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Abstract 

In recent years, there has been a growing demand for self-powered sensors that can work 

independently, without external power sources, particularly in situations where conventional 

power options like batteries aren’t feasible. Since 2012, the triboelectric nanogenerator (TENG) 

has shown promise in harvesting mechanical energy and sensing. However, traditional TENGs 

produce alternating current, so a conversion to direct current (DC) is necessary for powering 

electronic devices that need DC power. This thesis introduces a new method for straightforward 

converting mechanical energy into DC power. It involves a simple setup with two metal contacts 

that gather DC power created when a liquid-treated solid foam made of water and cellulose 

(referred to as the “active layer”) is slid. The energy conversion relies on the combination of the 

triboelectric effect and direct charge transfer between the metal contacts, which is different from 

traditional TENGs. The active layer plays an important role in effectively separating and 

transferring the charge generated by friction energy through an internal conductive path formed by 

a hydrogen-bonded network of water molecules. C-TEG generates a current density of 0.75 A/m2 

and a voltage of around 0.5 V with DC characteristics. It also exhibits high accuracy in measuring 

the ion concentration in aqueous solutions. This technology has led to the development of the 

cellulose-based triboelectric self-powered multifunctional sensor (C-TSMS), which combines 

energy harvesting and sensing capabilities into a unified device. C-TSMS shows excellent linearity 

and precision in responding to various stimuli like pressures, sliding velocities, water absorption, 

and ion concentrations (R2 > 0.99). For self-powered operation,  the voltage output can be further 

boosted by connecting multiple C-TSMSs and then successfully used to directly power functional 

electronics. Furthermore, a new structural design improves C-TEG’s performance by changing the 

electrode configuration, shifting from a freestanding mode to a lateral sliding mode. This 

modification results in a remarkable current density of 3.57 A/m2 and effective electric power 

harvesting (up to 0.174 W/m2). In summary, these findings highlight the potential of this approach 

for capturing low-frequency mechanical energy from the environment across a range of 

applications, especially in the realm of self-powered sensors. 

Keywords: triboelectric nanogenerator, mechanical-to-electrical energy conversion, self-

powered sensor, triboelectric effect, direct charge transfer, material work function, cellulose-

treated foam, hydrogen-bonded network  
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INTRODUCTION 

A. Motivation 

With the rapidly increasing consumption of traditional fossil energy, the development of 

alternative renewable energies and related energy harvesting technologies has become one of the 

most important topics for human attention. Modern energy sources are characterized by their eco-

friendliness, safety, reliability, and cost-effectiveness. Among these sources, mechanical energies 

harnessed from wind, water flow, and ocean waves stand out as versatile options for power 

generation, significantly bolstering the global energy demand. 

 Moreover, the advent of the Internet of Things has ushered in a new area of electronics that 

prioritizes compactness, portability, and functionality. Simultaneously, these devices require 

portable, uninterrupted, and stable power sources for charging. Given their minimal power 

requirements, typically ranging from microwatts to milliwatts, energy harvesting techniques 

become a feasible solution [1-3]. Even small mechanical energy sources, such as human motions, 

low-frequency vibration, and raindrops, hold the potential for converting into electrical power, 

although they have often been overlooked due to their seemly limited input energy [4].  

Concurrently, as the Earth’s surface is predominantly covered 70% by ocean water, ambient 

humidity is omnipresent in the atmosphere, presenting an opportunity for sustained energy 

harvesting.  Water-based energy harvesting technologies have garnered significant research 

interest, primarily due to their environmental friendliness and the widespread availability of water 

[5-7]. Therefore, the development of devices capable of converting mechanical energy into 

electricity in high-humidity environments has become a focus of scientific inquiry.  

In the realm of energy harvesting technologies, the triboelectric nanogenerator (TENG), 

initially proposed by Zhong Lin Wang and colleagues [8-10], has emerged as a highly efficient 

strategy, opening doors to harness a multitude of small energy sources. TENG operates on the 

principle of the triboelectric effect, which occurs when two different materials come into physical 

contact, leading to the transfer of electrons from one material to the other.  

Up to now, several research groups have successfully devised TENGs for energy harvesting, 

with applications spanning vibration and fluid flow [11-17]. Numerous designs of fluid-based 
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triboelectric nanogenerators (FluTENG) have been developed based on different contact 

electrification mechanisms, including solid-solid [18-47], liquid-solid [11, 13, 48-79], and liquid-

liquid [80] interactions. Many research groups have integrated TENG devices into energy 

harvesting applications [22, 23, 36, 81-85] and self-powered devices [26, 86-88].  

A specific subfield of TENG worth noting is the water-based TENG (W-TENG), which gained 

significant traction for energy harvesting and powering self-sustained sensors, as shown in Figure 

1 [86, 89-93]. W-TENG has demonstrated its efficacy in capturing energy from tidal and oceanic 

waves, rainfall, and water streams, thereby promising substantial potential. Notably, W-TENG-

based gadgets have been successfully employed in the development of self-powered sensors due 

to their ability to convert mechanical energy into electric output without the need for external 

power sources. A range of self-powered sensors based on W-TENG, including active 

pressure/touch sensors,[92] chemical sensors [94], biological sensors [95], and gas sensors [96, 

97], are developed as robust applications for TENG devices. 

 

Figure 1: Application of water-based TENG in energy harvesting and self-powered sensors.  
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Traditional FluTENGs operate by harnessing the effects of triboelectrification and electrostatic 

induction. When two materials make contact or slide against each other, they accumulate charges 

with opposing signs on their respective contact surfaces. Consequently, most existing TENGs yield 

alternating current (AC) output characteristics due to these processes. However, this poses 

challenges when directly powering electronic devices that require direct-current (DC) power. To 

address this issue, the rectification method is mandatory to convert the output to DC power, as 

shown in Figure 2.  

To overcome these limitations, innovative strategies and technologies have emerged, offering 

the promise of converting mechanical energy directly into DC electric energy.  This advancement 

presents an effective solution to the challenges mentioned [98-109]. Furthermore, meeting the 

power requirements for various practical applications is crucial. Therefore, enhancing the output 

power density, particularly the output current, has garnered considerable attention in the 

investigation of DC energy harvesters. 

 

Figure 2: Schematic flowchart of the methodology of the traditional TENGs 

In spite of the progress in sensor technology, conventional sensors are constrained by their 

single-sensing capabilities. Addressing this limitation necessitates the fusion of diverse sensing 

mechanisms and the use of complex structures and manufacturing methods to attain 

multifunctional sensing capacities [110]. Hence, there’s a pressing need to develop a sustainable 

multifunctional sensor capable of detecting and differentiating between multiple parameters while 

maintaining simplicity in manufacturing.  

Beyond the imperative of multifunctionality, the power supply emerges as another critical 

consideration. Conventional sensors rely on batteries, which imposes limitations on their flexibility 

[1]. This underscores the requirement for sensor systems based on energy harvesting, enabling 

operation without external power sources. In such energy harvesting-based sensor systems, the 
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energy necessary for processing is supplied by the energy harvesting unit, while the sensor module 

collects the sensing signal, as shown in Figure 3. 

From this analysis, it’e evident that there is a demand for innovative energy harvesting 

techniques capable of converting mechanical energy into DC power, as well as effective sensing 

technologies exhibiting high sensitivity and accuracy. 

 

Figure 3: Schematic flowchart of the methodology of the traditional energy harvesting-based 

sensor 

B. Aims of this research 

The objective of this research is to create a direct-current triboelectric generator (DC-TEG), 

using a liquid-treated solid foam and two metal contacts as active materials. Figure 4 outlines the 

process for harvesting mechanical energy in an innovative manner, which combines the 

triboelectric effect with direct charge transfer between two metal contacts having different work 

functions. This approach distinguishes itself from traditional electrostatic induction employed in 

conventional TENGs.  

To elaborate, the mechanical energy is initially transformed into electrostatic energy through 

the triboelectric effect, leading to the generation of triboelectric charges from friction energy. 

These charges are subsequently separated due to the built-in electric field between the metal 

contacts, which also serve as the system’s electrodes. Consequently, these generated charges move 

between the two electrodes via a conductive path formed by a hydrogen-bonded network of water 

molecules within the cellulose foam in a specific direction. This results in a unidirectional flow of 

electrons through the external circuit, ultimately producing DC power. Unlike the indirect charge 

transfer of the electrostatic induction process, in this method, the charge generated by the 
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triboelectric effect is directly transferred between electrodes throughout the entire circuit, yielding 

DC output instead of AC output as in traditional TENGs.  

