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 Abstract 

We present a new concept for impact-based triboelectric nanogenerators (TENG) inspired 

from the electrostatic machines of the 18th century. With this system, the electrical energy 

converted from the mechanical domain is automatically accumulated in a large capacitance 

without the need of diodes.  Our TENG has three electrodes and self-synchronized / self-

actuated mechanical switches, which automatically and repeatedly connect the capacitances 

of the system according to their series and parallel configurations in order to reproduce a 

behavior similar to the Bennet’s charge doubler. The movable and freestanding electrode is 

covered with triboelectric patches that drastically decreases the start-up time. The output 

voltage, and so the harvested energy, increases exponentially until either the output voltage 

reaches the air dielectric breakdown or a saturation occurs because the electrostatic forces 
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become comparable to the mechanical ones. We have developed a complete numerical 

model that takes into account both electrical and mechanical forces and is able to show the 

saturation phenomena due to the high electromechanical coupling occurring at high voltage. 

This model has been validated with practical experiments where the prototype were excited 

with a sinusoidal acceleration of 0.2 grms at 5 Hz. This new and diode-free concept can be 

applied to any TENG having at least one variable capacitor to boost the mechanical-to-

electrical energy conversion. 

 

  Keywords: Vibration energy harvester, Electrostatic transduction, Bennet’s charge 

doubler, Triboelectric effect, Mechanical switches 

1. Introduction 

Wireless sensors and internet of things (IoT) based systems can be considerably improved 

thanks to energy harvesting devices. Extracting energy from vibrations surrounding low-

power devices is a good alternative to battery, especially when a large deployment of these 

devices is envisaged. Such kinetic or vibration energy harvesters (K/VEH) usually include a 

mobile mass to capture the kinetic energy from the vibrations and a transducer that 

transforms them into useful electrical energy. Several transducer mechanisms can be used, 

like electromagnetic, piezoelectric or electrostatic ones.  

With electrostatic transducers, one or several variable capacitors are required to convert 

the kinetic energy into electricity. The level of converted energy is strongly related to the 

capacitance ratio ����/���� of the electromechanical transducer. Various designs have 

been proposed in the literature, most of them using MEMS technologies, and having in-

plane linear variation of the capacitance [1][2] or gap-closing devices [3][4]. A more 

sophisticated optimized in-plane triangular electrodes for reducing the air damping was also 

introduced by Lu et al in [5].  

Classical conditioning circuits for electrostatic KEH (e-KEH) are based on charge-pump 

circuits where diodes and/or mechanical switches are used. It typically works with a two 

stages cycle [6]. First, a variable capacitor is charged when at its maximal value. Then the 

capacitor is decreased through the application of external inertial forces on one movable 

electrode, while the electrostatic force tried to prevent its displacement. This converts 

mechanical energy into electricity, which can be stored in another capacitor denoted 



reservoir capacitance Cres. The process is repeated until an optimum voltage is reached 

across Cres. At this point, a secondary circuit is used to (partially) discharge Cres before its 

saturation, and the energy harvesting cycle can restart. The control of the different steps can 

be achieved by implementing transistor-based switches [7][8][9] or diodes [12][11][12]. A 

similar approach is used with triboelectric nanogenarators [13]. Chiu also proposed the use 

of mechanical switches to replace diodes or the electronic control of transistors [14], 

followed by Samaali et al [15]. 

All previously cited rectifier circuits, whatever they are made of diodes or switches, can 

be denoted as stable charge-pump [16][16], sometimes followed with a Buck-type inductive 

feedback for de-saturating the reservoir capacitance . Unstable charge-pump can also be 

used. They are typically based on the Bennet’s influence machine [18][19]. They allow an 

exponential increase with time of the harvested vibrational energy thanks to one or two 

parallel-plate variable capacitors with synchronized electrical connection between the 

electrodes. Dorzhiev et al implemented such Bennet’s doubler KEH at the microscale using a 

single gap-closing MEMS variable capacitor with interdigitated electrodes [20]. Lefeuvre et al 

proposed a circuit to overcome the limitation related to the variable capacitance max-to-min 

ratio inherent to the Bennet charge doubler [21], and Karami et al proposed a generalization 

of such kind of circuits that have in commun a rectangular QV cycle [22]. To avoid the 

drawbacks of diodes like reverse current, positive and Zener reverse voltage threeshold, 

Ouanes et al at macroscale [23], and Le et al at microscale [24], separately and concurrently 

proposed the use of mechanical into a vibrational KEH based on the Bennet charge doubler 

principle.  

