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An SSHI Rectifier for Triboelectric Energy 

Harvesting   

Abstract—In this paper, a synchronized switching harvesting 
on inductor (SSHI) based rectifier for triboelectric energy 
harvesting is reported for the first time. In recent few years, 
triboelectric energy harvesters (TEHs), also called triboelectric 
nanogenerators (TENGs) are emerging and extensively studied, 
which provide promising solutions for converting mechanical 
energy to electricity as power resources for electronics. To 
practically power electronics from TENGs, power management 
module with high energy efficiency is also essential. The state of 
the art of power management circuits for triboelectric energy 
harvesting is mainly focused on increasing dc-dc power efficiency 
technically. In this paper, we report an SSHI rectifying strategy 
associated with TEH design and provide a new perspective on 
designing TEHs or TENGs by considering their capacitance 
concurrently. A new theoretical model is developed for electricity 
generation from triboelectric energy harvesting considering the 
introduced pairing capacitance and the impact force in practical 
condition. We also demonstrate that ultra-low-cost, easy-
fabricated TEHs can also generate a reasonable amount of 
power. The experimental results show that the proposed SSHI 
rectifier increases the harvested power by 242.83% when 
compared to that with a full-wave bridge rectifier for a newly 
designed low-cost TEH. The proposed SSHI interface provides a 
promising strategy of rectifier design to enhance ac-dc energy 
efficiency for triboelectric energy harvesting.  

Index Terms—Triboelectric energy harvesting, TENG, SSHI, 
rectifier, power efficiency 

I. INTRODUCTION 
ince firstly introduced in 2012 [1], triboelectric energy 
harvesters (TEHs), namely triboelectric nanogenerators 

(TENGs) have been studied extensively in recent years. A 
great number of promising TENGs have been reported, which 
have shown great potential for providing sustainable power 
resources for electronics [2]-[6]. The energy conversion in 
TENGs is based on the mechanism of triboelectricity or 
contact electricity by which surface charge is generated from 
contact and separation or sliding between two materials. The 
generated charge fluctuates periodically with the input 
vibration, which thus can convert mechanical energy to 
electrical energy. Previously we also proved that instead of 
using nanomaterials and micro/nanoscale fabrication as 
TENGs, low-cost materials and manufacturing techniques can 
also achieve reasonable results by triboelectric energy 
harvesting [4]. Thus, we use TEHs throughout the paper for 
all types of triboelectric energy harvesting devices. The 

proposed rectifying strategy in this study is universal for all 
TEHs.  

For power management for TEHs to power electronics, 
full-wave bridge rectifiers are commonly used for ac-dc 
conversion in current triboelectric energy harvesting studies 
[5]-[7]. A wide variety of TENGs have been proposed in the 
state of the art with innovative design, improved power, and 
flexible and diverse characteristics for various applications; 
they often adopted bridge rectifiers to convert ac triboelectric 
pulses to dc power. Some commercial power management 
integrated circuits (PMICs) with a full-wave bridge rectifier 
and a buck converter have also been applied for TENGs [8], 
[9]. Bridge rectifiers are no doubt a simple and effective way 
to achieve dc power from TEHs but may have the limitation 
of low power efficiency for mechanical energy harvesting. To 
enhance the energy efficiency, a few remarkable studies have 
recently been reported, in which buck-converters are 
introduced to increase the dc power after rectifiers. Notably, 
Xi et al. [10] proposed a universal power management 
strategy using dc buck conversion for TENGs. Bao et al. [11] 
developed a power management circuit consisting of a dc-dc 
management circuit and a bridge rectifier for ac-dc conversion 
for TENGs. Cheng et al. [12] introduced the optimized 
inductor-capacitor oscillating into a power management 
circuit to improve the efficiency for TENGs. Park et al. [13] 
proposed a high-voltage dual-input buck converter with 
maximum power tracking for TENGs.  

Among these studies, the proposed buck-converters 
generally integrate a switching device and an inductor to lower 
the energy dissipation from the bridge rectifiers to the load. 
These designs show universality and high-efficiency in the dc-
dc stage for different modes of TEHs [10]-[13]. In addition, 
there are also some studies that have directly applied to switch 
in the dc-dc conversion for triboelectric energy harvesting. 
Qin et al. [14] investigated transferring and storing energy 
from TENGs with unidirectional switches and passive power 
management circuits. Vasandani et al. [15] used a 
synchronous switch to enhance the output performance of 
TENGs. The switches are equipped into the power 
management circuit with a bridge rectifier to prevent the 
charge leakage. For interfacing with harvesters, however, few 
rectifier designs have been identified so far to enhance power 
efficiency other than adopting bridge rectifiers.  

In this study, we develop a new rectifier for TEHs based 
on synchronized switching harvesting on inductor (SSHI) 
technique. SSHI rectifiers have been studied for piezoelectric 
energy harvesting and can enhance its harvested power and 
energy efficiency compared to bridge rectifiers [16]-[18]. The 
SSHI interfaces introduce an optimal switching and an 
inductor to reduce the energy dissipation and ensure the 
energy flowing from the mechanical part to the electrical 
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circuit. However, the highly changeable inner capacitance of 
TEHs leads to difficulty of achieving optimal synchronized 
switching time for the LC loop composed of the added 
inductor and the inner capacitance of the TEH, which is one 
of the keys for successful SSHI rectifier design.  

In this paper, we propose an SSHI rectifying strategy for 
triboelectric energy harvesting and provide a new perspective 
of designing TEHs with the consideration of their inner 
capacitance concurrently. To the best of our knowledge, the 
proposed SSHI rectifier associated with the TEH design in this 
paper is among the first that provides a new ac-dc design for 
TEHs and considers the capacitance in TEH design as well. 
We also develop a theoretical model considering the source 
capacitance and the impact force to better understand the 
energy conversion in practical conditions and guide the TEH 
design. The input motion can be low frequency (less than 10 
Hz) and thus can be used for scavenging energy from human 
motion. 

This paper is organized as follows: Section II introduces 
the design of the new TEH design and the associated new 
model for triboelectric energy harvesting. Based on the 
understanding, Section III describes our proposed SSHI 
rectifier for TEHs. Section IV is the validation experiments 
and results. Finally, Section V concludes the paper.   

II. TRIBOELECTRIC ENERGY HARVESTERS 
A. Basis of Triboelectric Energy Harvesters 

Contact and separation or sliding between two materials 
generates charges on each surface, which is so-called 
triboelectricity or contact electricity. For triboelectric charge 
generation, material and contact have been identified as the 
two major contributing factors. Using triboelectricity for 
energy harvesting is emerging with a great number of TEHs, 
mainly TENGs, proposed recently. Significant efforts have 
been put on enhancing material and contact of TENGs for 
improving power generation and efficiency.  

A typical TEH or TENG consists of three major 
components: two triboelectric material layers for charge 
generation, two electrode layers, and a substrate for motion 
conversion. Most materials can act as triboelectric materials 
as the triboelectric series [19]. Sometimes, for a simplified 
TEH, one conductive material can be used as both triboelectric 
material and electrode. In the working process of TENGs, the 
periodic relative motion between the two triboelectric material 
layers results in the generation and distribution of electrical 
charges. The two common modes of triboelectric energy 
harvesting are related to the two different motions: contact-
separation and sliding [20], [21]. We focus on the contact-
separation mode in this study.  