This study primarily focuses on advancing energy harvesting technology, with the core 

objective of directly converting mechanical energy into DC power. In addition, the research aims 

to experimentally evaluate the key parameters to optimize the power generation performance and 

then demonstrate its potential for powering functional electronic devices. Furthermore, the 

research endeavors to address various challenges of TENGs, including low current density in 

traditional TENGs, high energy loss due to rectification, complexity in material fabrication and 

system manufacturing, limited cost-efficiency, and restrictions in tailoring design for specific 

applications. Notably, a novel structural design has been developed to enhance output performance 

and improve the environmental suitability of this proposed methodology in the field of energy 

harvesting and self-powered sensing systems. 

 

Figure 4: Schematic flowchart of the methodology of the proposed direct-current triboelectric 

generator 

Importantly, in response to the challenges within sensing technology, this research also strives 

to explore and illustrate the concept of self-powered sensing technology, a viable solution that has 

garnered notable interest from the scientific community. A self-powered sensing system consists 

of two key components: an active sensor and an energy-harvesting unit, as illustrated in Figure 5. 

The system relies on the electrical signals it generates as input information for its sensing and 

processing functions.  

By monitoring the output signals, a wealth of information related to various environmental 

factors, including physical, chemical, and biological stimuli, can be effectively tracked.  

Simultaneously, the energy harvester not only supplies the necessary energy for the sensing and 
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processing functions but also serves as the source of information for detecting environmental 

stimuli. This approach is particularly well-suited for small electronic devices that  from the 

environment is used to power the sensor, so it doesn't need external power. Thereby, the energy 

harvester not only provides energy to run the sensing and processing steps but also information as 

the sensing signal for detecting environmental stimuli. This approach is well-suited for small 

electronics that operate at low power levels, typically ranging from microwatts to milliwatts, and 

exhibits substantial potential for the development of multifunctional sensing systems. 

 

Figure 5: Schematic flowchart of the methodology of the self-powered sensing system 

C. Thesis overview 

This thesis is structured into several sections, each addressing specific aspects of the research 

as follows:  

Chapter I: This section delves into the contemporary developments of fluid-based TENG 

devices. These devices, tapping into the power of water and wind, have sparked significant interest 

among global researchers as promising power sources. The chapter examines ongoing efforts to 

optimize these devices, with a particular emphasis on harnessing mechanical energy through the 

triboelectric effect at the contact interface. It presents an analysis of various optimization 

techniques, discussing their advantages and limitations. Furthermore, the chapter explores the 

factors affecting FluTENG efficiency and details mechanisms employed in FluTENG, considering 

practical applications. It also provides a comprehensive review of self-powered sensors that 

leverage FluTENG technology, providing insight into the current progress of physical, chemical, 

and environmental sensors utilizing FluTENG technology, along with an exploration of existing 

limitations and potential solutions to overcome challenges.  
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Chapter II: This section introduces a novel methodology to convert mechanical energy into 

DC power. This innovative technique combines the principles of the triboelectric effect and the 

direct charge transfer occurring between two metals with different work functions. This approach 

departs from the traditional electrostatic induction used in conventional TENGs. By changing the 

charge separation and flow processes, this technology directly generates DC power.  The chapter 

further discusses the testing platform created to examine the charge transfer mechanism between 

materials and effectively harness the generated energy. Experiments are conducted to assess the 

impact of various factors influencing the charge generation process, such as the selection of 

triboelectric materials and their respective work functions. 

Chapter III: This section explores the potential applications of this innovative technology in 

self-powered multifunctional sensing systems. Beyond its DC power generation capabilities, this 

method can monitor various physical and chemical stimuli with exceptional sensitivity and 

accuracy, which influence material mobility and friction energy.  The chapter highlights the 

potential for developing self-powered multifunctional sensing systems rooted in this technology. 

Chapter IV: This section presents an advanced design focused on enhancing output 

performance. Departing from the freestanding mode mentioned in earlier chapters, this innovative 

device adopts a lateral sliding approach. Notably, it achieves a remarkable maximum current 

density, surpassing amperes per meter squared. This demonstrates substantial potential for 

supplying ample energy for a broad range of electronic applications. 

Chapter V: This concluding section offers a summary of the research conducted and outlines 

potential avenues for future research and improvement.  
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CHAPTER I – FLUID-BASED TRIBOELECTRIC NANOGENERATORS: 

LITERATURE REVIEW 

In recent decades, various mechanical energy sources, such as electromagnetic and 

piezoelectric methods, have been employed for electricity generation. Fluid flow energy, derived 

from water and air, stands out as a significant renewable energy source found in rain, streams, 

ocean waves, and wind. The triboelectric nanogenerator (TENG), introduced in 2012 by Zhong 

Lin Wang's research group, has emerged as a crucial innovation for energy harvesting. This chapter 

presents a literature review of fluid-based TENG (Flu-TENG), encompassing water-based and air-

based systems. It explores fundamental principles, operational modes, current designs, 

applications, diverse structures, potential for power generation, and self-powered sensing systems. 

Flu-TENG shows promise for large-scale applications and hybrid use with other energy harvesting 

technologies. The chapter discusses challenges, suggests efficiency enhancements, and provides 

insights into future trends in FluTENG development. 

1. Introduction 

Nowadays, excessive fossil fuel consumption leads to a rapid depletion of their reserves has a 

significant adverse impact on the environment, and becomes one of the biggest challenges the 

world faces [111]. Therefore, searching for clean and renewable energy is necessary for sustainable 

development. As one of the most important renewable energy sources, ambient mechanical energy 

from the environment, including vibrations, walking, human motions, raindrops, flowing water, 

ocean waves, and wind [112], can be used to produce electricity via energy harvesting technologies 

such as piezoelectricity [113, 114], electromagnetic [115, 116]. The electrostatic charge that is 

generated when two materials are contacted or rubbed and then separated is a well-known physical 

process that has been studied for over 2000 years and has attracted many research groups [117]. 

Since 2012, Z. L. Wang et al. have invented a new energy harvesting technology based on the 

coupling effects of contact electrification and electrostatic induction between two materials, 

namely a triboelectric nanogenerator (TENG) [118]. Many research groups have developed their 

TENG devices based on energy harvesting applications [22, 23, 36, 81-85] and self-powered 

devices [26, 86-88]. TENGs have been shown as sustainable technology in green energy harvesting.  
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On another hand, almost Earth’s surface is covered by fluid, which is defined as water and air, 

and the energy from its movement can be harnessed as primary energy to produce electricity, which 

is one of the most important and widely used renewable energy sources [119]. This chapter focuses 

on fluid-based TENGs (Flu-TENG), which leverage the movement of water and air for energy 

production. Various Flu-TENG designs have been developed based on different contact 

electrification mechanisms, including solid-solid [18-47], liquid-solid [11, 13, 48-79], and liquid-

liquid [80] interactions. The chapter provides an overview of fundamental theories, principles, and 

applications of Flu-TENGs, showcasing their ability to harvest energy from raindrops, streams, 

waves, and wind. Flu-TENG emerges as a promising candidate for large-scale energy harvesting 

and hybrid applications with other technologies. According to the recent development of TENG 

devices, Flu-TENG is a promising candidate for harvesting energy from large-scale applications 

and has a high potential to hybrid with other energy harvesting technologies, such as solar, 

electromagnetic, and piezoelectric technologies [11, 23, 26, 29, 36, 40, 55, 60, 114, 120].  

Furthermore, Flu-TENGs have been successfully employed in self-powered sensors, 

transforming mechanical energy into electricity without an external power source. The chapter 

delves into recent developments in self-powered sensors based on Flu-TENG, covering 

applications such as pressure/force sensors [58, 74, 87], motion sensors [86, 87], velocity sensors 

[20, 25, 26, 35, 59, 121-123], temperature/humidity sensors [27, 76, 124], and chemical sensors 

[49, 53, 94, 125, 126], biological sensors [90], gases sensing [91, 92], and so on will be 

summarized as strong applications for FluTENG devices. The discussion includes strategies to 

enhance electricity generation and sensitivity, focusing on selection of materials [13, 26, 35, 78, 

83, 84], the surface modification, particularly for hydrophobicity or liquid properties [13, 46, 50, 

57, 61, 62, 79, 85, 86, 127], and the design structure [128-132].  The chapter concludes by offering 

insights into the future development and applications of Flu-TENG, emphasizing its potential for 

advancing sustainable energy solutions and sensing technologies. 

