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 ABSTRACT 

Integrated multilayered triboelectric nanogenerators (TENGs) are an efficient

approach to solve the insufficient energy problem caused by a single-layered TENG 

for achieving high output power density. However, most integrated multilayered

TENGs have a relatively large volume. Here, a double-induced-mode integrated 

triboelectric nanogenerator (DI-TENG) based on spring steel plates is presented 

as a cost-effective, simple, and high-performance device for ambient vibration 

energy harvesting. The unique stackable rhombus structure, in which spring steel

plates act both as skeletons and as electrodes, can enhance the output per-

formance and maximize space utilization. The DI-TENG with five repeated units 

in a volume of 12 cm × 5 cm × 0.4 cm can generate a short-circuit current of 51 μA 

and can transfer charges of 1.25 μC in a half period. The contrast experiment is

conducted systematically and the results have proved that the DI-TENG has a 

great advantage over the single-induced-mode TENG (SI-TENG) with only one 

side of a friction layer on its electrode. Besides, the DI-TENG can easily power a 

commercial calculator and can be used as a door switch sensor. 

 
 

1 Introduction 

Along with the rapid increase in electronic devices 

and systems, there will be a huge demand for 

supplying power for them; since there will be trillions 

of sensor units distributed on the Earth by 2020 [1]. 

The idea of harvesting vibration energy from the 

ambient environment is a brilliant solution to the 

problem, not only providing sustainable maintenance- 

free power sources but also reducing environmental 

pressure from batteries. Among a number of techno-

logies that can convert mechanical energy to electricity 

[2–8], triboelectric nanogenerators (TENGs) have been 

developed aiming at building up self-powered systems 

to drive small electronic devices [9–13]. With TENG, 

an outstanding total energy conversion efficiency up 

to 85%, an instantaneous conversion efficiency of 70% 

and an output area power density up to 500 W·m–2 
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have been achieved [14–16]. 

Based on the coupling of contact electrification effect 

and electrostatic induction, TENG has experienced a 

rapid development by the efforts of over 40 groups 

around the world [10, 17]. There are mainly four 

working modes of TENGs, including the vertical 

contact-separation mode [18–23], the lateral sliding 

mode [24–26], the single-electrode mode [27–29], and 

the free-standing mode [30–32]. These reveal a great 

potential in energy harvesting applications for almost 

any kind of mechanical motion, such as walking 

[33–35], breathing [36], wheel spinning [37–39], and 

ocean energy [40, 41]. However, achieving a higher 

output through an innovative structure design is still 

a challenging task, while the integration of individual 

TENGs is expected to have an efficient and feasible 

approach. Unfortunately, most previous integrated 

TENGs have relatively large volume due to the 

requirement of a support material, which hinders the 

application of TENGs [29, 42–48]. 

Herein, we design a novel double-induced-mode 

integrated triboelectric nanogenerator (DI-TENG) that 

uses spring steel plates. The spring steel plate works 

as both the skeleton and the electrode in DI-TENG 

and saves a lot of space and material to maximize 

space utilization. The DI-TENG only gets an additional 

thickness of 4 mm when five units are integrated. More 

importantly, two tribo-layers can stick to a spring steel 

plate on both sides in the integrated TENG, which 

greatly improves the output performance and com-

pletely distinguishes itself from most previous TENGs. 

Such a unique double-induced-mode integrated 

structure working in the contact-separation mode can 

provide higher energy conversion efficiency than that 

of single-induced-mode integrated triboelectric nano-

generator (SI-TENG). The output current of DI-TENG 

is 199% and the transferred electric charge is 68% 

higher than that of SI-TENG. The maximum short- 

circuit current, open-circuit voltage, and output power 

are 51 μA, 418 V, and 2.16 mW, respectively, which is 

strong enough to light tens of commercial LED lights 

and to power a commercial calculator. In addition, 

the DI-TENG is successfully applied to a door switch 

sensor that can turn the mechanical switch signal into 

electric signal without additional power supply. The 

electricity generation mechanism of the double-induced 

mode and some of the factors that influence the output 

of TENG are discussed in detail. The creative idea of 

using spring steel plates in the integration of TENG 

units would lead to a new structure/material design 

for TENGs. 