The energy conversion of a TEH or TENG is based on the 
charge generation and redistribution resulted from 
triboelectricity and the changeable distance between two 
triboelectric material layers. The mechanism of the contact-
separation mode for a TEH with one conductive material layer 
used for both charge generation and one electrode is illustrated 
in Fig. 1. In this TEH, low-cost materials, foam, and e-textile 
are used as the triboelectric material layer. The two electrodes 
are copper and e-textile. The detailed design is described in 
Section II.B. Fig. 1 (a) is the original state with no charge 
generated. When contacted, the generated charge distributes 

on the contacting surfaces, causing the equal and opposite 
charge density 0σ  on either contacting surface as shown in 
Fig. 1 (b). When the contact force is lessened, the separation 
distance between the two triboelectric material layers 
increases as shown in Fig. 1 (c), in which an amount of charge 
is transferred between electrodes and can be collected. Due to 
the charge redistribution, a potential difference is induced 
between the two electrodes and changes with the separation 
distance. The contact-separation process cycles with the 
periodic input motion and thus converts mechanical motion 
into electricity. 

B. Proposed Multilayer Triboelectric Energy Harvester 
Using different triboelectric materials generates a different 

amount of triboelectric charge basically following the 
triboelectric series. In our previous experiment [4], foam 
shows the high capability of charge generation and linear 
relationship with external work. The results showed that the 
surface voltage on the foam layer significantly increases 
linearly with sliding times as shown in Fig. 2. It is also ultra-
low cost, highly accessible, flexible, and safe for various 
applications. E-textile is a wearable conductive material and 
often used for developing wearable sensors and systems. In 
this study, we also choose foam and e-textile as triboelectric 
materials. It shows that low-cost materials and easy-assembly 
can also achieve reasonable results for triboelectric energy 
harvesting. 

Besides the material, contact is also a critical factor for the 
charge generation. A multilayer-structure can significantly 
improve the contact area with the same overall size. It can also 
ensure a controllable capacitance of the TEHs which is a key 
to the SSHI design. Thus, we use the multilayer-structure to 
achieve a pairing capacitor in our TEH design. The design and 
analysis are illustrated in details as follows.  

The proposed TEH with a multilayer-structure design is 
shown in Fig. 3. On the left side, a basic structure is to keep 
the contact separation process, while a pairing capacitor with 
a multilayer structure is shown on the right in Fig. 3. The 
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Fig. 1.  The mechanism of contact-separation mode of triboelectric energy 
harvesting: (a) Original state, (b) contact, and (c) separation. 

 
Fig. 2.  Triboelectric property of foam [4]. 
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pairing capacitor is multi-folded to a sandwich-like three-layer 
plate that consists of two copper sheets as the outer layers and 
a thin polyethylene (PE) layer in between. The PE layer is 
used as the insulating dielectric and has an approximate 
thickness of 12.5 µm, which is proper for designing a pairing 
capacitor with a relatively large capacitance.  

The multilayer pairing capacitor is controllable and will 
stabilize the source capacitance for further SSHI design. The 
original TEH without the pairing capacitor has a changeable 
capacitance triboC which is the series capacitance of the air 

layer and the foam layer, 
0

1 ( ) 1

tribo Foam

x t
C A C

= +
ε

, where ( )x t  

is the separation distance between the triboelectric material 
layers, A  is the effective contact area, 0ε  is the permittivity 
of air, and FoamC is the capacitance of the foam layer. This 
capacitance, triboC , is actually highly variable due to the 
relatively wide range of separation distance, ( )x t , varying in 
a range from 100 µm to 10 mm in this case. The capacitance 

FoamC  also changes with its thickness in the mechanical 
process. The highly changeable source capacitance triboC  
brings difficulties to designing an SSHI rectifier interfacing 
with TEHs as the source capacitance of harvesters is critical 
for designing the synchronized switching.  

When parallel with the pairing capacitor, pairC , which has 
a relatively large capacitance resulted from the multilayer 
structure, the inner capacitance of the harvester can be 
stabilized in a controllable range. In this study, the total 
capacitance of the proposed TEH, TC , can be calculated by 

T tribo pairC C C= + . Here, triboC represents the capacitance of 
the basic TEH structure for the distinguishable purpose. By 
adding the pairing capacitance, the total capacitance of the 
TEH can only vary by up to 30.03%, which stabilized the TC  
for the rectifier design. This multilayer TEH will be then used 
in our proposed SSHI design. 

C. New Model for Triboelectric Energy Harvesting 
To further understand triboelectric energy harvesting and 

guide rectifier design interfacing with TEHs, we first develop 
a new model considering the source capacitance and the 
impact force in dynamic process. Some remarkable studies are 
already carried out to investigate the theoretical model of 
triboelectric energy harvesting [23], [24]. In practical 
applications of TENGs, the dynamic mechanical input often 
generates periodic contact and separation or sliding and 
therefore generates charges for powering electronics. In the 
dynamic process of contact and separation, there is an obvious 

impact force between the two parts of TENGs in most cases 
due to the fast contact and separation process. However, this 
impact force is seldom considered in existing models. In this 
section, the new theoretical model for triboelectric energy 
harvesting is shown in details.  

In existing models, a well-accepted theoretical voltage-
charge-distance (V-Q-x) relationship [24] has been given in 
(1) to model the TENG voltage in the contact-separation mode 
of triboelectric energy harvesting, which also aligns with our 
previous equivalent circuit model [25], 

 
0 0

( )
( )Foam

Foam

dQ x t
V x t

A
σ

= − + +
ε ε ε

 
 
 

                 (1) 

where V is the generated voltage across TEHs, Q is the 
amount of transferred charge between the two electrodes, 

Foamd  and Foamε  represent the thickness and relative dielectric 
constant of the foam layer, σ is the generated surface charge 
density, and thus 0Q A= σ  is the generated amount of charge. 

For triboelectric energy harvesting, the contact force has 
been proved as a critical factor that affects charge generation. 
Equation (2) shows the relationship between the triboelectric 
charge and contact force [23]: 

 0

2 3 ( )
FoamFA

E m ex t
π  ϕ ε

σ =   ′ 
                       (2) 

where F  is the contact force, 'E  is the equivalent elastic 
modulus, 2m  is the Root Mean Square (RMS) slope which is 
a statistical surface parameter and is a constant for a given 
triboelectric material, Foamϕ  is the effective or surface work 
functions of the foam layer, e is the elementary charge which 
equals to the electric charge carried by a single proton. This 
equation reveals that the triboelectric charge generation is 
proportionally affected by the applied contact force.   

During continuous dynamic contact and separation cycles 
in most practical conditions, the contact force in each period 
is not static due to the fast contact. It is actually an impact 
force in each contact cycle caused by the dynamic process. 
This impact force can be calculated by equivalent static force 
which is the static force multiplied by the actual impact factor 
as shown in (3): 

2( )1 1e
st

x tF F
g

 
 = + +
 δ 



                          (3) 

where stδ  is the static deflection,  ( )x t  is the velocity, F is the 

contact force in static condition whereas  
2( )1 1

st

x t
g

 
 + +
 δ 



is 

the impact factor. 
Combining (1)-(3), we can obtain the nonlinear 

relationship of the voltage with the separation distance and the 
impact force as represented in (4). In the real harvesting 
system, there is always a load resistance LR , and LV IR= , 
where I dQ dt=  is the current through the load resistance 
caused by the transferred charge. Thus, we can derive (5) from 
(4).  
 

 
Fig. 3.  The structure of the proposed triboelectric energy harvester. 
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 (5) 

      By solving (5), the voltage through TEHs, V , has the 
analytical solution as (6). 
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(6) 
 From (6), once the structure of TEHs is fixed, the impact 

force eF dominates the output voltage as shown in the 
simulation.  