2. Fundamental theories 

2.1. Origin of contact-electrification 

The triboelectric nanogenerator is a new energy-harvesting technology based on the coupling 

effects of contact electrification and electrostatic induction between two materials. To make a clear 

understanding of contact electrification, a study on the fundamentals of contact electrification 
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should be considered based on the different cases of contact surfaces, particularly for the interface 

between solids and liquids. The process is illustrated in Figure 1.1a-(i), the contact electrification 

can be explained by using the surface state model [133, 134]. Two dielectric materials, A and B, 

with different electric structures, undergo contact electrification when physically pressed together. 

This results in the transfer of electrons from the surface of material A to material B. Upon 

separation, the transferred electrons remain, leading to a net positive charge on material A and a 

net negative charge on material B. 

Besides, not only for solid-solid interfaces but contact-electrification occurs also at liquid-solid 

and liquid-liquid interfaces. However, the electric structure model could not represent the materials 

that do not have a well-characterized molecule's structure, such as wood, and hair. Therefore, a 

general model for understanding contact-electrification in different cases of materials’ properties 

is needed. Z. L. Wang and A. C. Wang [134] proposed their general model that operates on atomic 

and molecule levels, as shown in Figure 1.1a-(ii). Between two atoms, an equilibrium distance (a) 

can be established if a bond is formed. When an external force is applied, the interatomic distance 

x could be shorter or larger than the equilibrium distance a, resulting in generating a local repulsive 

force with the increased overlap of electron clouds or an attractive force with the reduced overlap 

of electron clouds, respectively. Based on the repulsive force between two atoms, electrons can 

transfer from one surface to the other, resulting in contact electrification. On the contrary, the bond 

between the two atoms could be broken. By using the general model at the atomic/molecule level, 

contact electrification between two liquids can be explained. If two liquids are immiscible, the 

molecules of one liquid come into contact with the surface of another liquid, the electrons will 

transfer from molecules to the other surface, and the liquid-liquid interfaces could be charged. 

The contact-electrification between liquid and solid relates to the formation of the electric 

double layer (EDL) at the liquid-solid interfaces as the two-step process, as presented in Figure 

1.1b.  In the first step, electron cloud overlap occurs, leading to electron transfer and atom charging 

on the solid surface. External force from liquid flow can break the formed bond, leaving ions on 

the solid surface and free molecules/atoms in the liquid. In the second step, electrostatic 

interactions cause negative ions in the liquid to attract to the solid surface, forming the EDL. 

Contact electrification due to electron transfer in the first step is essential for EDL formation. 
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Figure 1.1: Schematic illustration of (a) Charge transfer before contact, in contact, and after 

contact between two different dielectric materials for a case that En of the former is higher than 

that of the latter and the band structure model holds (i); Interatomic interaction potential between 

two atoms and the force between the two when they are at the equilibrium position (1), with strong 

electron cloud/ wave-function overlap in the repulsive region (2), and with little electron 

cloud/wave-function overlap in the attractive region (3) (ii) [134]; (b) A proposed two-step model 

on the procedures for forming an electric double layer at a liquid-solid interface [134]; (c) liquid-

liquid interfaces [80]. (d) solid-solid interfaces [32]; (e) liquid-solid interfaces contact 

electrification for fluid-based TENG [74]. 

For fluid-based triboelectric nanogenerators (TENGs), this contact-electrification theory has 

been applied in designs for harvesting energy from water and airflow. Air-based TENGs rely on 

solid-solid contact-electrification, while water-based TENGs utilize solid-solid, liquid-solid, and 

contact-electrification. Contact electrification at the liquid-liquid (L-L) interface in TENGs is an 

undeveloped area, except for a proposed L-L TENG by J. Nie et al., harnessing energy from 

raindrops (Figure 1.1c) [80]. In this design, a dynamic contact-separation process between a water 

droplet and a liquid membrane induces conduction current and generates electricity. On another 

hand, based on wind energy harvesting, a solid-solid TENG was reported by Y. Feng et al., as 
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illustrated in Figure 1.1d [32]. Friction between the leaf and PVDF layer generates charges, and 

electrostatic induction produces a potential difference, leading to electric current flow during 

continuous contact-separation. X. Zhang et al. proposed a design based on liquid-solid contact 

electrification, as presented in Figure 1.1e [74], involving water flow inside an FEP tube. 

Interaction between charged water and the tube generates an electric current through electrostatic 

induction on surrounding Cu electrodes. 

2.2. Basic modes of operation  

Since its invention in 2012, many TENG designs have been developed for harvesting various 

types of mechanical energy. According to the different moving manners of the triboelectric layer, 

and the different configurations of the electrodes, four basic modes of operations of TENG have 

been realized by many research groups, including contact-separation mode, lateral-sliding mode, 

freestanding mode, single-electrode mode, as shown in Figure 1.2. Based on these four modes of 

operation, the fluid-based triboelectric nanogenerators have been designed for harvesting energy 

from water flow and airflow. 

 

Figure 1.2: Basic modes of operation of fluid-based triboelectric nanogenerator: (a) contact-

separation mode, (b) lateral-sliding mode, (c) freestanding mode, and (d) single-electrode mode. 

2.2.1. Contact-separation mode 

The configuration of the contact-separation mode TENG (CS-TENG) consists of two 

electrodes and is related to triboelectric layers. In this mode, electrical energy is produced through 
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electrical induction when a solid surface oscillates vertically, contacting and then separating from 

water [62, 73, 127, 135]. The external force causes two triboelectric layers to acquire opposite 

charges at their interfaces. Upon force release, separation creates a potential drop across electrodes, 

driving electron flow through a load. This process results in AC-type current as potential changes 

during contact and separation. As can be seen in Figure 1.3a, Lin et al. [135] reported a water-

TENG based on this principle. They achieved a voltage of 52 V, and current and power densities 

of about 2.45 mA/m2 and 0.13 W/m2, respectively. Before contact, the polydimethylsiloxane 

(PDMS) surface remains uncharged. When external pressure causes the PDMS surface to contact 

water, CE occurs, establishing potential differences. Upon separation, transferred charges on 

PDMS break electrical neutrality, inducing positive and negative charges on electrodes, and 

generating current. The cycle repeats, providing continuous AC output.  

 

Figure 1.3: Schematic diagram and working mechanism of (a) contact-separation mode [135] and 

(b) Lateral-sliding mode [136]. 

2.2.2. Lateral-sliding mode 

Lateral sliding mode is another power generation mode that utilizes the same structure as the 

contact separation mode but with a different manner of movement. Instead of relying on contact 

separation, it produces power through lateral movement between two contact surfaces, where 

relative friction plays a crucial role [52, 61, 136]. The working mechanism of a lateral sliding mode 

is illustrated in Figure 1.3b. Nahian et al. [136] proposed a lateral sliding-style fluid-based 
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triboelectric nanogenerator (L-S FluTENG), which consists of an aluminum tape covered by a 

PTFE layer and located on the outer surface of a tube, and a cylindrical reservoir with a Cu located 

on the inside surface. At first, both PTFE and water surfaces are neutral (i). Upon immersing PTFE 

slides in water, contact electrification (CE) happens, resulting in positive and negative charges on 

water and PTFE surfaces, respectively (ii). As PTFE emerges, unbalanced charges attract electrons 

to flow from aluminum to copper electrodes, generating a current in the external circuit until fully 

separated from water (iii). When PTFE re-enters water, positive water forms an electric double 

layer (EDL) with PTFE, causing reverse electron flow to neutralize charges on the electrodes (iv). 

The LS-FluTENG demonstrates AC characteristics with a peak voltage of 6 V and a peak current 

of 300 nA. 

2.2.3. Freestanding mode 

A typical free-standing mode of TENG involves a free-moving triboelectric object and two 

electrodes [11, 13, 50, 64, 65, 67, 72, 74, 75, 137-143]. Once the free-moving object changes its 

position, the potential distribution is changed, resulting in the moving of the electrons between the 

electrodes. For instance, Zhang et al. [74]  designed a U-shaped TENG with an FEP tube, Cu 

electrodes on its outer surface, and partially filled water (Figure 1.4a). The flowing water 

generates electrostatic charges, leading to energy generation through electrostatic induction on the 

electrodes, producing a peak voltage of 20 V and a peak current of 400 nA.. Similarly, D. Choi et 

al. [50] reported a water-based free-standing TENG (FS-TENG) where a water droplet moves 

freely on a lotus leaf with two conductive Au strips. As the droplet slides, changes in contact area 

generate negative and positive charges on the lotus leaf and the droplet, respectively. Electrons 

transfer between electrodes, creating an alternating electric current during the water droplet's 

sequential contact and detachment.. Furthermore, J. Wang et al. [25] presented an FS-TENG 

utilizing wind energy to accelerate the rotary motion. It features a freely moving FEP film between 

two stationary electrodes. 
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Figure 1.4: Working mechanism and the comparison of the measured results of open-circuit 

voltage and short-circuit current of (a) the freestanding [74] and (b) single-electrode modes [68]. 