2 Experimental 

2.1 Fabrication of DI-TENG 

The device structure of the DI-TENG is schematically 

illustrated in Fig. 1. The DI-TENG is made up of bare 

spring steel plates and the spring steel plates are 

covered with polytetrafluoroethylene (PTFE) on their 

surfaces. Spring steel plates have favorable features 

like suitable flatness, good elasticity, a well-polished 

surface, and fatigue-resistance. The two kinds of 

plates (the bare plate and the sandwiched plate) were 

alternately stacked together. All the bare spring steel 

plates were connected together by copper wires to 

form a M electrode. The sandwiched spring steel 

plates covered with PTFE were connected to form a P 

electrode. In order to protect the device and operate 

it easily, we added acrylic plates on the top and 

bottom of the DI-TENG. 

M electrode: We cut the commercial spring steel plate 

(Kobetool, Germany, width 25 mm, length 5,000 mm, 

and thickness 0.15 mm) into slices of lengths (120 mm). 

Ethanol spray treatment was then performed to remove 

any oil, after which they were dried at 40 °C. These 

slices were connected together with copper wires, of 

which each works as an electrode. 

P electrode: A commercial spring steel plate with a 

thickness of 0.10 mm was cut into slices of 120-mm 

length, and after ethanol spray treatment and drying, 

each slice was covered on both sides with commercial 

PTFE film (thickness 0.1 mm) as tribo-layers using 

double-sided adhesive (thickness 0.104 mm). Figure 1(b) 

shows a schematic diagram of a unit in DI-TENG, and 

Fig. 1(c) shows a scanning electron microscopy (SEM) 

image of the PTFE thin-film surface. Similarly, these 

spring steel plates were connected with copper wires 

on one end. Each spring steel plate works as another 

electrode. 
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2.2 Characterization of DI-TENG 

The output performance of the DI-TENG was measured 

using a preamplifier (Keithley 6514 System Electrometer) 

and a Data Acquisition Card (NI PCI-6259). In the 

experiment, we fix the acryl boards of DI-TENG 

respectively onto the motion module and stator of the 

linear motor (WMU1536075-090-D). 

3 Results and discussion 

It has been a great dream of researchers to invent a 

nanogenerator that produces high output with a small 

volume. Based on specific elasticity and conductivity 

of the spring steel, which can be used both as an 

electrode and as a skeleton to support tribo-layers on 

both sides, an integrated TENG with a relatively small 

volume can be achieved by assembling such spring 

steel units. The spring steel plate covered by PTFE films 

on both sides can work on a double-induced-mode, 

where the electron transfer on electrodes can be induced 

by the bound charges on two PTFE tribo-layers. With 

the unique stacked layer structure, the DI-TENG can 

be stretched to a series rhombus from side view in 

any direction, as shown in Fig. 1. The degree of the 

stretch and the bend angle can be further improved  

with more units (Fig. S1 in the Electronic Supplementary 

Material (ESM)). Besides, the thickness of DI-TENG is 

specifically small, 0.4 cm with 5 units and 1.2 cm with 

15 units, as exhibited in Fig. S2 (in the ESM). To better 

understand the importance of P electrode with two-side 

friction layers, we have fabricated a SI-TENG for 

comparison, that is, a polyethylene glycol terephthalate 

(PET) film is used to replace the PTFE film on one side 

of the P electrode. Since the structure of the DI-TENG 

and the SI-TENG is similar, we draw two semi-graphs 

(left and right) for them in one schematic diagram to 

illustrate the difference of the charge distribution and 

current flowing during the working process (Fig. 2(a)). 

A detailed illustration of charge distribution for these 

two TENGs is separately shown in Fig. S3 (in the ESM). 