Triboelectricity has been introduced for kinetic energy harvesting using electrostatic 

transduction by Prof Zhong Lin Wang who first proposed the concept of TriboElectric Nano 

Generator (TENG) [25]. In [26], he proposed a comparison between TENGs and piezoelectric 

or electromagnetic generators based on Maxwell’s equations. Numerous applications are 

envisaged, including large energy recovery from the oceans [27]. One drawback of TENGs is 

its very high voltage generation. However, we can take advantage of the induced air 

breakdown phenomena to directly charge a capacitor [28].  

In [29], Hinchet et al observed that most TENG are actually similar to electret-based e-

KEH and share the same lumped-element circuit once in steady-state. So, recently it has 

been proposed to apply the Bennet circuit to TENG devices [16][30], leading to a larger 



output power. In this work, we propose a new type of TENG with a freestanding movable 

electrode like in [31][32], except that electrical energy converted from the mechanical 

domain is automatically accumulated in a large capacitance without the need of diodes.  The 

device is based on the Bennet charge doubler principle and made of two asymetric gap-

closing variable capacitances with a 3-electrode sandwich structures, having a mobile 

electrode in the middle and 3 self-actuated mechanical switches. The two faces of the 

freestanding electrode are covered with a triboelectric layer that induces additional charges 

at each contact. The inertial mass is supposed to be free of any elastic link and the 

mechanical switches play also the role of stoppers. The manuscript is structured as follow: 

the next section describes the principle of the new TENG, section 3 presents its 

electromechanical model and section 4 compares the simulations with experimental results. 

2. Description of a tribo-enhanced Bennet doubler 

1. Principle of operation 

A side-view schematic of the proposed TENG is illustrated in Fig. 1. It is composed of 3 

electrodes: side electrodes A and C being fixed to the external frame and a central one B 

moving in-between. Inertial forces are induced by an externally applied acceleration. The 

position of electrode B results in two variable capacitances ��� and ��. The conditioning 

circuit is composed by three mechanical switches ��, �� and ��, all self-activated by the 

motion of B. In addition, a large reservoir capacitor Cres is needed to collect the harvested 

energy.  

The three switches interconnect the three electrodes during the displacement of the 

central electrode B in order to reproduce the behaviour of the electrostatic machine 

invented by Bennet in 1787 [18] when periodic vibrations are applied. S1 and S3 connect B and C to Cres respectively

electrode B. When electrode B is close to electrode A, the switches �� and �� are ON (Fig. 

1b) and the three capacitors are in parallel. ��� is at its maximum value ������, whereas �� is 

minimal at �����.  When the electrode B moves in-between A and C, all switches are OFF 

(Fig. 1a).  When B is close to C, �� turns ON leading to the series configuration. Then �� 

turns to its maximum value �����  and ��� turns to its minimum value ������ (Fig. 1c). 

In the following, we analyse the evolution of the charges in the capacitors. Let’s start the 

process when the capacitance Cba is at its maximum value ������. S1 and S2 are ON and the 

capacitors Cba, Cbc, Cres are in parallel (Fig. 1b), so they have the same electrical potential VP,I: 



 ��,� � ����,� � ���,� � �����,� � ���/������ � ��/����� � ����/���� (1) 
where � indicates the parallel configuration and � the mechanical cycle number. Qba, Qbc and 

Qres are the charges associated to each capacitor Cba, Cbc and Cres respectively.  