2.2.4. Single-electrode mode 

In the single-electrode mode of operation, electricity is generated by a lone electrode connected 

to the ground. When the free-moving object contacts the electrode, charges accumulate on the 

interfaces. As the object moves, the potential distribution changes, causing electrons to flow 

between the ground and the electrode, generating an electric current. This mode offers advantages 

over other modes like contact separation, lateral sliding, and free-standing modes [68, 69, 71, 79, 

86, 144-150].  

Lin et al. demonstrated a water-TENG with a superhydrophobic PTFE surface, working in a 

single-electrode mode, that can convert the energy from flowing water and falling droplets (Figure 

1.4b) [68].  The device achieves a maximum voltage and current of 9.3 V and 17 µA, respectively, 

from a 30-µL water droplet. Upon droplet contact, a negatively charged PTFE surface and a 

positive electrical double layer (EDL) are formed, establishing electrical equilibrium. When the 

droplet leaves the PTFE, the equilibrium is disrupted, creating a potential difference across the Cu 

electrode and the ground, driving current flow. Periodic droplet falls result in continuous AC output 

due to this process. 

2.2.5. Quantitative analysis 

To provide a quantitative analysis of all modes of TENG, a universal edge approximation-

based equivalent capacitance (EDAEC) method is developed by Li et al. [151] to demonstrate 
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charge distribution and the electric field in TENGs, as shown in Figure 1.5. The method involves 

creating analytical models and establishing a Q-V-x relationship for different TENGs. Equivalent 

capacitance models are used to depict charge distributions on electrodes. Due to contact 

electrification, static triboelectric charges disperse on the dielectric surface after contacting metal 

electrodes. The dielectric's triboelectric charge density, denoted as -𝜎, results in total charges of -

𝜎wL (with the dielectric layer's length and width as L and w). The metal electrodes carry equal and 

opposite-sign charges in total. Denoting the charges on electrodes 1 and 2 as Q1 and Q2, the 

relationship is given by: 

𝑄1 +  𝑄2 = 𝜎𝑤𝐿     (1.1) 

Under short-circuit conditions, both electrodes share the same potential. Defining the 

electrodes and dielectric surfaces as nodes 1 and 2 and surface a, respectively, the equation 

becomes: 

𝑉1 = 
𝑄1

𝐶𝑎1,𝑡𝑜𝑡𝑎𝑙
= 𝑉2 = 

𝑄2

𝐶𝑎2,𝑡𝑜𝑡𝑎𝑙
    (1.2) 

Thus, the short-circuit equilibrium charge Q1 and Q2 on electrodes 1 and 2, respectively, are given 

as:  

{
 
 

 
 𝑄1 =  

1

1+ 
𝐶𝑎2,𝑡𝑜𝑡𝑎𝑙
𝐶𝑎1,𝑡𝑜𝑡𝑎𝑙

𝜎𝑤𝐿

𝑄2 =  
1

1+ 
𝐶𝑎1,𝑡𝑜𝑡𝑎𝑙
𝐶𝑎2,𝑡𝑜𝑡𝑎𝑙

𝜎𝑤𝐿
     (1.3) 

From the equations above, the working mechanism of TENGs can be easily illustrated. When the 

distance between surface a and electrode 2 is zero the capacitance across them would be much 

larger than that across electrode 1 (𝐶𝑎2,𝑡𝑜𝑡𝑎𝑙 ≫ 𝐶𝑎1,𝑡𝑜𝑡𝑎𝑙). Most of the positive tribo-charges would 

be attracted to electrode 2. Q2 is close to 𝜎𝑤𝐿 and Q1 is approximately zero. On the other hand, 

when the distance is quite large, the capacitance across surfaces a and electrode 2 would be much 

smaller than that across electrode 1 (𝐶𝑎1,𝑡𝑜𝑡𝑎𝑙 ≫ 𝐶𝑎2,𝑡𝑜𝑡𝑎𝑙) . So Q1 is close to 𝜎𝑤𝐿  and Q2 is 

approximately zero.  
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Figure 1.5: Schematic demonstration of the universal method for different kinds of TENGs. The 

capacitance caused by the side effect is in red. Reproduced with Permission from Reference [151], 

Royal Society of Chemistry 2019. 

2.3. Affecting parameters 

Aside from the extraordinarily rapid development of solid-solid TENGs [152-154], liquid-solid 

TENGs (L-S TENG) have also been becoming a potential trend due to their stable output and 

durability [13, 55, 74, 155-157].  Despite the complexity of studying the influencing parameters, 

ongoing research is actively addressing this challenge by focusing on factors impacting the output 

performance and durability of FluTENG devices. These factors can be categorized into liquid and 

solid phases. Liquid phase parameters, such as the type of liquid, viscosity, and surface tension, 

influence FluTENG performance. Solid phase properties, including the type of solid material, 

surface morphology, and structure shape, also affect device output. Understanding and optimizing 

these parameters are crucial for the widespread adoption of FluTENGs. Despite challenges, the 

potential benefits of this technology make it a promising field of research. By comprehending the 

influencing parameters, researchers can strive to develop more efficient and durable devices 

applicable in a broad range of applications. 
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The solid phase consists of two essential components: the contact layer and the electrode layer. 

The electrode layer's material selection is crucial for device performance, as materials with high 

electrical conductivity enhance electronic transfer from the contact layer, improving output 

efficiency. Conductivity and flexibility are essential considerations for TENG devices with diverse 

models. Commonly used materials like aluminum, silver, gold, and copper offer high conductivity, 

flexibility, commercial availability, and well-researched properties, making them ideal for TENG 

fabrication. Careful selection of electrode material is pivotal for TENG design and performance, 

enabling researchers to enhance output efficiency and durability and explore broader applications 

[158-161]. Moreover, a lot of other conductive material has been proposed due to their common 

flexible, stretchable properties and high chemical stability including carbon nanotubes (CNTs) 

[162, 163], graphene [164], nanowire-based materials [165], organic or polymer-based materials 

[166].  

The contact or hydrophobic layer is crucial for enhancing TENG output, with materials ranked 

by triboelectric charge density (TECD) (Figure 1.6) [167]. Common materials like PVC, PTFE, 

PDMS, Kapton, and PVDF have TECD values of -117.5, -113.1, -102.2, -92.9, and -87.4 mC.m-

2, respectively [167]. Besides that, Corona discharging can increase TECD more than 5 times [168]. 

The hydrophobic surface has also been researched a lot in improving output performance. Several 

ways have been used to fabricate high hydrophobic surfaces such as nanostructures or hierarchical 

structures [79], artificial lotus leaf structures [50], and plasma treatment [169]. Surface 

morphology, characterized by contact and sliding angles, impacts liquid velocity and bouncing 

motion, affecting output in the droplet single-electrode contact mode [127]. 

When considering the liquid phase properties, two main types are used: metal liquids (e.g., 

mercury, Galinstan) and water. Metal liquids are chosen for their liquid state, fluidity, and 

conductivity, often replacing solid metals as electrode layers [54, 170, 171]. On the other hand, 

water properties, including forms (droplet, waves, flow), ion type, and concentration, are carefully 

studied. Water form significantly impacts contact frequency and area, influencing output power. 

Droplet water studies investigate volume, falling height, and tilting angle effects on TENG output 

performance [172].  
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Figure 1.6: The triboelectric charge density (TECD) of different triboelectric materials [167]. 

It can be seen that a droplet's volume is proportional to the velocity of the droplet. Therefore, 

the inertial force is affected by the droplet volume and can be expressed as  

𝜌𝑣2/𝐷       (1.4) 

where 𝜌 is density, v is velocity and D is the diameter of the droplet. However, the inertial 

force when the droplet moves down on the solid surface is still affected by the velocity of the 
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droplet increases with time (𝜗𝑡) due to the falling height (h) and tilting angle (𝜃). This relationship 

is expressed by the Equation 4: 

 𝜗𝑡 = √2𝑔ℎ 𝑠𝑖𝑛𝜃        (1.5) 

Due to the increment of the kinetic energy, 𝜗𝑡 increases, when falling height (h) increases, 

leading to an increase in the current output. Likewise, higher 𝜃 attributed to the increase of 𝜗𝑡 in 

Equation 1. However, the current output reaches saturation when the angle exceeds 45o and then 

drops down when the inclination angle is over 75o. 