 Next, we need to further consider the pairing capacitance. 
When adding the pairing capacitance, pairC , the output 
voltage of the TEH can be derived from (4) and represented 
as (7). The difference of (7) and (4) indicates the influence of 
the pairing capacitance for triboelectric energy harvesting.  
Using the same method as (4)-(6), we can have an analytical 
solution of voltage generation considering pairing 
capacitance as (8).  
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(8) 
With this new model, we can quantitatively analyze the 

contributing factors and understand their contribution to the 
output voltage of TEHs. This new model will then be used as 
the guideline for identifying the typical waveforms of TEHs. 
From (6) and (8), the output voltage of the TEH is determined 
by different contributing parameters mainly including the 
dynamic contact force in practical condition and the proposed 
pairing capacitance. The influence of these two contributing 
factors are clear as shown in Fig. 4 (a) and (b), which is the 
numerical analysis conducted using MATLAB. The 
theoretical output voltage is plotted. With the change of the 
impact factor (i.e., the impact force), the output voltage 
changes not only its amplitude but also the waveform. The 

impact factor causes the frequency shift of the voltage output. 
The pairing capacitance mainly affects the amplitude of the 
output voltage theoretically. The detailed simulation and 
experimental validation and the results will be presented in 
Sections IV.B and IV.C theoretically. With the validation, this 
model will further be used to design the SSHI interface as 
identifying peaks of the TEH output voltage and source 
capacitance of harvesters is the key in the SSHI design. The 
model quantitatively shows the typical waveform and the 
effect of the pairing capacitance.  

III. PROPOSED SSHI RECTIFIER 

A. Proposed SSHI Circuit 
      Bridge rectifiers are simple and effective for ac-dc 
conversion for most mechanical energy harvesters. This type 
of rectifiers, however, cannot ensure the energy flow 
direction during certain intervals in each cycle, which may 
result in energy returns from the electrical part to the 
mechanical part [26]. SSHI rectifiers interfacing with 
harvesters is capable of overcoming this energy-returning 
problem in piezoelectric energy harvesting by introducing an 
inductive switch path in which an inductor and a switching 
component are added either in parallel or in series to the 
bridge rectifier. According to whether parallel or series, SSHI 
rectifiers can be divided into two categories, p-SSHI, and s-
SSHI. Both have been successfully implemented for 
piezoelectric energy harvesting with a variety of existing 
studies [27]-[38]. SSHI rectifiers minimize the energy 
dissipation on the source capacitance of harvesters by 
controlling the optimal timing of switching approaches to 
match the LC loop formed by the added inductor and the 
source capacitance. By using these SSHI rectifiers, 
piezoelectric energy harvesting systems can achieve higher 
energy efficiency for mechanical energy conversion.  

In this study, we successfully develop an SSHI rectifier for 
triboelectric energy harvesting. Comparing to simply using 
the conventional bridge rectifier as illustrated in Fig. 5 (a), we 
develop a p-SSHI rectifier interfacing with the TEHs as the 
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Fig. 4.  Theoretical solution of output voltage of TEHs in one cycle. Effects 
of changing (a) the impact force and (b) the pairing capacitor on the voltage 
output of TEHs. 

Time (s)
0 0.05 0.1 0.15

(a
)  

   
   

V
ol

ta
ge

 (V
)

-10

0

10

20
1 N
2.5 N
5 N

Time (s)
0 0.05 0.1 0.15

(b
)  

   
   

V
ol

ta
ge

 (V
)

-10

0

10
2.2 uF
3.3 uF
4.7 uF



0885-8993 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2019.2934676, IEEE
Transactions on Power Electronics

power management circuit. The equivalent circuit model is 
shown in Fig. 5 (b). Fig. 6 illustrates the detailed circuit of the 
proposed SSHI interface. Previously we proposed an 
equivalent circuit model for TEHs [25] in which a current 
source /d Q dt∆  is in parallel to the changeable air layer 

airC  and then in series to other layers, such as FoamC  in this 
case. This is because when capacitors are connected in series, 
each of them stores an instantaneous charge equal to each 
other. As described in Section II.B, the original TEH is then 
parallel to the pairing capacitor pairC . In Fig. 6, TR  is the 
inner resistance of the TEH which is negligible in this case. 
The dash line circles equivalent circuit model of our TEH with 
consideration of the source capacitance design. Ti is the output 
current of the overall TEH. When using a bridge rectifier, this 
output current will charge the source capacitance of the 
harvester first before it can flow to the output in every half 
cycle. The proposed p-SSHI interface circuit contains an 
inductor and a switch in parallel to the TEH. The switching 
circuit, in this case, consists of a pair of n-MOSFETs in a 
symmetric structure which ensures the switching process 
working properly for both positive and negative peaks. The 
MOSFETs are low energy consumption during switching. The 
interface circuit then connects to a bridge rectifier. LR  is the 
load. 

B. The Operation 
In the contact-separation mode of triboelectric energy 

harvesting, the charge is generated when the two TEH plates 
contact each other and then redistributed when the separation 
distance increases. In the analysis, we assume one plate is 
fixed whereas the other is movable to achieve contact and 
separation. Thus we also use displacement for separation 
distance.  

Due to the periodic contact and separation between the 
plates with a sinusoidal separation distance as shown in Fig. 7 
(a), the TEH output voltage with or without the SSHI interface 
are periodic as well with the same period. In the displacement 
plot in Fig. 7 (a), the negative peaks refer to the contact point 
of the two plates whereas the positive peaks refer to the 
maximum separation distance. In the experiment, an 
accelerometer is attached is the fixed plate to monitor the 
effect of the impact force. The signal from the accelerometer 
is shown in Fig. 7 (b). The output voltage is affected by the 
impact force and the following interfacing circuit, which 
shows high nonlinearity from the displacement input. This is 
different from the other three types of mechanical energy 
harvesting.  

Here we use one single period from 0t  to 3t as marked in 
Fig. 7 (d) to analyze the operation of the TEH first. In each 
cycle of the input sinusoidal movement, the two layers start to 
physically contact each other before the displacement reaches 
its minimum due to the thickness of the foam layer. This 

contacting time point is defined as 0t . Before 0t −  the two TEH 
plates are separated and the movable plate moves towards the 
fixed plate. After 0t + , the movable plate continues moving 
until the displacement reaches its minimum that the foam layer 
is compressed till the minimum thickness as the negative 
peaks in Fig. 7 (a). When the two places physically contact, 
the impact force occurs and a pulse is generated from the 
accelerometer as shown in Fig. 7 (b). During the physical 
contact, due to the triboelectric effect, the charge is generated 
on the contacting surfaces of the two triboelectric material 
layers. In this study and other theoretical analyses for 
triboelectric energy harvesting, the charge is assumed to be 
evenly distributed with a surface charge density σ . Then the 
movable plate changes its moving direction and the two layers 
begin the separation. When the separation physically occurs, 
the potential difference of the two electrodes emerges and 
drives the electrons to flow through the external circuit (e.g. a 
load resistor for oscilloscope). The output voltage (i.e. the 
voltage through the load resistor) reaches the maximum 
(positive peaks in Fig. 7 (d)) at the time 1t   and then decreases 
during the separation. After the plates separate from 1t , the 
potential difference between the two plates decreases with the 
diminished charge density. The voltage reaches its minimum 
at 2t  as the negative peaks in Fig. 7 (d). The two plates keep 
separating and their distance increases till the maximum. The 
output voltage of the TEH changes from negative to positive 
at 3t which is the starting of the next cycle when the two plates 
start to physically contact again. When there is no pairing 
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Fig. 7.  Typical waveforms of TEHs. (a) Displacement; (b) acceleration; 
(c) TEH voltage with changeable capacitance; (d) TEH voltage with 
pairing capacitance. 
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capacitor, the charge flow through the external circuit quickly 
ends, which acts as a high electrical pulse. The movable plate 
repeats the motion as that from time 0t +  to time 3t − as one 
cycle. The schematic diagrams of the physical process with 
the circuitry analysis have been represented in Fig. 8. During 
the entire process, the source current, Ti , in the TEH is shown 
in Fig. 9 (a).  
     When there is a full-wave bridge rectifier with a smoothing 
capacitor rectC , the rectifier voltage rectV  is ideally dc but with 
ripples. The ripples are mainly determined by the smoothing 
capacitance and can be negligible when the capacitance is 
large. Firstly, we assume that rectV  is dc as in the ideal case. 
In the analysis, we make an assumption that the source 
capacitance with the added pairing capacitance from the TEH 

multilayer structure is independent and stable from the 
mechanical motion. In the operation, the source current Ti
needs to charge the harvester capacitance TC  until it reaches