When B moves towards C, all switches are in open-circuit: Cba starts decreasing while Cbc 

increases. The device is in a constant-charge mode and according to the charge conservation 

law, Vba increases, Vbc decreases and Vres remains equal to VP,i. We can write the following 

equalities, just before the contact between B and C: 

 ��!",� � � �,������ � ��!",���������!",� � � �,������� � ���!",�����������!",� � � �,����� � ����!",����� ⇒ � �,� � ����!",�  
 

(2) 

where �$ indicates the moment just before �� is ON, i.e. just before the series configuration 

of the capacitors. ������ and �����  are the minimal and maximal value of Cba and Cbc 

respectively. 

At the moment �% corresponding to the moment just after �� becomes ON, all capacitors 

are in series (Fig. 1c). We can assume that the potential across  ��,  ��� and  ���� are the 

same at �$ [33]. Consequently: 

 ����!",� � ����!&,���!",� � ��!&,����!",� � ���!&,� 
 

        (3) 

In order that ��� starts to give its charges to the network capacitors (��, ����), it is required 

that: ���!&,� ' ��!&,� ( ����!&,�
 

↔ � �,� ������������ ' � �,� ���������� ( � �,�  
↔ ������������ ' ���������� ( 1 

 

 

         

(4) 

At the contact �%, the total charge in the system is given by:   �*+*!&,� � ���!&,�. ������ ( -��!&,� ( ����!&,�. . ��/ (5) 

where  ��/ � 012345. 0678012345% 0678. 



 

Fig. 1. Side-view schematics and equivalent electrical circuits of the F-TENG in its 3 configurations 

assuming no contact resistance. a. The sliding electrode B is isolated (��, �� and �� are open). b. 

Electrode B is contacting electrode A (�� and �� are closed, �� is open). c. Electrode B is contacting 

electrode C (�� is closed, �� and �� are open). 

 

 



On the other hand, at the steady state of the series configuration denoted by � the total 

charge is: �*+*!,� � ���!,�. (������ ( ��/) 

 

(6) 

According to the charge conservation law: �*+*!&,� � �*+*!,�
 

 

(7) 

Equalizing Eq.(5) and Eq.(6) then replacing with the equalities in Eq.(2) and Eq.(3), we get:  

���!,� � � �,� 9 1 ( 012:;<012345= ��/ ( ������
������ ( ��/  

 

(8) 

Now we can determine the charge ∆� !,� given from ������ to (�� , ����):  ∆� !,� � ����,� ? ���!,� � � �,������� ? ���!,������� (9) 

Substituting Eq.(8) in Eq.(9), we get: 

∆� !,� � � �,� @������ ? 9 1 ( 012:;<012345= ��/ ( ������
(������ ( ��/ ) ������A

 

 
 

 

(10) 

At the end of the first phase ������ →  ������, the transducer ���  gives the charge ∆� !,� to ��/  

that is received by each capacitors  ��  and ���� . As a result, the total variation of the charge 

in the system (Cba, Cbc, Cres) is: ?∆� !,� ( 2∆� !,� � ∆� !,� (11) 

Now ���   increases from ������ to  ������  while Cbc decreases, all switches are open and the 

device is in constant charge mode. At ������, �� and �� becomes ON and the three capacitors 

are in parallel again. The total charge at the moment (�$, �) just before the contacts is the 

same as the previous series’ state (�, �) but also the same as the charge just after the ON  

contact (�%, � ( 1) and finally also the same at the steady state of the new parallel 

configuration (�, � ( 1): �*+*!,� � �*+*�",� � �*+*�&,�%� � �*+*�,�%�
 (12) 

Consequently, to define the total charge at the beginning of a new mechanical cycle (� ( 1), 

we have to add the charge ∆� !,� to the capacitors in parallel: � �,�%�D������ ( ����� ( ���� E � � �,�D������ ( ����� ( ���� E ( ∆� !,�  (13) 

Then at each cycle, the increase of the converted energy is given by: 



F(� ( 1) � 12 D������ ( ����� ( ���� EG� �,�%�� ? � �,��H 
(14) 

 

Table 1: summarizes all the parameters of the system. 