To optimize energy harvesting, researchers choose materials with a high negative charge, such 

as FEP, PTFE, and PVDF[78, 173, 174]. However, the F- F-bonding of the hydrophobic layer 

when in contact with liquid will absorb the ion with low electronegativity, which decreases the 

TENG performance [13, 93]. The high electrical conductivity ions are the reason for the low 

triboelectric charger on the hydrophobic layer. Besides, the adsorbed ions on the electrode layer 

will gradually reduce the transfer electron charge between the liquid and solid surface [175]. As 

shown in Figure 1.7a,c, the output voltage decreases when the ions concentration increases. With 

different types of ions (Figure 1.7b,d) the voltage also has different values.  

 

Figure 1.7: Performance characterization of FluTENG in different environments.  
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This suggests FluTENG's potential for ions or chemical detection. The pH value and 

temperature are additional affecting parameters. An increase in positive hydrogen ions (H+) leads 

to a decrease in output voltage (Figure 1.7e) [176]. Anions causing an imbalance in liquid 

molecule charges hinder interaction with the solid surface, harming TENG output performance. 

Figure 1.7f shows a decrease in short-circuit current density (Jsc) with increasing water 

temperature due to changes in water's dielectric constant and polarity [135]. 

Furthermore, to boost output power, researchers optimize surface properties, particularly 

hydrophobicity and charge density of solid surfaces [50]. High hydrophobicity provides stability, 

robustness, and high-output performance [46, 61, 86, 127]. Increased hydrophobicity expands 

effective contact areas with the liquid, resulting in higher current density. For example, modified 

PTFE with a rhombic pattern achieved a power density of 9.62 W/m² and an energy conversion 

efficiency of 63.2%, outperforming pristine PTFE with a power density of 0.5 mW/m² and energy 

conversion efficiency of 12.6% [62]. X. Li et al. demonstrated that with higher hydrophobicity, 

TENG devices can generate more output current [57]. To enhance surface hydrophobicity and 

charge density, M. Xu et al. proposed etching a PTFE film through inductively coupled plasma 

(ICP) reactive ion etching for 300 s, using reaction gases like 15.0 sccm Ar, 10.0 sccm O2, and 

30.0 sccm CF4 in the ICP process [86].  

On another hand, the designed structure of the TENG devices is also an important factor that 

can improve output performance [128, 129]. B. K. Yun et al. [67] developed cylinder-shaped 

interdigital electrode (IDE) based TENGs, which demonstrated 3.6- and 2.4-fold higher output 

compared to one- and two-electrodes-based TENG, respectively. As a water-based TENG, the 

properties of the water which relate to the ion type and concentration are also a factor that affects 

the output performance of the TENG [13]. X. Yang et al. [62] developed a TENG and reported that 

their maximum short-circuits current density of 0.28 mA/m2, 7.82 mA/m2, and 1061.86 mA/m2 

using DI water, tap water, and 0.6 M NaCl, respectively. 

3. Energy harvesting technology 

3.1. Water-based energy harvesting 

Water is one of the most energy sources that exist in nature in the form of raindrops, river 

water, tides, and ocean waves. Water-based energy sources have an enormous amount that can be 
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utilized as renewable energy sources to produce electricity. In comparison with other energy 

harvesting technologies, the generated electricity from the water-based is continuous and stable, 

because of its advantages in environmental conditions, such as low influence from daytime, 

compared with solar devices which cannot work at night [177]. Table 1.1 presents a summary of 

the achievement of water-based TENG devices. The water-based TENG can harvest energy from 

water droplets [64, 70, 80, 120, 178-180],  water streams [181, 182], or water waves [22, 23, 38, 

40-42], with variable output power densities.  

Table 1.1: Summary of the achievements made in the water-based triboelectric nanogenerator 

devices 

No

. 
Authors Contact Mode 

Power 

sources 

Output 

power/p

ower 

density 

Materials 
Applicatio

n 
Ref. 

1 
D. Joo et 

al. 
Freestanding 

Raindrop

s 
1 mW/m2 

Water – MM-

glass 

Energy 

harvesting 
[64] 

2 
Q. Liang 

et al. 

Single-

electrode 

Raindrop

s 

27.86 

mW/m2 
Water – PTFE 

Energy 

harvesting 

[178

] 

3 

S. B. 

Jeon et 

al. 

Single-

electrode 

Raindrop

s 

0.27 

mW/m2 

Water – 

PDMS 

Energy 

harvesting 

[179

] 

4 

L. 

Zheng et 

al. 

Single-

electrode 

Raindrop

s 

4.2 

mA/m2 
Water – PTFE 

Energy 

harvesting 

[180

] 

5 
Z. Liu et 

al. 

Single-

electrode 

Raindrop

s 

1.74 

mW/m2 

Water – 

PDMS 

Energy 

harvesting 

[120

] 

6 
S. S. 

Kwak 
Freestanding 

Single 

Droplet 
1.9µW 

Water – 

Graphen/PTF

E 

Energy 

harvesting 
[70] 

7 

R. K. 

Cheedra

la et al. 

Single-

electrode 
Stream 

12.53 

mW/m2 

Water – 

PVDF 

Energy 

harvesting 

[181

] 

8 

G. 

Cheng et 

al. 

Single-

electrode 
Stream 

0.59 

mW/m2 
Water – PTFE 

Energy 

harvesting 

[182

] 
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9 

N. 

Wang et 

al. 

Single-

electrode 
Wave 

25 

µW/cm2 
FEP – Cu 

Energy 

harvesting 
[22] 

10 
W. Liu 

et al. 
Freestanding Wave 

0.21 

W/m2 
FEP – Nylon 

Energy 

harvesting 
[23] 

11 

L. M. 

Zhang et 

al. 

Contact-

Separation 
Wave 

128 

kW/km3 
FEP – Cu 

Energy 

harvesting 
[38] 

12 

S. L. 

Zhang et 

al. 

Freestanding Wave 3 W/m3 PTFE – Nylon 
Energy 

harvesting 
[40] 

13 

D. 

Zhang et 

al. 

Freestanding Wave 
4.2 

mW/m2 
Kapton – Cu 

Energy 

harvesting 
[41] 

14 
Y. Bai et 

al. 
Freestanding Wave 7.3 W/m3 PTFE – Cu 

Energy 

harvesting 
[42] 

Energy from raindrops  

An important water-based energy source is raindrops, which can harvest raindrop energy with 

a power output density of a few milliwatts per square meter level, as shown in Table 1.1. The 

devices operate in single-electrode [120, 178-180], contact-separation [80], or freestanding modes 

[64]. J. Nie et al. introduced a power generation from the interaction of a liquid droplet and a liquid 

membrane to harvest raindrop energy, as shown in Figure 1.8 [80]. This liquid-liquid (L–L) TENG 

for raindrop energy harvesting, achieving open-circuit voltage (Voc) of 33 mV and short-circuit 

current (Isc) of 0.85 nA when a 40 µL droplet falls onto a liquid membrane from 3 meters. When 

a pre-charged liquid membrane is used, Voc and Isc reach 4 V and 60 nA, respectively. Water-

based TENGs can also generate power when a droplet moves onto graphene, yielding 1.9 µW 

output, as reported by S. S. Kwak et al. [70]. 

Various mechanisms involve falling droplets interacting with charge-generating layers, 

inducing charges on electrodes and producing current.. The charge-generating layer could be an 

insulator [50, 64, 67, 68, 71, 79, 127, 139, 142, 144, 146-149, 183-188], semiconductor [143, 156, 

189-192], or conductor [193] materials. Lee et al. [127] developed a water droplet-driven TENG 

(WdTENG) in contact-separation mode, generating peak voltage and current of 6.8 V and 6 μA, 
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respectively. Lu et al. [143] presented an LS-TENG with a semiconducting water droplet, 

producing 0.3 V and 0.64 μA with DC characteristics.  

Recently, a new methodology of electricity generation has emerged based on a new electrode 

structure design. In this design, the charge from contact electrification directly transfers to the 

electrode upon droplet contact, offering unique electrical responses[147-149, 183, 185, 187, 188].  