2rect thV V+  so that the bridge conducts, and then 

2T rect thV V V= + . When Ti changes the direction and

2T rect thV V V< +  again, the load side and the harvester side 
are isolated. In triboelectric energy harvesting, the source 
current Ti can seldom be sinusoidal due to the high 
nonlinearity between the displacement and the charge 
generation as analyzed in our model in Section II.C. Also 
unlike piezoelectric energy harvesting that has a steady 
current source resulted from continuous mechanical input, the 
source current Ti in triboelectric energy harvesting not always 
exists in every cycle as shown in Fig. 9 (a). The voltage of the 
TEH, TV , either varies following the current Ti  or equals to 

2rect thV V+ , depending on whether the bridge conducts. When 
isolated, the current needs to charge the harvester capacitance

TC  until the next bridge conduction. Thus, a considerable 
amount of energy is dissipated on the source capacitance. Also 
in some conditions of triboelectric energy harvesting, the 
negative voltage peaks are not high so that they cannot make 
the bridge conduct, although the positive peaks are mostly 
high enough. In addition, when considering the ripples of rectV
and the short conducting time in each cycle, there may not be 
a perfect steady duration in the TEH voltage waveform TV . A 
typical waveform of the TEH voltage with a bridge rectifier is 
shown in Fig. 9 (b). 

When adding the designed SSHI interface with the optimal 
switching-on time, the LC loop which consists of the source 
capacitance of the TEH TC  and the inductor in the SSHI 
interface L  is able to flip the voltage quickly instead of 
charging the source capacitance at each zero-crossing point of 
the source current Ti , which reduces the energy return to the 
harvester and enhances the energy efficiency in the rectifier 
stage. The schematic diagrams of the operation and physical 
process are illustrated as Steps 1-8 in Fig. 8. In the initial 
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Fig. 8.  The schematic diagrams of the operation and physical process with the circuitry analysis. 
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Fig. 9.  Typical waveforms of the SSHI rectifier circuit. (a) The TEH 
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condition, it is assumed that 0TV =  and 0Ti = . The 
operation starts with the first contact of the two triboelectric 
layers as Step 1. In the operation, the source current Ti  of the 
TEH is generated by physical contact and separation process. 
In each cycle, this current needs to charge the harvester 
capacitance TC  until it reaches 2rect thV V+  before the bridge 
is able to conduct. When the harvester voltage reaches 

2T rect thV V V= + , the bridge conducts as Steps 2 and 3. In the 
equivalent circuit as Fig. 5 (b), the switch in the inductor path 
is controlled to be closed at each zero-crossing point of the 
current Ti  as Step 4 with the switch controlling signal shown 
in Fig. 9 (c). At this moment, the current Ti changes its 
direction, and the switch instantly turns on. The harvester side 
is an LC circuit and will quickly flip TV to invertV−  in Step 5. 

TV is lower than the rectifier voltage rectV plus 2 thV , and the 
bridge is not conductive. The current Ti will charge TC for a 

short time until  2T rect thV V V= + . This charging time is much 
less than that without the inductor. Then the bridge will 
conduct again and Ti flows to the load side from the other pair 
of diodes as Step 6. In triboelectric energy harvesting, the 
source current Ti  does not always exist in one cycle as shown 
in Fig. 9 (a) because the charge transfer may be much faster 
than the mechanical vibration because the mechanical input is 
a low frequency in this case (i.e. 6 Hz). This low-frequency 
triboelectric energy harvesting can be applied in a number of 
application scenarios such as human motion, wind-induced 
motion, etc. Thus, the TEH voltage goes to zero in between 
cycles as Steps 7 and 8. Also as mentioned above, sometimes 
the negative voltage peaks are not as high as the positive 
peaks, and the bridge rectifiers sometimes cannot flip the 
negative peaks as shown in the Fig. 9 (b) and validation 
experiment (e.g. Fig. 16 (d)). When using LC resonance to flip 
voltage, the negative peaks can be as high as positive peaks as 
shown in Fig. 9 (d), which is also validated in the experiment 
as shown in Fig. 16 (e). This will further enhance energy 

efficiency for triboelectric energy harvesting comparing to 
adopting bridge rectifiers.      

During the operation, the switching process needs to be 
conducted quickly. The key to success is the timing of the 
switch. Generally, the time interval of switching-on, τ , is 
optimized to be half period of the LC loop, which is

T
LCπτ = . It is usually only tens or hundreds of 

microseconds when adopting a small inductance.  

C. V-Q Plot Analysis 
TENGs or TEHs are emerging since 2012 and have had 

promising progress in recent years. A standard method which 
is the plot of built-up voltage V versus total transferred 
charges Q (V-Q plot) of harvesters was first proposed in 2015 
to quantitatively evaluate the performance of TENGs [43], 
which provides a performance figure-of-merit for each cycle 
of motion. This method was further well applied to evaluate 
the performance with energy storage elements in their 
following study [44]. TENGs have four modes generated by 
either sliding motion or contact and separation. Zi et al. [44] 
analyzed the physical process of the direct charging cycle and 
developed the corresponding V-Q plot of sliding mode which 
can achieve symmetrical positive and negative peaks. Fig. 10 
(a) and (b) are the TV - t  plot and the V-Q plot for sliding 
mode with a bridge rectifier and load capacitance with the 
corresponding typical time points (as III, IV, V, VI) labeled in 
both sub-figures. The energy output of TENGs per cycle is the 
boxed area [43]. 

For contact-separation mode as studied in this case, the 
positive and negative peaks are often not symmetrical, which 
is also observed in some other studies [45]-[47]. In some 
cases, the absolute amplitude of negative peaks are much 
lower than that of positive peaks and sometimes cannot make 
the bridge conduct in the negative half cycle. In this case, the 
corresponding TV - t  plot and the V-Q plot are shown in Fig. 
10 (c) and (d). The harvester output energy with a bridge 
rectifier per cycle in stable cycles is also the boxed area and 
can be calculated as (9), 
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 Fig. 10 (a) VT-t plot and (b) V-Q plot of sliding mode [44];  (c) VT-t plot and (d) V-Q plot of contact-separation mode of the TEH with a bridge rectifier; 
(e) VT-t plot and (f) V-Q plot of the TEH with the designed SSHI rectifier. (Black lines are stable cycles in all three cases; red line refers to unstable cycles 
in (f).) 



0885-8993 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2019.2934676, IEEE
Transactions on Power Electronics

( )int ,max

,max T int max

2 '

1 ( 2 ) / '/ '
Br rect th T SC

rect th OC

E V V V Q

V V V V V

= + + ×

 − + − 
             (9) 

where ,maxSCQ is the maximum short-circuit transferred 
charge, ,maxOCV is the maximum open-circuit voltage at Q=0, 

max 'V is the maximum achievable absolute voltage at 

,maxSCQ Q= . max 'V in the contact-separation mode is much 

lower than that in sliding mode. The inverted voltage  intTV ′−
here refers to the maximum negative voltage the contact-
separation mode can achieve.  