The stable charge distribution and current generating 

procedure are shown in Fig. S4 (in the ESM) after the 

two TENGs have been working for several cycles, 

where an equal amount of positive and negative 

charges is generated on the PTFE film and spring 

steel plates, respectively. When we pull the acrylic 

plates to separate M and P electrodes, the negative 

charges on the PTFE films induce an amount of positive 

charge in the spring steel plate of the P electrode, 

which produces a current flowing from M electrode 

to P electrode (Fig. 2(a), top). Subsequently, after 

 

Figure 1 Double-induced-mode integrated triboelectric nanogenerator. (a) Schematic diagram of a DI-TENG. (a1) Schematic diagram 
of the unit cell in DI-TENG; (a2) SEM image of the etched PTFE surface with nanowire-like structure. (b) Photograph of DI-TENG 
with five units under different conditions: (b1) free initial state; (b2) stretch; (b3) bend; (b4) bend in another direction. 
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reaching the maximum displacement position, we 

release the acrylic plates to let the M and P electrodes 

contact, and thus the negative charges on the PTFE 

films induce the positive charges in the M electrode. 

This results in a current from P electrode to M electrode 

(Fig. 2(a), bottom). The TENG working in continuous 

cycles generates an alternating current in the external 

circuit. From Fig. 2(a), we can intuitively see that the 

amount of charge transferred from DI-TENG is larger 

than that from SI-TENG due to the double-induced- 

mode. It is important that every unit contacts each 

other synchronously but separates in different steps, 

which can be inferred from the current-time waveform 

(Fig. S5(a) in the ESM). Moreover, Comsol multiphysics 

software based on finite-element simulation is 

employed to calculate the potential distribution in 

the two TENGs under open-circuit conditions, as 

shown in Fig. 2(b) (DI-TENG) and Fig. 2(c) (SI-TENG), 

in which all the spring steel plates with PTFE film are 

connected together to work as an electrode and all 

the bare spring steel plates are connected together  

to serve as another electrode. In brief, the electric 

potential difference of the two electrodes in DI-TENG 

is theoretically much higher than that of the ones in 

SI-TENG. 

To evaluate the two TENGs’ performance for 

harvesting vibration energy experimentally, a linear 

motor that provides a sinusoidal wave is employed 

as an external vibration source with tunable period 

(T) and amplitude (A), which are both key factors to 

output performance. The experimental measurement 

results are shown in Fig. 3, where the color contour 

graphs are all smoothened by bilinear interpolation 

algorithm, revealing the output current ((a) and (b)) 

and the quantity of transferred charges in a half period 

((c) and (d)) for the DI-TENG ((a) and (c)) and SI-TENG 

((b) and (d)), under different motion periods and 

amplitudes. There are 3D color graphs, and 2D graphs 

derived from corresponding 3D graphs as depicted 

in Figs. S6 and S7 (in the ESM), which demonstrate 

the same result in detail as Fig. 3. It should be noted 

that Figs. 3(a) and 3(b) share the same color scale, 

while Figs. 3(c) and 3(d) share another color scale. In 

Figs. 3(a) and 3(b) we can intuitively see that the 

output current increases with a decrease in period or 

an increase in amplitude, and the output current of 

DI-TENG is 2.99 times as much as that of SI-TENG. Due 

to the integrated multilayer structure, the motion 

velocity of acrylic plate is divided to a smaller velocity 

on each electrode. In other words, each electrode has 

Figure 2 Schematics of the operating principle of TENG in separation state (top) and contact state (bottom). (a) Two schematic
illustrations of the charge distribution that have been scheduled in one picture, the bright side (left) is for DI-TENG and the shaded side
(right) is for SI-TENG. Potential distribution by COMSOL is employed to elucidate the working principle of (b) the DI-TENG in a
period and (c) the SI-TENG in a period. 
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smaller velocity when more units of DI-TENG are 

integrated, since there is a positive correlation between 

the output current and the contact/separate velocity 

of its tribo-layers [23]. Therefore, the output current 

of DI-TENG seems to be smaller than other TENGs 

[18–23]. The total amount of transferred charges 

almost remains maximal between the amplitude of  

7 and 22 mm in different periods for the DI-TENG, 

while it increases as the period and amplitude increases 

for the SI-TENG. Similarly, the maximum quantity  

of the transferred charges in a half period of the 

DI-TENG is 1.68 times as much as that of the SI-TENG. 

The quantity of transferred charges is small in low 

amplitude, which is attributed to less energy harvesting 

in low amplitude, and it reaches as high as 1.25 μC. 