This leads to a different electrical response compared to traditional droplet-based TENGs. Xu et 

al. [188] demonstrated a PTFE device with an aluminum electrode, reaching high instantaneous 

voltage (143.5 V) and current (270.0 μA). These innovations suggest promising approaches for 

efficient raindrop energy harvesting.  

 

Figure 1.8: Concept of the liquid membrane for harvesting ambient electrostatic energy. (a) A 

schematic diagram of L–L TENG collects energy from raindrops in an irrigation system, while the 

motion behavior of raindrops is unaffected. (b) Falling droplets come into contact with the pre-

charged liquid membrane. Schematic diagram of energy generation by using a charged liquid 

membrane. The liquid membrane is charged by the electrostatic field on an FEP film. (c) 

Screenshot of the real-time output signals of the water droplets passing through the charged liquid 

membrane. (d) Dependence of the ISC and power on the resistance [80]. 

Energy from water streams 
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Another important water-based energy source is the harvesting of energy from water streams, 

as proposed by R. K. Cheedarala et al. and G. Cheng et al. [181, 182]. A pulsatile Flow-TENG 

was developed to capture energy from unsteady peristaltic flow in a pipe, as shown in  Figure 1.9 

[181]. In this research, The system captures energy from unsteady peristaltic flow in a pipe through 

contact electrification between a PVDF layer on the inner wall of a silicon pipe and flowing water.

 

Figure 1.9: (a) Schematic diagram of the experimental setup showing peristaltic pump, water 

reservoir, TENG cell, and electrometer. (b) Schematic of the elastomeric tubing with TENG cell 

attached. (c) Rectified output of the PF.Tw-TENG at different pump speeds to charge a commercial 

capacitor of 4.7 µF. (d) Performance characteristics of the dependence on power output [181].  

Moreover, this interaction mode enables the conversion of mechanical energy from water flow 

into electrostatic energy, subsequently transformed into electricity via electrostatic induction[13, 

74, 75, 141, 150] or the breakdown effect [194]. Choi et al. [75] developed the SWING stick, 

exemplifying this process by converting mechanical energy from shaking into electricity. The stick 

generates electricity through CE between the water and Teflon, resulting in positive charges inside 

the water and negative charges on the Teflon surface. When the charged water contacts the bare Al 

tube, the generated charges inside the water are neutralized, generating a current through the 

external circuit. Other instances include the U-tube TENG developed by Zhang et al. [74] and Pan 

et al. [13], which can generate stable peak output voltage and current of about 20 V – 400 nA,  and 

350 V – 1.75 μA, respectively [74]. These devices can also function as multifunctional sensors, 

such as displacement and pressure sensors, with high sensitivity.  Another example is the PTFE-

copper (PCTENG) tube developed by Munirathinam et al. [150], harvesting energy from flowing 
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water and achieving peak voltage, current, and power of 36 V, 0.8 µA, and 45 µW, respectively, 

through CE between flowing water and the PTFE tube. 

Energy from water waves 

With over 70% of the Earth's surface covered by water, it holds vast energy potential. Blue 

energy, particularly water wave energy, is a crucial and promising source for sustainable societal 

development. Water-wave-based TENG devices operate in single-electrode mode [22], 

freestanding mode [23, 40-42], and contact-separation mode [38]. These devices exhibit output 

density ranging from a few milliwatts per square meter or a few watts per cubic meter of water, as 

shown in Table 1.1. 

A practical bionic-jellyfish triboelectric nanogenerator (bjTENG) achieved sustainable output 

performance of 143V, 11.8 mA/m2, and 22.1 μC/m2 at a low frequency of 0.75 Hz and a water 

depth of 60cm (Figure 1.10a) [39]. It can directly power numerous green LEDs or a temperature 

sensor. N. Wang et al. developed a bio-inspired triboelectric nanogenerator (BITENG) capable of 

producing an output current of about 10μA and a voltage of 260V per unit. This is sufficient to 

drive at least 60 LEDs with a power density of 25μW·cm-2 under specific conditions (Figure 

1.10b) [22].. Additionally, a high-performance tandem disk triboelectric nanogenerator (TD-

TENG) (Figure 1.10c) [42] demonstrated excellent responsivity to low-frequency water waves, 

achieving a maximum peak power of 45.0mW and a maximum average power of 7.5mW in wave 

tank tests, with an average power density of 7.3 W/m3 under optimized design. 
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Figure 1.10: Schematic diagram of the experimental setup of (a) a practical bionic-jellyfish 

triboelectric nanogenerator (bjTENG) [39]. (b) A bio-inspired triboelectric nanogenerator 

(BITENG) [22]. (c) High-performance tandem disk triboelectric nanogenerator [42]. 

In another study, Zhu et al. [138] developed an LSEG using FEP thin film with an array of 

electrodes underneath. The LSEG generates AC electricity through triboelectrification and 

electrostatic induction during traveling water waves, offering an effective energy harvesting 

solution for onshore, offshore, and rainy areas. Li et al. designed a buoy LS-TENG, that can output 

a high current and voltage of 290 µA and 300 V by synchronizing the outputs of a network of 18 

LS-TENGs [145]. The produced energy is suitable to power a wireless SOS system for ocean 

emergencies. Importantly, wave-based LS-TENG also demonstrated its potential to be used in self-

powered sensor systems. Xu et al. developed an L-S TENG that can serve as a wave height sensor 

for smart marine equipment [86]. 



28 

 

3.2. Air-based energy harvesting 

The air-based TENG for energy harvesting will be reported in this section and the achievement 

made by air-based TENG is also summarized in Table 1.2. Almost of air-based have been 

developed based on the contact-separation, single-electrode, and lateral-sliding modes with two 

different designs, including flutter-based and rotary-based. An air-based TENG can generate a few 

microwatts to a few milliwatts, measured at megaohms level resistance of the external circuit. 

Table 1.2: Summary of the achievements made in the air-based triboelectric nanogenerator devices 

No

. 
Authors Materials Contact Mode 

Desig

n 
Output power 

Wind 

speed 
Ref. 

1 
H. Phan 

et al. 

PVC fiber 

– Al 

Contact-

Separation 
Flutter 

0.33 µW at 7 

M 
4 m/s 

[195

] 

2 
H. Lin et 

al. 

FEP – Ag 

NP – Al 
Single-electrode Flutter 

0.82 µW at 4 

M 
25 m/s [33] 

3 

A. N. 

Ravicha

ndran et 

al. 

PC – Cu 
Contact-

Separation 
Flutter 

4.5 mW at 198 

M 
5 m/s [34] 

4 
X. Liu et 

al. 
FEP – Cu 

Contact-

Separation 
Flutter 

67 mW at 18 

M 
14 m/s [30] 

5 
H. Kim 

et al. 
PDMS – Al 

Contact-

Separation 
Flutter 

7.3 mW at 40 

M 

9.1 

m/s 
[36] 

6 Z. Zhao 
Kapton – 

Ni 

Contact-

Separation 
Flutter 

135 mW/kg at 

6.5 M 
22 m/s 

[124

] 

7 
Y. Feng 

et al. 

PTFE/natur

e leaf - Cu 
Single-electrode Flutter 

17.9 mW at 11 

M 
7 m/s [32] 

8 
X. Fan 

et al. 

Silicon 

rubber – Al 

Contact-

Separation 
Rotary 

0.36 mW at 50 

M 
9 m/s [19] 

9 
Y. Xie 

et al. 
PTFE – Al 

Contact-

Separation & 

Lateral-Sliding 

Rotary 12 mW at 1 M 15 m/s 
[196

] 

10 

 

M. T. 

Rahman 

et al. 

PTFE – Al 

Contact-

Separation 

Lateral-Sliding 

Rotary 
1.67 mW at 10 

M 
6 m/s [31] 
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Flutter-based mechanism  

An air-based TENG uses air-flow-driven vibration of a flexible nanostructured PTFE thin film 

in an acrylic tube, generating an average peak output of 2.4V and 1.7μA at 120L/min airflow, is 

reported in Figure 1.11a [88]. The maximum output power of the TENG device reaches 1.3mW 

at a load resistance of 15.1MΩ. An aerodynamic and aeroelastic flutter-driven TENG is presented 

in Figure 1.11b [195], which produces up to 0.33μW under mild airflow conditions at a load 

resistance of 7MΩ, a frequency of 206.4 ± 31.7 Hz for an airspeed of 13m/s (Table 1.2).  