Symbol Signification Symbol Signification 

A Electrode A �$ Moment just before contact S1  and S2 are ON 

B Electrode B �% Moment just after contact S1  and S2 are ON 

C Electrode C � �,� Electrical potential in the parallel  
configuration associated to cycle i 

S1 Switch S1 ���!,� Electrical potential across  ���   in the series 

configuration associated to cycle i at the steady 

state 

S2 Switch S2 ���!",� Electrical potential across  ���   in the series 

configuration associated to cycle i at moment �$ 

S3 Switch S3 ��!",� Electrical potential across ��  in the series 

configuration associated to cycle i at moment �$ ���   Capacitance between 

electrode B and A. 

����!",� Electrical potential across ���� in the series 

configuration associated to cycle i at moment �$ ��  Capacitance between 

electrode B and C. 

���!&,� Electrical potential across  ���   in the series  

configuration associated to cycle i at moment �% ����  reservoir capacitance ��!&,� Electrical potential across ��  in the series  

configuration associated to cycle i at moment �% ������ Maximal value of 

capacitance  ���  

����!&,� Electrical potential across ���� in the series  

configuration associated to cycle i at moment �% ������ Minimal value of 

capacitance  ���  

���!",� Electrical charges in  ���   in the series 

configuration associated to cycle i at moment �$ ����� Maximal value of 

capacitance  ��  

��!",� Electrical charges in  ��  in the series 

configuration associated to cycle i at moment �$ ����� Minimal value of 

capacitance  ��  

����!",� Electrical charges in  ����  in the series 

configuration associated to cycle i at moment �$ ��/ Equivalent capacitance 

 ��/ � ����� .  ��������� (  ���� 

�*+*!,�  Total charge in the system (Cba, Cbc, Cres) 

associated to cycle i at the steady state of the 

series configuration 

Qba Charge associated to 

capacitor Cba 

�*+*!&,� Total charge in the system (Cba, Cbc, Cres) 

associated to cycle i at the moment �% of the 



series configuration 

Qbc Charge associated to 

capacitor Cbc 

∆�!,� Electrical charges generated at each cycle i 

Qres Charge associated to 

capacitor Cres 

�*+*�",� Total charge in the system (Cba, Cbc, Cres) 

associated to cycle i at the moment �$  

Sba Electrode’s contact 

area associated to Cba  

�*+*�,�%� Total charge in the system (Cba, Cbc, Cres) 

associated to cycle i+1 at the moment � 

Sbc Electrode’s contact 

area associated to Cbc 

�*+*�&,�%� Total charge in the system (Cba, Cbc, Cres) 

associated to cycle i+1 at the moment �% � Number of mechanical 

cycle 

F Converted energy per cycle 

�   Indicates series 

configuration 

I�� Surface charge density of the triboelectric patch 

associated to the electrode (B/A)  �  Indicates parallel 

configuration 

I� Surface charge density of the triboelectric patch 

associated to the electrode (B/C)  �$ Moment just before 

contact S3 is ON 

∆���*  Triboelectric charges associated to the coupled 

of electrode (B/A)  �% Moment just after 

contact S3 is ON 

∆��*  Triboelectric charges associated to the coupled 

of electrode (B/C)  

 

2. Triboelectric enhancement 

To improve the device performances and to electrically isolate the electrodes when they  

are in contact, we proposed to cover the active areas of the central electrode with 

triboelectric patches made of Polypropylene (PP). At each contact with the counterpart fixed 

electrodes, made of steel, the triboelectric patches produce an additional amount of charges 

that will speed-up the charging of the reservoir capacitor. These triboelectric charges 

associated to each couple of electrode (B/A) and (B/C) are denoted by ∆���*  and ∆��* , 

respectively. They are approximated by [32]:  ∆���* J �K14!14�%L12:;<
L14345

   and   ∆��* J �K12!12�%L14:;<
L12345

 (15) 

 

where Sba and Sbc are the electrode’s contact area associated to Cba and Cbc, I�� and I� 

being the surface charge densities of each patch.  