Besides, the output voltage has been systematically 

investigated and the result is shown in Fig. S8 (in the 

ESM). The voltage–time waveform can also been found 

in Fig. S5(b) (in the ESM) and the maximum output 

voltage of DI-TENG is 418 V. On an average, the output 

voltage of the DI-TENG is 5.29 times as much as that 

of the SI-TENG. 

The output current, voltage, and power under 

varied load resistance for the DI-TENG and SI-TENG 

driven by the linear motor in a motion period of 300 ms 

and amplitude of 25 mm are shown in Fig. 4(a) and 

4(b). The current decreases and voltage increases with 

an increase in external load resistance. The output 

power of the DI-TENG reaches a maximum of 2.16 mW 

at a load of 2 MΩ, while that of the SI-TENG only 

reaches 0.24 mW. Figure 4(c) gives output voltage of 

DI/SI-TENG on changing amplitude and period in a 

3D graph. 

Benefiting from the spring steel based double- 

induction structure, DI-TENG has an advantage over 

SI-TENG. Particularly, the DI-TENG greatly improves 

output electricity without large displacement and big 

volume, which maximizes the space utilization under 

the contact/separation mode. With this great capacity, 

the TENG can sufficiently power a commercial 

calculator after the output current has been rectified 

by a bridge rectifier and can charge a 1 μF capacitor. 

As we can see from Fig. 4(d) and Video S1 (in the 

ESM), the calculator can be operated well with small  

 

Figure 3 Color contour graphs about electrical measurement results of two TENGs under varied amplitude and motion period. The
output current of (a) DI-TENG and (b) SI-TENG. Transferred charge quantity in a half cycle of (c) DI-TENG and (d) SI-TENG. 
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driving energy into the TENG. The inset is equivalent 

circuit of the whole working process. A door switch 

sensor based on the DI-TENG is further employed to 

demonstrate its great potential application. The sensor 

fabricated with 15 integrated units has higher output 

power and flexural property (Fig. S1 in the ESM). The 

operating circuit is elaborately designed in Fig. 5(a), 

while the sensor is fixed on the top of a door pivot, as 

shown in Fig. 5(b). When the door is being opened/ 

closed, the sensor is driven to produce an output 

signal to the resistor (1 MΩ). The programmable 

microcontroller (STM32) detects the voltage on the 

resistor in real-time, and when it reaches a given 

value, the microcontroller sends out a signal to the 

composite transistor, which controls the pick-up of 

the relay to operate the on-off of an electric lamp. The 

insets in Fig. 5(b) are digital pictures of the complete 

circuit (left) and two working states (right), showing 

that the sensor can turn the mechanical signal into an 

electric signal, which might also be applied to other 

situations. By the above experiments, we can see that 

the DI-TENG has great output performance as well 

as potential application in smart home sensing, 

environmental monitoring, and electricity supply for 

personal electronic devices. 

4 Conclusions 

We have designed a double-induced-mode integrated 

triboelectric nanogenerator. By employing spring steel 

plates as skeleton and as electrodes, a small volume 

of DI-TENG could be achieved. The electrodes with 

two-side friction layers in the DI-TENG can greatly 

enhance the output performance, of which the output 

current, the transferred charges, and the output voltage 

is, respectively, 2.99 times, 1.68 times, and 5.29 times as 

much as that of the similar electrodes with single-side 

friction layer in the SI-TENG, which is commonly 

used in other integrated TENGs. The largest short- 

circuit current, open-circuit voltage, and transferred 

 

Figure 4 Output performance under different external loads of (a) DI-TENG and (b) SI-TENG. (c) 3D graph of varied output voltage 
on changing amplitude and period. (d) Digital photograph of a commercial calculator that is powered by the DI-TENG. Inset is the 
equivalent circuit for powering the calculator. 
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charges in a half period are 51 μA, 418 V, and 1.25 μC, 

respectively. With its unique structure and stretchable 

property, the fabricated DI-TENG can easily power a 

commercial calculator and can be applied to a door 

switch sensor. This study opens up the possibility of 

utilizing new materials into TENGs for extending its 

application scope.  
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