Z. Zhao et al. introduced a freestanding woven triboelectric nanogenerator flag (WTENG-flag) 

that can harvest high-altitude wind energy from arbitrary directions, with max Voc ∼40V, Isc 

∼30μA, and peak power density of 135mW/kg at 22 m/s wind speed and 6.5MΩ resistance, as 

illustrated in Figure 1.11c [124].  

 

Figure 1.11: Flutter-based mechanism (a) Air-flow-driven TENG [88]. (b) Aerodynamic and 

aeroelastic flutters driven TENG [195]. (c) Freestanding Flag-Type TENG [124]. 

Rotary-based mechanism 

A coaxial rotatory freestanding triboelectric nanogenerator (CRFLU-TENG) wind energy 

harvester (Figure 1.12a) [197] generates 56 μA current and maintains a stable 650 V output voltage 
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at 1000 r/min. Output power increases from 2.5 mW to 9.7 mW as the rotating rate goes from 300 

r/min to 900 r/min. With a wind velocity of 10 m/s, it charges a 100μF capacitor to 3 V in 15 s. J. 

Wang et al. [25] developed an anemometer TENG (a-TENG) for wind speed detection and a wind 

vane TENG (v-TENG) for wind direction monitoring (Figure 1.12b). The optimized a-TENG 

achieves an open-circuit voltage of 88 V and a maximum short-circuit current of 6.3μA, with a 

maximum power output of 0.47 mW at 6 m/s wind speed. In Figure 1.12c, an atmospheric pressure 

difference-driven energy harvesting methodology for harvesting low-frequency ocean wave 

energy is presented [21]. Flutter-driven TENG (FD-TENG) and disc-shaped TENG (DS-TENG) 

structures are demonstrated. FD-TENG achieves a peak power of 0.13 W/m2 at 8 m/s, while DS-

TENG reaches 0.7W/m2 at 10m/s. The accumulated charge by FD-TENG increases from 5 μC at 

2 m/s to 15μC at 8.0m/s in 12 s. DS-TENG achieves a Voc of 360V and σtr of 47μC/m2 at 7 m/s 

airflow speed. 

 

Figure 1.12: Rotary-based mechanism of (a) a coaxial rotatory freestanding triboelectric 

nanogenerator (CRFLU-TENG) wind energy harvester [197], (b) an anemometer TENG and a 

wind vane TENG [25], and (c) atmospheric pressure difference driven TENG [21]. 
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3.3. Hybrid and large-scale applications 

Hybrid systems 

To harvest the wind energy and water flow energy, many research groups study the hybrid 

structure based on TENG technology, including electromagnetic (EMG) [19, 31, 55, 116], 

piezoelectric [31, 114], and solar [64, 120] technologies. M.  L. Seol et al. proposed a ferrofluid-

based triboelectric-electromagnetic hybrid generator, as shown in Figure  1.13a [55]. The TENG 

component exhibits a peak-to-peak open-circuit voltage (VOC) of 0.23 V and a peak-to-peak short-

circuit current (ISC) of 2.7 nA. Similarly, the EMG component shows values of 1.8 mV and 2.5 

μA, respectively. TENG achieves optimal output power in the mega-ohms to giga-ohms range, 

while EMG performs best in the ohms to kilo-ohms range.  

On another hand,  Y. Liu et al. combined a solar panel with a water-based TENG to create a 

hybrid silicon solar cell with a TENG for harnessing energy from sunlight and raindrops (Figure 

1.13b) [120]. The water-drop TENG achieves a Voc of 3.27 V and an Isc of 0.49 μA in simulated 

rainy weather, resulting in a maximum average power density of 1.74 mW/m2. This hybrid 

TENG/solar device showcases the capability to harvest both solar and raindrop energy.  

In Figure 1.13c, a hybrid piezo-triboelectric nanogenerator (PENG) for wind energy 

harvesting was proposed by C. Zhao et al. [114]. The TENG achieved a high output voltage of 190 

V at 10 MΩ, while the PENG had a higher output current of 375 µA at 1 MΩ. The hybrid H-

P/TENG combined the advantages of both, with an estimated average output power of 10.88 mW 

at ~1MΩ, corresponding to an output power density of 6.04 mW/cm2. 
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Figure 1.13: Hybrid energy harvesting system. (a) Electromagnetic-triboelectric hybrid generator 

[55]. (b) Solar-triboelectric hybrid generator [120]. (c) Piezo-triboelectric nanogenerator [114]. 

Large-scale applications  

 Due to TENGs' advantages such as lightweight, scalability, and ease of fabrication, TENG is 

a promising candidate for large-scale energy plants for sustainable energy harvesting. Ahmed et al. 

proposed a wind energy harvesting farm with TENGs, generating 1.11 MW in a 2 km² area (Figure 

1.14a) [29]  . As shown in Figure 1.14b, a flow-induced snap-through TENG can be realized as a 

large-scale system to harvest wind energy [36], achieving amaximum output power of 7.3 mW at 

a wind speed of 9.1 m/s, capable of powering 250 LEDs. 

For water wave energy,  a torus-structured triboelectric nanogenerator array [23] and rationally 

designed sea snake structure-based TENG [40] were proposed (Figures 1.14c and d), generating 

power densities of 0.21 W/m² and 3 W/m³, respectively. These low-cost, lightweight TENG 

networks hold great potential for ocean wave energy harvesting [14, 198]. However, in considering 

the marine environment, several TENGs have to be packaged to protect the TENG’s electrodes 

from the seawater. The package materials should be considered based on their anticorrosive, heat 

resistant, radiation stable, and chemically inert.  
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Figure 1.14: Large-scale applications. (a) Farms of triboelectric nanogenerators for harvesting 

wind energy [29]. (b) Flow-induced snap-through triboelectric nanogenerator [36]. (c) Torus-

structured triboelectric nanogenerator array for water wave energy harvesting [23]. (d) 

Rationally designed sea snake structure-based TENG for water wave energy harvesting [40]. 

4. Self-powered sensing technology 

4.1. Active physical sensors 

The trend of development of the world electronic technology follows a general trend of 

miniaturization, portability, and functionality, then developing a range of sensors including but not 

limited to navigation, motion, chemical, biological, and gas sensors [9]. Since first introduced in 

2012 by Wang's research group, TENGs for self-powered sensing applications have received 

significant attention as a high impact in smart systems and IoT networks, because of their 

advantages, such as simple structure configuration, and multifunctional power generation from 

multiple sustainable sources [199]. TENG devices show that they can become a promising 

candidate to achieve the development trend and can provide an alternative and self-powered 

approach to monitor various characteristics. Therefore, TENGs, including fluid-based TENG, have 

been designed with a large potential for application in a wide range of sensing devices, such as 

pressure/force sensors [58, 74, 87], velocity sensors [20, 25, 26, 35, 59, 121-123], temperature 

sensors [27, 76, 124], humidity sensors [124], and chemical monitors [49, 53, 94, 125, 126].  
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Figure 1.15: Fluid-based TENG for self-powered sensing applications: (a) Liquid triboelectric 

microfluidic sensor for pressure sensing [87]. (b) Velocity sensor [20].  (c) Temperature and 

humidity sensors [124]. (d) Motion sensor [86]. 

Pressure/force sensors are important functional components as the interface between 

mechanical motion and an electric signal in monitoring systems. As illustrated in Figure 1.15a, Q. 

Shi et al. [87] developed a self-powered liquid triboelectric microfluidic sensor for pressure/force 

sensing, where external force activates water flow in the channel, generating an electric current. 

With a force sensitivity of 0.0323 nA/N, the short-circuit current increased from 1.19 nA to 1.62 

nA as the force varied from 0.4 N to 11.6 N. Besides, X. Zhang et al. [74] introduced a smart U-

tube for dynamic pressure sensingWhen pressure is applied to the U-tube, the largest height 

difference between the two column fluid levels is ΔH. The acceleration (a), with respect to a 

constant vibration frequency, is completely dictated by the vibration amplitudes (x), and the 

transferred charge can be calculated by equation 2: 

𝑄𝑆𝐶 = 2𝜋𝜎𝑟∆𝐻           (1.6) 

Where σ is the surface tribo-charges density, r is the diameter of the tube. From this equation, 

the short-circuit current at t is the time given by: 
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𝐼𝑆𝐶 = 2𝜋𝜎𝑟
𝑑∆𝐻

𝑑𝑡
= 2𝜋𝜎𝑟𝑉(𝑡)       (1.7) 

Where V(t) is the water flow rate. As can be seen, short-circuit current (ISC) is proportional to 

V(t) and ∆H. Here, the applied pressure (P) into the U-tube can be represented by the height 

difference in liquid level, so the measured output performance is proportional to the pressure. The 

device shows a high sensitivity of 4.41 V/kPa and 72.94 nA/kPa for a range of [0.16; 0.5] kPa, as 

indicated in Table 1.3.  