3. Time evolution of electrical quantities 

From the previous analysis, we can simulate the electrical evolution of the system for 



multiple oscillations of the movable electrode B. We assume that Cba and Cbc are perfectly 

symmetrical and out of phase, both of them varying between Cmin and CMax. Firstly, we do 

not take into account the triboelectric charges and we assume that the switches are ideal 

without any ohmic losses. Therefore the variation of charge per mechanical cycle given by 

Eq.(10) becomes:  

∆� !,� � � �,� (���� � ? ���� ���� ? ���� �)����  ���� (���� ( 2���� ) � M� �,�  

(16) 

  

For the numerical calculation we set Cmin=20 pF and Cres = 10 nF. Fig. 2a, shows the 

variation of  MN (α normalized with Cmin) versus the capacitance ratio  η� ����/����. To 

convert electrical energy from the mechanical domain, ∆� !,� and then MN, have to be positive. 

This corresponds to η > 1.619.  Fig. 2b shows Vres versus η after 2000 cycles. Fig. 2c and 2d 

show the harvested energy F during the 2000th cycle versus η and Vres (with η=4), 

respectively. 

Fig. 2e and 2.f show the positive influence of the triboelectric charge regarding the output 

voltage Vres and the harvested energy E at each cycle, respectively. η is set to 4 and the initial 

voltage due to the electromagnetic ambient (EM) noise �O � 1 V. The surface density of the 

triboelectric layer is set to I�� � I� � 2 10$Q C/m� [32] and the contact surface ��� ��� � 12 ST�.     

As for any kinetic energy harvester based on gap-closing geometry, the level of converted 

energy is strongly related to the capacitance ratio η � ����/����: the system is more 

efficient for large ratio η. In addition, the triboelectric patches bring a very positive influence 

since they allow to speed-up the energy conversion process and allow the system to start 

from electromagnetic ambient charges. These impact of the triboelectric patches become 

negligible for higher cycles as seen in Fig. 2e and 2.f.   

 



 

Fig. 2.  Evolutions of the electrical quantities. a. Variation of  MN (α normalized with Cmin) versus the 

capacitance ratio  η. b. Variation of ���� and c. variation of the energy F versus η. d. Variation of the 

energy F versus ���� for η=4 at the 2000th cycle. e. Variation of the ���� after 10000th cycle and f. 

Evolution of the energy F versus the number of cycles when triboelectric patches are added. 

 

3. Modelling of the electromechanical system 

The proposed electrostatic generator consists on a movable electrode B having an inertial 

masse m free to move thanks to a linear bearing as shown in Fig. 3a. The electrode B is 

excited when an external acceleration, that we consider harmonic, is applied on the rigid 



frame.  The displacement of B is limited by the switches �� and �� that act as rigid and 

damped stoppers at positions x01 and x03 respectively. �� is a flexible stopper.  

In this section, the full model for the generator is detailed, including the coupling of the 

Modelling of the full system under external excitation.  

According to the second Newton law, the behaviour of the generator (Fig. 3a) is given by: 

VTWX ( S WY � T Z ( [�� ( [�                                                      for   x02<x≤x03TWX ( (S ( S�)WY ( ]�(W ? WO�) � T Z ( [�� ( [�           for   x01≤x≤x02

       (17) 

where W and WY  are the displacement and the velocity of electrode B respectively, S represents the mechanical damping coefficient due to friction and Z is the external applied 

acceleration. [�� and [� are the electrostatic force associated to the variable capacitances ��� and �� given by: 

[�� � 12 ^���^W 9������ =� � 12 ^���^W (���)�, [� � 12 ^��^W 9���� =� � 12 ^��^W (��)� 
(18) 

where  ��� � _ !14 `a%� and �� � _ !12 `a$�.  ��� , ��� , �� and �� are the electrical charges and 

electrical potential associated to the capacitor ��� and �� respectively. ε is the vacuum 

permittivity and d0 the electrostatic gap distance shown in Fig. 3a.  