When adding an SSHI rectifier for the contact-separation 
mode, the TV charging process is significantly reduced due to 
the LC loop. The LC oscillation circuit on the harvester side 
is able to quickly flip TV to invertV− . The voltage invertV−  is 
determined by how well the LC resonance can flip the voltage, 
which results from the optimization of switching. The 
working process of the TEH with an SSHI rectifier in each 
cycle is illustrated in Fig. 8 and the detailed analysis is 
described in Section III.B. The corresponding TV - t plot and 
the V-Q plot within one cycle are shown in Fig. 10 (e) and (f) 
with typical time points (I-VII) labeled. The transitions 
between time points I-VII correspond to Steps 1-8 illustrated 
in Fig. 8. The harvester output energy per cycle is also the 
boxed area. Comparing with that with a bridge rectifier, the 
improved harvested energy per cycle on the harvester side can 
be approximately calculated by (10) assuming that the 
harvester voltage is fully flipped in each cycle and the negative 
half cycle can also achieve 2rect thV V+ as Fig. 10 (a), 

2
,max max

,max
,max

3 ( 2 ) / '
2

2( (1 )) ( 2 )

saved SSHI Br SC rect th

rect th
LC SC rect th

OC

E E E Q V V V

V VQ Q V V
V

= − = +

+
+ − − ⋅ +

        (10) 

which is the shaded area in Fig. 10 (f), where LCQ is the 
charge level achieved by the LC oscillation. The V-Q plot of 
the TEH with a bridge rectifier and an SSHI rectifier is then 

validated in Section IV.F. The energy saving ratio λ in the 
percentage form can be then calculated by (11), 

,max ,max
max ,max

,max
,max max

2 23 2( (1 ))
'

2 24 (1 )
'

rect th rect th
SC LC SC

OCSaved

rect th rect thBr
SC

OC
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V V V VE Q
V V

λ

+ +
+ − −

= =
+ +

− −
      (11) 

Thus, in each cycle, the saved energy using an SSHI rectifier 
is determined by the performance of the TEH and the LC 
oscillation. With the existing TEHs, the maximum and 
minimum energy saving ratio achieved by adding an SSHI 
happens at ,maxLC SCQ Q= and ,maxLC SCQ Q ρ= , respectively, as 
shown in Fig. 10 (f). Let ,max1 ( 2 ) /rect th OCV V Vρ = − + and 

( ) max2 / 'rect thp V V V= + , the maximum and minimum energy 
saving ratio can be estimated as 

max min
3 2 2 3,    

4 4 4 4
p p

p p
λ λ

ρ
ρ ρ
− +

= =
− −               (12) 

Thus, the maximum energy saving ratio can reach up to 200% 
if the TEH is well designed. The minimum energy saving ratio 
can also achieve up to 50% in stable cycles. 
      When considering the difference between the maximum 
invertible voltage - invertV  and –( 2rect thV V+ ) that results from 
the parasitic resistance of the LC loop and the non-optimized 
switching, the V-Q plot will be the green lines in Fig. 10 (e). 
The energy difference between the optimal and non-optimized 
cases is caused by charging the harvester capacitance from -

invertV to –( 2rect thV V+ ) to conduct the bridge.  

      During low-frequency motion, there are also unstable 
cycles for energy harvesting. When the harvester with a 
bridge rectifier is under unstable cycles, the output voltage of 
the rectifier rectV is not saturated and keeps increasing. Thus, 
the boxed area in Fig. 10 (d) keeps changing and intersecting 
with the two dash lines. The detailed analysis is well 
explained in [44]. For unstable cycles of SSHI rectifiers, the 
instability comes from two reasons. One is that the output 
voltage of the rectifier rectV  cannot achieve saturated at the 
beginning, which is similar to that with a bridge rectifier. In 
this situation, the physical process of the energy harvester 
with the SSHI stays the same and thus a typical unstable cycle 
in the V-Q plot is shown as red in Fig. 10 (f). The energy 
saving ratio as (11) and (12) is lower in this case as it is 
calculated as the shaded area over the boxed area in Fig. 10 
(f). The other issue is that unstable cycles may result from 
motion instability and will cause mismatching of the LC 
oscillator. In this case, there is charge loss on the harvester 
capacitance and cannot achieve a high LCQ . Thus, the shaded 
area on the right side in Fig. 10 (f) will become smaller, which 
means the energy saving ratio is lower.  

D. Optimal Switching Design and Pair Capacitance 
When designing SSHI rectifiers for triboelectric energy 

harvesting, the optimal switching-on time is critical. To 
discuss the switching optimization, we need to carefully 
consider the RLC circuit which is composed by the source 
capacitance TC , the inductor L , and the cumulative parasitic 
resistance R in the loop that results from the inductor and the 
switch as shown in Fig. 11 (a). When the switch is closed 
during zero-crossing of Ti , the RLC circuit becomes a closed 
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Fig. 11.  RLC oscillator in the SSHI interface. (a) RLC circuit; (b) 
harvester capacitor voltage with the consideration of switching timing and 
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loop and starts to oscillate immediately. During the switching-
on time τ , the capacitor voltage can be calculated as [32],   

( ) ( ) ( )0 2 cost
T rect th d

d

v t V V e tαω
ω ϕ

ω
−= − + −          (13) 

where 1

0

2 2
0 0

1, , , =cos
2

d
d

para

T

R
LLC

ω
ω

ϕ −  
 
 

ω = ω − α ω = α = . If 

τ is selected as half of the period of 2

d

π
ω

, the flipped voltage 

will quickly achieve the half-period negative peak after τ as 
shown in Fig. 11 (b), which is [32],  

( )
2 12

42 FQ

invert rect thV V V e

π
−

−
= +                       (14) 

where FQ  is the quality factor of the RLC loop, 

1
F

para

LQ
R C

= . In this case, the energy in the RLC circuit is 

quickly bounced back to the harvester capacitance by the 
inductor and dissipated by a very small amount on the small 
parasitic resistance.   

For triboelectric energy harvesting, selecting the optimal 
switching time is much more challenging due to the real-time 
changeable harvester capacitance and the high non-linear 
terms in voltage and current calculation from a sinusoidal 
distance, which is different from piezoelectric energy 
harvesting. Also, as the RLC circuit with changing 
capacitance in Fig. 11 (a), the governing equation becomes 
non-linear and thus does not have an analytical solution for 

( )Tv t . As the designed switching-on time is fixed as 

T
LCπτ = , a small change of harvester capacitance C∆ in 

the RLC circuit will cause the inverted voltage decrease from 
(14) which can be estimated as (15) as shown in Fig. 11 (b), 
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where 
( )

0

0

Foam
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C C

A C x t
ε

= +
ε +

 in our design. C∆ is 

caused by ( )x t changing during the switching time duration 
or measurement error of the pair capacitance.  

Here, we define η as the ratio of ( )'/ 2invert rect thV V V− +
which is determined by the designed timing and the pair 
capacitance; thus,  

          0 ' '
cos '

'
d d

d d

e
α

πωω πω
η ϕ

ω ω

−  
= − − 

 
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where 1 1η− ≤ ≤ . In the ideal case with zero parasitic 
resistance and exact matching capacitance, the η  ratio is -1. 
When the pair capacitance is low, a small change of ( )x t
causes a large change of TC and thus leads to a small η ratio 

as shown in Fig. 11 (b) that 'invertV  is much lower than 

2rect thV V+ . In this case, even a small capacitance 
mismatching will cause η away from -1 which means that the 
voltage cannot be fully flipped due to the LC resonance. Thus, 
the major energy loss caused by the harvester capacitance in 
the full-bridge rectifier condition is still not solved. On the 
other hand, this pair capacitance can also decrease the TEH 
output voltage as analyzed in Section II.C, which aligns with 
the results in [22]. Thus in our design, we choose the minimal 
pair capacitance that can stabilize the harvester capacitance to 
achieve an optimal switching-on time. The validation 
experiments of optimal switching-on time are demonstrated in 
Section IV.G. 

