find that the electrical outputs 
increase with the increase of layers. It is the most important meaning of 
the matryoshka NA-TENG that it could provide an interesting approach 
to design new style of TENGs. 

4. Experimental section 

4.1. Fabrications of NA-TENG 

First, we mixed Ecoflex 00–10 AB glue in a 1:1 ratio and then we put 
the mixture into a tailored mode. The length of whole device is 2 cm 
when the width is 0.5 cm and the thickness is 1.5 mm. The radii of the 
inner and outer semicircles are 3 mm and 5 mm, respectively. We 
designed three different bending degree modes using as the top layer, 
the bottom layer of the NA-TENG and the matryoshka’s top layer. The 
NA-TENG’s top layer and bottom layer are in semicircle shape with a 
radius of 5 mm and 3 mm, respectively. And the top layer of matryoshka 
is also in semicircle shape with radius of 7 mm. The middle and bottom 
layer of matryoshka are the top and bottom layer of NA-TENG. And then, 
we put the modes into the oven at 80 �C for half an hour. Stripped the 
cured silicone from the mold. The size of aluminum film is based on the 
size of NA-TENG’s top and bottom silicone layer. The aluminum film 
was bonded with the NA-TENG’s bottom layer using silicone glue and 
then connected with wires. The bottom and top layer were bonded 
together in a same way. The NA-TENG fabrication is completed. The 
fabrication method of the matryoshka is as same as the NA-TENG. When 
combined the NA-TENG with fingers, we need to find out the proximal 
interphalangeal (PIP) joint of finger, and then align the semicircular tip 
of the device with the PIP joint. 

Three polymer materials were incorporated into silicone rubber to 
modify the layer of NA-TENG. Barium titanate (BaTiO3) nanoparticles 
(Aladdin, particle size < 100 nm), multi-walled carbon nanotubes 
(Shenzhen Nanotech Port Co. Ltd, range of diameter 10–20 nm) and poly 
(vinylidene fluoride) (PVDF) powders (SIGMA-ALDRICH, average Mw 
~ 534000) were mixed with the preformed gel of Ecoflex 00–10 with a 
mass ratio of 7.5% respectively and stirred well. Then three mixtures 
were poured into a PTFE mold and evacuated in a vacuum drying box, 
cured at 60 �C for 2 h and removed from the PTFE mold. 

4.2. Characterizations of NA-TENG 

The signal of NA-TENG is measured by the electrometer (Keithley 
6517B). The sampling rate is 5 ks/s when the electrical signal is char-
acterized. The linear motor is used to make the device work. One edge of 
the NA-TENG is fixed into a stable stage, and the other edge is suspended 
to connect and separate with the linear motor. The output of the device 
when we bended the index finger’s PIP joint are recorded by the 
electrometer. 
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.nanoen.2019.104417. 

Fig. 5. (a) Photos of nested NA-TENG applied in elbow. (b) Charging curve of a 
0.47 μF capacitor charged by nested NA-TENG. (Inset: six LED bulbs lighted by 
nested NA-TENG directly) (c) Open-circuit voltage of nested NA-TENG bent by 
linear motor with under different frequencies (1 Hz, 2 Hz, 3 Hz). (d) Short- 
circuit current of nested NA-TENG bent by linear motor with under different 
frequencies (1 Hz, 2 Hz, 3 Hz). (e) Transferred charges of nested NA-TENG bent 
by linear motor under different frequencies (1 Hz, 2 Hz, 3 Hz). (f) Schematic 
illustration of deploying NA-TENG in the wearable sensors and robot hand. 
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