At each contact between the electrode B and A or C, a bouncing phenomenon takes place 

and the electrode B losses some of its kinetic energy. Their velocities are changed, at the 

contact moment, according to [34] 

VWY ← ?d��WY       when x�x01WY ← ?d�WY       when x�x03

 
 

(19) 

The restitution coefficient d�� and d� will be determined by fitting the results with 

experimental data. When the masse reaches its position x02, a repulsive force with stiffness 

k2 and a damping coefficient S� are added. 

1. Modelling of the electrical system 

In the previous section, the switches were modelled as perfect switches but they actually 

have a small contact resistance. In this section, we use a more realistic model, where the 

ohmic contacts are denoted by e�,�,� for the switches ��,�,� (see Fig. 3). As the electrode B is 

moving, the electric system varies due to activation of different switches. In the following, 

we describe mathematically the different circuits connecting the system’s components. 

Electrode B is between fgh and fgi 

Before being in contact with electrode A, the switch �� is ON while S1 and S3 are OFF (Fig. 



3b). The equations describing the electrical system are given by:  

jkl
km��� � �no ( e� ^(��Vno)^q^(���Vnr)^q ( ^(��Vno)^q � 0 

 

 

(20) 

When the electrode B reaches the electrode A at position WO�, the mechanical switches �� 

turns ON leading to the parallel configuration of Fig. 3c. The contact between the two 

electrodes adds a triboelectric charge ∆���*  to the system. The capacitance ��� is at its 

maximum value ������  and �� at its minimum value �����. The equations describing the 

electrical system are given by:  

jk
lk
m��� � �stu ( e� ����  dV���dt��� � �no ( e� ^(��Vno)^q^(���Vnr)^q ( ^(��Vno)^q ( ���� dV���dt � 0

 

 

 

(21) 

where ����, is the voltage across ����. 

Electrode B is between fgh and fgx 

When B moves between WO� and WO� (Fig. 3d), all switches are OFF. The mobile electrode 

is isolated and all charges remain constant. The voltages across the capacitances become:  

jkk
lk
km���� � ���������nr � �nr����no � �no��

 

 

 

(22)   

When B is in contact with C, S3 becomes ON and all the capacitors are in series (Fig. 3e). 

The induced impact adds a triboelectric charge ∆��*  to the system, and the electrical 

equations associated to the series configuration are given by:   

y���� ( e�� ( �� ? ��� � 0� � ? ^(������)^q � ^(����)^q � ���� d����dt  
(23)  

 



 

Fig. 3. Electromechanical model of the system a. Mechanical representation. b. Equivalent circuit 

between x01 and x02. c. Equivalent circuit at x01 (parallel configuration) d. Equivalent circuit between 

x02 and x03. e. Equivalent circuit at x03 (series configuration). 

2. Description of the electromechanical system 

The mechanical model given by Eq.(17) depends on the electrostatic forces Fba and Fbc, 

which can be calculated from voltages defined in the electrical model in equations Eq.(20), 

Eq.(21), Eq.(22) and Eq.(22). To solve this electromechanical coupled system, we use a one-

step Finite Difference (FD) forward scheme with a time step Δq. W{ and WY{ represent the 

position and velocity at time |Δq. The detailed algorithm is described in Fig. 4. 

 

 



 

Fig. 4. Flow chart of the proposed algorithm for modelling the electromechanical system. 

 

4.  Coupled simulations, experiments results and discussions: 

1. Experimental setup and capacitance variations:  

The fabricated proof-of-concept generator is shown in Fig. 5a. Electrodes are made of 

steel. Polyamide is used for the frame to ensure electrical insulation between different parts. 

Low friction of the moving central electrode B is obtained thanks to a linear bearing. For the 

triboelectric charge generation, Polypropylene (PP) patches of 50 µm in thickness covers the 

active areas of electrode B. The generator is mounted on a shaker (LDS V40b from Brüel & 

Kjaer) where harmonic excitations are applied (Fig. 5b). The vibrations are controlled by a 

servo system (model 7541 from B&K) and by an accelerometer (model 4507B004 from B&K).  