E. Harvested Power Estimation 
Using the V-Q plot, we are able to estimate the output 

energy of the TEH. We then quantitatively estimate the saved 
harvested power by using SSHI rectifiers compared to simply 
using bridge rectifiers on the load capacitor side. With the 
SSHI interface, the energy efficiency is theoretically enhanced 
by lowering energy dissipation on the source capacitance as 
well as saving energy in low-level negative peaks as described 
in Section III.B.  

In one steady cycle, with a bridge rectifier, the charge loss 
on the source capacitance TC  of the harvester occurs when 
charging the source capacitance TC from –( 2rect thV V+ ) to 

2rect thV V+  or vice versa [30]. With an SSHI rectifier, the 
charging process is significantly shortened by the LC 
oscillator flipping and occurs in the beginning of each cycle 
from 0 to 2rect thV V+  and from - invertV to –( 2rect thV V+ ) after 
LC oscillator flipping to the opposite direction. Comparing 
with using a bridge rectifier, the saved charge loss can be 
expressed as,  

  
( ) ( )

( )
,

2 2 2

            = 2
T

C loss rect th T rect th invert T

rect th invert T

Q V V C V V V C

V V V C

= + − + −

+ +
        (18) 

where invertV is shown in Fig. 9 (d).    

Also, the charge loss on the internal resistance of the TEH 

in every cycle is simply , 0T

T T
R loss

T

VQ dt
R

= ∫ . As the inner 

resistance of the TEH TR  is very large, the charge loss on the 
inner resistance can be negligible. 

The total charge produced by the TEH in every cycle is: 

0
 

T

total TQ i dt= ∫                               (19) 

And Ti can be calculated from (7) and (8) as /dQ dt , which is 
generated by triboelectric energy harvesting. 

Therefore, the harvested power of the circuit with the 
SSHI interface for every cycle is: 

,
T

total C loss

harvest rect

Q Q
P V

T

−
=

 
 
 

                         (20) 

The difference between the full-wave bridge rectifier and 
the circuit with the designed SSHI interface of the harvested 
power comes from the inverted charges due to the switching 
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approach as (9). Therefore, the saved power comparing to only 
using a bridge rectifier, savedP , can be calculated as    

       ( )2rect th invert T
saved rect

V V V C
P V

T
+ +

=                 (21) 

In some cases that the negative voltage peaks are not high 
enough to make bridge conduct, more power can be saved 
when using SSHI. In this case, the saved power can be 
estimated as  

, ,  
T

C loss N loss

saved rect

Q Q
P V

T

+
=

 
 
 

                        (22) 

where , N lossQ is the charge loss caused by the non-conduction 
of the bridge during the negative period of the TEH voltage. 

IV. EXPERIMENTS AND RESULTS 
In this section, the experiments and results for validating 

the new theoretical model of triboelectric energy harvesting 
and the proposed SSHI rectifier are both presented. The 
experiment platform for generating the sinusoidal distance 
and measuring necessary signals is established as shown in 
Fig. 12. 

A. Experimental Platform and Setup 
In order to achieve a sinusoidal separation distance of the 

two TEH plates for validation experiments, we first build an 
experiment platform that is capable of providing continuous 
sinusoidal movements. The details of the system are illustrated 
in Fig. 12 (a). The structure is mainly built based on a linear 
actuator and the mechanical design of a slider-crank 
mechanism [39]. A movable plate is mounted on the slider, 
which is connected to a coupler via a revolute joint and driven 
by a stepper motor. The frame and the wheels of the linear 
actuator are 3D printed using carbon fiber nylon to provide a 
strong and light structure. An IR distance sensor (GP2Y0A21, 
Sharp Inc.) is equipped to monitor the displacement in real 
time. A reflection plate is coupled with the distance sensor. To 
measure the impact force during the two plates contacting, an 

accelerometer (±50 g, 353B33, PCB Piezotronics Inc.) is 
attached to the fixed plate to measure the generated 
acceleration signal during contacting as the fixed plate is 
generally stable except when two plates contact.  

The experimental setup is shown in Fig. 12 (b). The linear 
actuator is mounted on the wood board with a foam pad to 
stabilize the movement. The displacement and acceleration 
signals are monitored and stored in a laptop via an 
oscilloscope (PicoScope 4424, Pico Technology Inc.). This 
platform is capable of providing sinusoidal separation 
distance for TEHs as the controllable mechanical input and 
recording the necessary signals for validation experiments. 
Table I summaries the parameters in the circuit used in the 
experiments. 

B. Simulation Results for the Proposed Model of 
Triboelectric Energy Harvesting 
For conventional mechanical energy harvesting, three 

mechanisms are generally used, which are piezoelectricity 
based on piezoelectric materials, electromagnetics based on 
Lenz’s Law, and electrostatics based on variable capacitance 
[40], [41]. For analyzing these processes of energy 
conversion, sinusoidal forces are typically considered as 
mechanical input. For typical piezoelectric or electromagnetic 
energy conversion, the displacement or distance ( )x t and the 
generated source voltage ( )V t  of harvesters are usually 
sinusoidal as well. This is because of the basically linear 
relationship between the displacement and the input force or 
vibration in these harvesting models although nonlinear terms 
also exist [28]. Although there could be a slight misalignment 
between theoretical models and experimental results, the 
output voltage is generally sinusoid with damping, phase shift 
and other slight modification comparing to the input 
waveform. However, in triboelectric energy harvesting, a 
sinusoid motion input generally cannot generate a sinusoid 
voltage across the two electrodes. Although a few studies have 
discussed the reason [23], [24], it is also likely that the impact 
force dominates the generated charge as our analysis in 
Section II.C and equations (6) and (8).  

We then conduct the numerical simulation of our proposed 
model and the corresponding experiments to validate the 
model. In the simulation, a sinusoid waveform is set as the 
input separation distance between the two TEH layers (also 
called displacement of the movable plate) of the TEH. Assume 
that the input displacement is ( ) ( )2ppx t D sin ftπ= , where 

PPD

is the maximum displacement which equals to 25 mm in the 

TABLE I 
PARAMETERS OF COMPONENTS IN THE CIRCUIT  

Variable Value 

tribo
C  0 – 15 nF 

pair
C  49.95 nF 

T
C  49.95 – 64.95 nF 
L  100 mH 

L
R  10 MΩ 

rect
C  2.2, 10, 47, 470 µF 

T
f  6 Hz 
τ  222 µs 

 

(a) 

(b) 

Fig. 12.  Experimental setup. (a) Linear actuator with sensors that can 
generate sinusoidal displacement of the TEHs; (b) the entire 
experimental setup.  
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experiment setup, f is the frequency and 6f = Hz which is 
to simulate the low-frequency movement. The waveform of 
the displacement is plotted in Fig. 13 (a). The smaller the 
displacement, the closer the two layers are. When the impact 
factor of the dynamic force is changed, it is dominant to both 
the amplitude and the waveform (i.e. frequency shift) of the 
output voltage of TEHs as shown in Fig. 4 (a). The higher the 
impact force is, the larger peaks the output voltage will 
achieve. When the impact factor (i.e. impact force) is higher 
and the contact and separation process is faster, the output 
voltage shows higher frequency with damping. When 
changing the input frequency, simulation results show that the 
influence of impact force is similar. 

In order to clearly illustrate the difference between (6) and 
(8) (without and with pairing capacitor) in Section II.C, the 
solutions of the theoretical voltages have been derived in 
MATLAB and plotted as Fig. 13 (b) and (c). Table II 
summarizes the main parameters and the corresponding 
values in the simulation. By the new model as in (6), the 
theoretical voltage through TEH is plotted in Fig. 13 (b). With 

adding the pairing capacitor, the generated voltage of the TEH 
is plotted in Fig. 13 (c). After adding the pairing capacitor, the 
amplitude of voltage output of the TEH is decreased but the 
width of the peak wave is extended. From (8), the pairing 
capacitance which determines the switching time in the SSHI 
interface also influences the amplitude of output voltage of 
TEHs. Fig. 4 (b) shows the voltage with different values of 
pairing capacitance with the same other parameters. Higher 
pairing capacitance relates to lower voltage for the same 
impact force. In the real design of rectifiers, however, we also 
need to consider the switching time and the practical 
multilayer structure of the TEHs and therefore cannot use 
very small pairing capacitance in the real design. With the 
analytical solution of the output voltage of the TEH, we then 
conduct experiments to validate it. 

C. Validation Experiment and Results for Proposed Model 
of Triboelectric Energy Harvesting 
In the validation experiments, the sinusoid separation 

distance ( )x t is achieved by the experiment platform in Fig. 12 
as the mechanical input. The frequency is also 6 Hz. The real 
displacement is measured by the IR distance sensor and the 
signal is plotted in Fig. 14 (a). During each cycle of the 
sinusoidal movement, a periodic signal is achieved. After the 
plates contact, the foam layer is pressed till having a minimum 
thickness. After a short period, the TEH output reaches its 
maximum value. Both positive and negative peaks are clearly 
shown in Fig. 14 (b) and (c), which are the measured voltage 
output of the TEH without and with adding the pairing 
capacitor, respectively. In Fig. 14 (b), the TEH output shows 
deep narrow positive and negative peaks as the theoretical 
voltage in Fig. 13 (b). The similarity also exists in the case by 
adding the pairing capacitor. In Fig. 14 (c), the positive and 
negative peaks of the TEH output are enlarged in terms of 
time, which corresponds to Fig. 13 (c). With a higher impact 
force, the positive voltage peak is always higher in the 
experiments as well. From the validation experiments, it 
shows that our proposed theoretical model aligns well with the 
experimental results.   

D. The TEH Performance 
Next, more experiments are conducted to evaluate the 

energy harvesting performance. First of all, the performance 
of the proposed low-cost easy-assembly TEH as co-designed 
for the proposed SSHI is estimated. In the experiment, the 
TEH with or without the proposed SSHI interface is applied 
to charge a load capacitor under a low-frequency periodic 
motion via the linear actuator. The experiment setup is 
described as Section IV.A. The load capacitors with different 
capacitance, 2.2 µF, 10 µF, 47 µF, and 470 µF, are used to 
quantitatively demonstrate the charging behavior under the 
input motion with the frequency of 6 Hz. The results with and 
without the SSHI interface are shown in Fig. 15 (a) and Fig. 
15 (b), respectively. For all load capacitors, the saturation 
charging curves are observed. The charging speed gradually 
decreases along with time until the charging voltage reaches 
the maximum of approximately 1.3 V. For a 2.2 µF load 
capacitor, it takes 11.06 seconds to charge to 1.3 V. For a load 
capacitor with larger capacitance, it takes a longer time to 
reach its saturation voltage. It takes 58.06 seconds and 203.9 

 
 Fig. 13.  The simulation results from MATLAB: waveforms of (a) the 
displacement, (b) output of the original TEH, and (c) output of the proposed 
TEH with the pairing capacitor. The waveforms of (b) and (c) are related to 
equations (6) and (8), correspondingly.  

 

 
 Fig. 14.  Measured voltage in the validation experiments of the new model. 
Signals of (a) the displacement, (b) output of the original TEH, and (c) 
output of the proposed TEH with the pairing capacitor. 
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seconds for charging a 10 µF capacitor and a 47 µF capacitor 
to the saturation voltage, respectively. This demonstrates that 
our ultra-low-cost, easily-assembled TEHs can also achieve 
good results. 

For comparison, the results of charging these capacitors 
with the proposed SSHI interface have been shown in Fig. 15 
(b). The maximum charging voltage, in this case, is higher 
than 1.3 V, which is approximately 1.45 V. The rectifier 
voltage rectV  is ideally dc but with ripples. The ripples are 
mainly determined by the capacitance rectC and the input 
frequency. It can be negligible when the capacitance is large. 
By comparing the charging curves in Fig. 15 (a) and Fig 15 
(b), all the load capacitors can also be charged faster with the 
proposed SSHI interface. The time of charging from zero to 
saturation voltage for 2.2 µF, 10 µF, 47 µF capacitors is 8.51 
seconds, 34.78 seconds, 101.70 seconds. When charging 
higher capacitance, the charging to saturation with the SSHI 
interface is much faster than that without the SSHI. For 
example, when charging a 47 µF load capacitor, it is half of 
the time of that without the SSHI.  The experimental results 
show that the stored energy in the load capacitors of 2.2 µF, 
10 µF, 47 µF is 1.949 uJ, 8.107 µJ, 40.364 µJ, and 29.173 µJ, 
respectively. With the proposed SSHI interface, the stored 
energy of those capacitors is 2.623 µJ, 11.790 µJ, 73.846 µJ. 
Therefore, the proposed SSHI interface can significantly 
improve the stored energy when charging different capacitors.         

E. Experiment and Results for the Proposed SSHI Rectifier 
In the design of the pairing capacitor 

PairC  which is used 
to ensure that the source capacitance is within a controllable 
range, 

PairC  is selected to be larger than the value of
||air FoamC C . The total capacitance of the TEH is designed to 

have a limit of 50 nF. The inductance L  is 100 mH. Therefore, 
the optimal switching-on time is half of the period of the LC 
loop, which is 222 μs in this case. 

In the experiments, the fixed plate keeps stable while the 
movable plate moves at a frequency of 6 Hz which is identical 
to the simulated input for the theoretical model. The switching 
signals have a frequency of 12 Hz and a period of 83.33 ms 
which is much longer than the switch-on time. The switching 

is turned on twice in one cycle when the voltage of the TEH 
reaches its positive and negative peak. This is because when 
the current Ti is zero crossing, the voltage TV reaches its 
maximum. The synchronization of the switching interval and 
the extreme positions of the plate movements are critical to the 
power efficiency. If the switching-on occurs before or after the 
time point, the mechanical energy is hardly ensured to be 
optimized to transfer to the load. The switch is composed of a 
pair of n-MOSFETs to ensure the switching for both positive 
and negative peaks. The input impedance of the oscilloscope 
for measurements acting as the load resistance in the 
validation experiments is 10 MΩ. Four signals are measured 
and recorded, displacement of the movable plate by the IR 
sensor, the acceleration signal from the accelerometer, the 
output voltage of the TEH with a bridge rectifier and that with 
an SSHI rectifier. 

The experiment results of the synchronized signals are 
illustrated in Fig. 16. Fig. 16 (a) shows the periodical signal of 
the displacement detected by the IR distance sensor, which 
shows that our platform using the slider-crank mechanism and 
linear actuator can generate a stable sinusoidal motion for 
experiments. The acceleration signal is plotted in Fig. 16 (b) 
to illustrate the contact force in each cycle. The original output 
of the TEH without the pairing capacitance is shown in Fig. 