A setup is used to measure the variations of the capacitances Cba and Cbc using a phase-

shift measurement between two signals in the RC circuit presented in Fig. 5c [35].  For each 

phase shift θ, the capacitance is calculated as: 

���,� � 1tan(�) e��,� � (24) 

where � is the angular frequency of Vac and � represents the phase shift between the 

voltage across the variable capacitor and the voltage of excitation source.  

The value of the resistance has to be carefully chosen to maximize the sensitivity at the 

frequency of interest. Best accuracy is obtained for a phase-shift of π/4, i.e. for e��,����,�� �
1 [36]. So that, e��,�  is set as follow: 

e��,� � 1���,���  � 
(25) 

where the average values ���,���  are defined as: 

���,��� � ���,���� (���,����2  
(26) 

���,����  and ���,����  are first measured with an RLC impedance-meter. The dynamic capacitance 

measurements are performed with a 5 Hz excitation at 0.2 grms. Vac is set to 1.5 V peak-to-

peak and its frequency is set to 100 KHz.  

2. Model validation: 

The measured values of both capacitances are shown in Fig. 5d and Fig. 5e. Using the 

derived electromechanical model in Eq.(17), with the physical and geometrical parameters 

presented in [37] , we fit the numerical results of the capacitances with those measured 

experimentally by adjusting the restitution and damping coefficients. Fig. 5d and Fig. 5e 

show a good agreement between the measured and predicted capacitances variation over 

time at steady state. We observe an asymmetry between ��� and �� due to some 

inaccuracy in the device fabrication: ��� varies between ������ � 210 �[ and ������ � 20 �[, 

while �� varies between ����� � 170 �[ and ����� � 30 �[.  

 



 

Fig. 5. Description of the experimental setup. a. Fabricated generator. b Setup and test bench 

representation . c. Circuit for measuring the capacitances Cba and Cbc. d. Evolution of Cba (experiment 

and model). e. Evolution of Cbc (experiments and model). 

 

Table 2. Geometrical and electrical parameters of the generator  

Variable Significations Value ����  Storage capacitance  9.68 nF e�, e�, e�  Contact resistance (evaluated) 0.1 Ω WO  Initial position  0 mm WO�  Position of S1 1.95 mm WO�  Position of S2 ?1.4 mm WO�  Position of S3 ?1.95 mm T  Inertial mass of electrode B 315 mg �  Excitation frequency  5 Hz Z  External acceleration  0.2 grms ]�  Stiffness of S2 (estimated using finite element) 200 N/m S�  Damping coefficient (fitted) 0.2 N.s/m dno  Restitution coefficient when contact with C (fitted) 0.15 dnr  Restitution coefficient when contact with A (fitted) 0.09 Δq  Time step  0.4 ms I�� � I�  Triboelectric surface charge density Polypropylene (PP) 2�10 $Q C/m � ��� � ��  Active area of each side of electrode �  1.2 � 10$� T� 



3. Device performances 

Once all the parameters of the derived electromechanical model are set, we can model 

the harvested energy and compare with the experimental results. Vres is measured with a 

capacitive divider due to its high value, and after a high-impedance follower (Fig. 6a). 

Experimentally, the shaker vibrations are set to 5 Hz with 0.2 grms. Then starting from 

electromagnetic (EM) ambient noise and measuring the evolution of Vres, we show in  Fig. 6d 

the variations of Vres over the increasing number of oscillation cycles. A good concordance is 

observed between numerical model and experimental tests, also presented as an 

approximated function using a polynomial fitting. One can observe that Vres increases 

exponentially until a saturation phenomenon limits the voltage at ���* � 416 V. This 

saturation can be explained by the increase of the total effective electrostatic force [ � [��([� becoming higher than the inertial force and inducing a spring-softening effect 

[20]. A zoom of the displacement of electrode B is depicted in Fig. 6c. One can observed a 

drastic diminution of the oscillation at ���* � 718 cycles until the electrode B is immobilized 

close to the electrode A. This is confirmed by the variation of the total effective electrostatic 

force [ shown in Fig. 6b.  Fig. 6e shows the evolution of the energy at each cycle versus the 

number of cycles (using the fitted voltage function) and Fig. 6f shows the time evolution of 

the accumulated energy in Cres: about .9 mJ are available after 2.5 min. The Influence of the 

initial pre-charge on Cres is also showed in Fig. 6g. 