TABLE II 
PARAMETERS AND VALUES IN THE SIMULATION 

Name Symbol Value Unit 
Transferred charge Q  ~0.01 pC 

Work function of foam 
Foam

ϕ  287 e 
Elementary charge e  ~1.60×10-19 C 

Effective contact area A  2.58×10-3 m2 
Equivalent elastic modulus of 

foam E ′  1.70×106 Pa 

Root mean square slope 
2

m  25.014 - 

Gravitational acceleration g  9.8 m/s2 

Static deflection 
st

δ  5.26×10-5 m 

Thickness of foam 
Foam

d  2.00×10-3 m 

Relative permittivity of foam 
Foam

ε  2.58 - 

Vacuum permittivity 
0

ε  ~8.85×10-12 F/m 

Load capacitance 
L

R  1.0×107 Ω 
 

 
Fig. 16.  Measured voltages in the experiments for validating the SSHI 
rectifier performance. (a) Displacement voltage detected by the IR 
distance sensor; (b) acceleration signal from accelerometer; (c) TEH 
voltage with no rectifiers or pairing capacitor; (d) TEH voltage with a 
bridge rectifier; (e) TEH voltage with the SSHI rectifier. 
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Fig. 15.  Charging different capacitors with the proposed TEH (a) 
without and (b) with the proposed SSHI interface. 
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Fig. 17.  Average harvested power of the proposed TEH with or without 
the SSHI interface circuit in 60 sets of experiments with the frequency of 
the input motion of 6 Hz. 
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16 (c). The output voltage ranges from -3 V to +19 V, which 
equals to a peak-to-peak voltage of 22 V. For the new TEH 
with the pairing capacitor added by the multilayer structure, 
the peak output voltage is lower whereas the effective area is 
wider.  

The TEH voltage with a bridge rectifier and with the SSHI 
rectifier are measured for validation and plotted in Fig. 16 (d) 
and (e), representatively. The actual output of the SSHI 
interface aligns well with the theoretical analysis of the 
operation as shown in Fig. 9. In the measured TEH voltage 
with the SSHI rectifier, in the beginning, the voltage gradually 
increases to the peak. There is a very short slope down after 
the peak which may be the ripple of rectV . Then the switch is 
quickly turned on, and the TEH voltage immediately flips to a 
negative value that is lower than the negative peak, which is 

invertV . From invertV to the negative peak, a charging process can 
be clearly observed from the measured TEH voltage 
waveform. Also, in this case, the negative peak of the TEH 
voltage with a bridge rectifier is not high and cannot conduct 
the bridge in the negative half as shown in Fig. 16 (d). Thus 
the TEH voltage in the negative half cannot reach 2rect thV V+  
and stay low. The LC loop in the SSHI rectifier seems to 
successfully flip the voltage and thus can achieve a much 
higher peak in the negative half and conduct the bridge in the 
negative cycle in Fig. 16 (e). This synchronized switching 
approach can boost up the harvested power. Thus, the measure 
results align well with our theoretical analysis. 

We then measured and calculated the harvested power in 
the experiments by adding a load resistor. In order to estimate 
the energy enhancement of the proposed SSHI rectifier for the 
TEH compared with the commonly used bridge rectifiers in 
existing studies, the output power with and without the SSHI 
interface circuit is calculated and compared. The input for 
both cases is the same and is generated by the linear actuator 
and a step motor. The input power is approximately constant 
in the experimental platform. The average power in one cycle 
is calculated as 

( )

2

0
3 0

1 T rect
avg

L

V
P dt

t t R
=

− ∫                             (23) 

In the experiments, 60 sets of experimental data have been 
recorded and analyzed. The average power harvested in the 60 
sets of experiments with or without the proposed SSHI 
interface circuit is summarized in Fig. 17. In all the 60 
experiments, the maximum output power of the TEH with the 
proposed SSHI interface circuit is always higher than that with 
a bridge rectifier. And it also occurs in the average harvester 
power as shown in Fig. 17. For both average power and 
maximum power, the ratio of the harvested energy without 
and with the SSHI interface can be up to 3.4283, which 
indicates that the harvested energy has been enhanced by up 
to 242.83%. This value shows that the proposed SSHI 
interface can significantly improve energy efficiency in 
triboelectric energy harvesting. In the implementation of 
switching, we cannot achieve the optimal timing of switching 
(i.e. exactly catching the zero-crossing of the current Ti ) in 
every cycle due to the physical vibration in the real 
experiments; thus the power in every cycle is fluctuating 
somehow. 

F. Results of V-Q Plot 
      To validate the V-Q plot analysis for the TEH output 
energy per cycle, a testing circuit with synchronized 
measurement of voltage and charge using Keithley 6514 is 
used in the experiment, which is the same as that in [44]. The 
performance of the TEH with a bridge rectifier and the 
designed SSHI rectifier is both evaluated. A smoothing 
capacitor of  10 µF is used in both experiments.  When using 
the bridge rectifier, the positive charging voltage can be 2.95 
V whereas the negative peak can only be -1.18 V in this case. 
The negative half cannot make the bridge conduct as it cannot 
reversely charge VT to reach –( 2rect thV V+ ). Thus, the 
measured V-Q plot is shown in Fig. 18 (a). When adding the 
designed SSHI rectifier, the measured V-Q plot is shown in 
Fig. 18 (b), in which the boxed area is the energy output in 
each cycle of the TEH. The positive peak voltage can achieve 
3.30 V whereas the negative flipped voltage can achieve -
2.69 V. In the experiment, the time duration of both positive 
and negative maximum voltage is not exactly flat, and the 
duration is not long either. Thus the measured V-Q plot is 
approximately close to the theoretical analysis but not the 
same.  

G. Discussion of  Switching 
      From the analysis in Section III.B and III.D, the timing 
and switching-on time τ  are critical for successfully 
designing the SSHI rectifier for triboelectric energy 
harvesting. The switching timing needs to capture the zero-
crossing of the current Ti . In the experiment, the total 
harvester capacitance is approximately 50 nF, the added 
inductance L  is 100 mH; and thus the optimal switching-on 
time is half of the period of the LC loop, which is 
approximately 222 μs. In the LC oscillator, when the voltage 
of the capacitor has the positive peak voltage, choosing half 
of the period theoretically can flip the capacitor voltage to the 
negative peak, which saves the energy dissipated on the 
harvester capacitance. When the switching-on time is away 
from half of the period, the harvester voltage can be flipped 
to a voltage in between. In validation experiments, it can only 
flip TV  from 2rect thV V+  to invertV−  which is close to

( 2 )rect thV V− + , when the switching time is 222 μs. From invertV
to the negative peak, a charging process can be observed from 
the measured TEH voltage waveform in the experiment as 
Fig. 16 (e). With mismatching of half of the period, the SSHI 
rectifier cannot work. Fig. 19 shows the results of TEH 
voltage with the different switching-on time of 125 μs, 222 
μs, and 444 μs with the input frequency of 4 Hz. When the 
switching-on time is 125 μs, the flipping can be partially 
achieved as Fig. 19 (a); when that is 444 μs which is one 
period, the capacitor voltage in the RLC circuit theoretically 

 
(a)                                                          (b) 

Fig. 18 V-Q plot of the TEH energy output per cycle (a) with a bridge 
rectifier and (b) with the designed SSHI rectifier. 
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goes back to 2rect thV V+  and will not be flipped. In the 
experiment, we also cannot observe voltage flipping as Fig. 
19 (c).  

V. CONCLUSION 
In this paper, an SSHI rectifier for triboelectric energy 

harvesting is first attempted and reported. A new design of 
TEH with a multilayer structure is developed with the 
consideration of the source capacitance. A theoretical model 
is also developed to understand triboelectric energy harvesting 
in practical application and guide SSHI design. The 
experimental results show that the harvested power can be 
significantly improved by the proposed SSHI rectifier. The 
enhancement by the proposed synchronized switching 
approach is up to 242.83% compared to using a bridge 
rectifier. The introduction of the SSHI interface provides a 
promising strategy for enhancing power generation of 
triboelectric energy harvesting in the ac-dc stage.       
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