4. Influence of the triboelectric patch 

We have compared different triboelectric patches materials and their respective 

thicknesses on the generator performance. Firstly, we did experiments with polypropylene 

(PP) and Teflon (PTFE) having the same thickness of 50 µm. As expected, PTFE gave better 

results because of its better charge affinity (?190 nC/J for PTFE and ?90 nC/J for PP), as 

shown in Fig. 6h. Then we varied the patch thickness (Fig. 6i) for the PTFE. It is clear that less 

thickness gives more energy: the maximum value of the gap-closing capacitances ������ and  �����   becomes more important since the gap distance is lower. 

.  

 



 

Fig. 6. Experimental results. a. Circuit used to perform the measurements. b. Evolution of the 

electrostatic force applied on electrode B. c. Zoom of displacement of electrode B when saturation 

occurs. d. Evolution of the output rectified voltage with number of cycles and time (numerical and 

measurement). e. Evolution of the harvested energy with number of cycles. f. Accumulated energy in 

the output capacitance. g. Influence of the initial pre-charge on Cres. h. Influence of the patch 

triboelectric charge density.  i. Influence of the triboelectric patch thickness. 

5.   Conclusion 

 In this paper, a new triboelectric nanogenerator having an exponential increase with 

time of the converted energy from the mechanical-to-electrical domains has been proposed. 

This is obtained thanks to a self-actuated alternation between series and parallel modes of 

the capacitances in the system, in order to obtain a behaviour inspired by of the electrostatic 

machine from the 18th century known as the “Bennet doubler”. The device use only 

mechanical switches and takes benefit of the triboelectric effect and electrostatic induction. 

All the charges are stored into an external capacitor and the output signal is rectified without 

the need of diodes. This is the first time that such kind of electrostatic machine is used for 



vibration energy harvesting.  

A prototype has been fabricated that shows an output voltage increasing exponentially 

until 400 V when vibrations of 0.2 grms are applied, corresponding to a maximum conversion 

of 2.8 µJ per mechanical cycle, and 0.9 mJ are accumulated in 150 sec. After 600 cycles, a 

saturation occurs, which is known as the “spring softening effect” and corresponding when 

the electrostatic force becomes so high that it limits the displacement of the mobile mass 

induced by the vibrations. This limit can be exceeded by applying a higher input force. An 

electromechanical numerical model has also been developed. It has been experimentally 

validated and in particular, it can predict this spring softening effect. 

This concept of automatic switching between the series and parallel configurations of the 

capacitances of the system can be applied to any TENG where the capacitance of the 

transducer varies with a ratio higher than 2 for a single variable capacitor [6] or a ratio of 1.6 

for 2 variable capacitors with opposite phases like in this work. The absence of diodes and 

their unavoidable voltage threshold, combined with the boost introduced by the Bennet 

doubler structure, can largely improve the energy conversion efficiency of TENGs, especially 

during the start-up. 
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We report a new type of triboelectric nanogenerator (TENG) having alternating and self-actuated 

series-to-parallel interfaces based on self-synchronized mechanical switches. It has been inspired 

from the Bennet doubler electrical machine. The TENG is composed of a freestanding electrode, two 

anti-phase variable capacitors excited by the external vibrations, and a reservoir capacitor. The 

absence of diodes and their unavoidable voltage threshold for signal rectification, combined with the 

boost introduced by the Bennet-like doubler structure, can largely improve the energy conversion 

efficiency of TENGs, especially during the start-up. 