Similarly to pressure sensors, velocity sensors are also one of the most important types of 

sensing devices in many fields. A self-powered counter/timer-based TENG for wind speed 

detecting was realized by T. Zhao et al., as shown in Figure 1.15b [20], generating 3.5 to 7.5 V 

over a rotation speed range of 100 to 500 rpm.M. Xu et al. [35] introduced an aeroelastic flutter 

TENG (AFLU-TENG) serving as a wind speed sensor with a speed sensitivity of about 0.13 

(m/s)/Hz or 7.7 Hz/(m/s).  

For harvesting fluid-flow energy, including wind energy and blue energy, environmental 

effects must be considered seriously, especially the temperature and humidity, which have a 

significant effect on the output performance of the energy harvesting system. An innovative 

freestanding woven triboelectric nanogenerator flag (WTENG-flag) as a self-powered high-

altitude platform with temperature/humidity sensing/telecommunicating capability was developed 

by Z. Zhao et al. [124], as shown in Figure 1.15c and Table 1.3. Also, a water-based temperature 

sensor was realized by J. Xiong et al. to measure the temperature of water in the range from 25 ± 

5 °C to 95 °C  with a sensitivity of 0.11 V °C−1 and 0.2 V °C−1 at impacting time of 5 s and 10 s, 

respectively [76].  

On another hand, motion detection is important in various application fields, such as automatic 

control, robotics, surveillance, and smart marine equipment. M. Xu et al [86] developed a liquid-

solid TENG (WS-TENG) for wave motion monitoring around marine equipment, demonstrating 

sensitivity to wave height in the millimeter range (Figure 1.15d). The fitting relationship of 

obtained Voc of WS-TENG shows the sensitivity of 14.1, 23.5, and 42.5 mV/mm, and a correlation 

coefficient of 0.9797, 0.9816, and 0.9981, for the electrode width of 5, 10 and 20 mm, respectively.  

Table 1.3: Fluid-based TENG for self-powered sensors 
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No Authors Application Material Contact Mode Sensitivity Range Ref. 

1 
Q. Shi 

et al. 
Force 

PDMS, 

water 

Single-

electrode 

0.0323 

nA/N 
0.4-11.6 N [87] 

2 
X. 

Zhang 
Pressure FEP, water 

Single-

electrode 

4.41 V/kPa 

72.94 

nA/kPa 

0.16-0.5 

kPa 
[74] 

3 
T. Zhao 

et al. 
Velocity PTFE, Al 

Single-

electrode 
3.5-7.5 V 

100-500 

rpm 
[20] 

4 
Z. Zhao 

et al. 

Temperature Kapton, 

Nickel, 

Contact-

Separation 

16-11 µA 298-213 K 
[124] 

Humidity 22-8 µA 10-96% 

5 

J. 

Xiong 

et al. 

Temperature 
MSs mat, 

water 

Single-

electrode 
0.2 V/°C 

25±5–

95 °C 
[76] 

6 
M. Xu 

et al. 
Motion 

PTFE, 

water 

Single-

electrode 

42.5 

mV/mm 
10-80mm [86] 

4.2. Active chemical/environment sensors 

Chemical detection and environmental sensing are crucial for maintaining the quality of water 

or wastewater. L-S TENG have been explored as self-powered sensors [13] responding to changes 

in liquid properties ion concentration [176, 200], organic concentration [159, 201], chemical 

detection [51], and biological response [95, 135]. 

For instance, in Figure 1.16a, the average output voltage of L-S TENG is shown with varying 

NaCl solution concentrations from 0 to 0.75 M [93]. The decline in voltage output with increasing 

NaCl concentration is observed. Similar studies indicate the impact of different ionic compounds 

on the TENG output [13, 69, 176, 202]. Figure 1.16b illustrates the sensitivity of the self-powered 

TENG sensor to NaCl concentrations, showing a linear relationship between output voltage ratio 

(ΔV/V) and NaCl concentration, particularly sensitive in the range of 0.005 M to 0.1 M. Figure 

1.16c and d illustrate the sensor's stated selectivity [175]. Modification agents like dithizone enable 

the detection of Pb2+, demonstrating higher output voltage ratios for additional heavy metal ions. 

The use of diphenylcarbazide yields similar outcomes for Cr3+. L-S TENG sensors exhibit 



37 

 

excellent selectivity and sensitivity in measuring ion concentration, making them promising for 

self-powered chemical sensing applications. 

 

Figure 1.16: (a) Average output voltage values generated by various NaCl solution concentrations 

from 0 to 0.75 M and (b) the sensitivity of the sensor during its NaCl solution concentration [93]. 

A test of selectivity of the self-powered triboelectric sensor for (c) Pb2+ detection by using 

dithizone and as the surface modifying agent (d) Cr3+ detection by using diphenylcarbazide as 

the surface modifying agent [175]. 

Monitoring organic concentrations is vital in processes like fermentation and biomedicine. A 

self-powered sensor, using a triboelectric nanogenerator (TENG) device, has gained interest for 

detecting ethanol, formaldehyde, and glucose[159, 201]. Figure 1.17 depicts a TENG sensor 

designed for organic concentration, employing industry-standard PTFE filtering membranes [52]. 

Positive charges accumulate on the PTFE surface as water is mechanically vibrated, generating an 

alternating current. Replacing water with an organic liquid reduces the TENG's current, providing 

an effective method for measuring concentrations of formaldehyde and ethanol. 
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Figure 1.17: (a) Schematic illustration of the self-powered TENG sensor for organic concentration 

and (b) the FESEM image of PTFE membranes surface; (c, d) Short-circuit current for different 

formaldehyde concentrations and (e, f) Short-circuit current for different ethanol concentrations 

(percentage by volume) [52]. 

In addition to an application for self-powered sensors, chemical sensing has been developed in 

recent years, owing to life safety and industrial process control. Figure 1.18a and c illustrates the 

mechanisms of a single electrode L-S TENG (SELS-TENG) and contact-separation L-S TENG 

(CSLS-TENG) based sensors [49, 51].  The output signal varies with different chemicals. In 

Figure 1.18b, SLES-TENG exhibited positive peaks mainly around 100 nA for 99.7% alcohol 

detection, while for 99.5% acetone, it showed negative peaks around -80 nA. The current values 
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for sensing NaOH and NaCl also differed, around +200 nA and -250 nA, respectively. The varied 

ions in the liquid impact the output current, influencing the detection and classification of different 

liquids, as shown in Figure 1.18d. 

 

Figure 1.18: (a) The working mechanism of L-S TENG-based sensor and (b) Isc with different 

liquid alcohol, acetone, NaOH liquid, and NaCl liquid [51]. (c) Schematic illustration of the L-S 

TENG and (d) Voc and Isc in paraffin oil/water with different aqueous solutions of HCl (0.1 

mol.L−1), deionized water, NaOH (0.1 mol.L−1), and mixture solution of NaOH and NaCl (0.1 

mol.L−1) [49]. 

5. Summary and perspectives 

This chapter provides an extensive overview of the fundamental principles of FluTENG 

technology, emphasizing its potential for harvesting energy from various fluid sources like 

raindrops, water streams, waves, and wind. FluTENGs offer numerous advantages, including low 

cost, lightweight, scalability, and versatility in harvesting different energy sources. This technology 

holds promise for large-scale applications and aligns with trends in miniaturization, portability, 

and functionality, making it valuable for smart systems and IoT networks.  

Despite its promise, FluTENG is a relatively new technology, and further research is needed 

to enhance its performance. Improving electrical output, addressing industrialization challenges, 

ensuring environmental suitability, and establishing standardization are key areas of focus. Notably, 
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material selection and properties play a crucial role in FluTENG development, including 

optimizing charge-generating, charge-trapping, charge-collecting, and charge-storage layers. 

For successful practical application, efforts should be directed towards converting AC-type 

electricity generated by TENG into DC-type, as well as developing flexible and stretchable 

capacitors and rectifiers for energy storage. Ensuring electrical stability between components and 

enhancing the durability of FluTENG in harsh environments are essential considerations. 

Additionally, while FluTENG has shown potential for energy harvesting, it is essential to 

explore its use in self-powered sensor systems. Self-powered sensors offer significant advantages 

in terms of energy efficiency and longevity. Challenges in optimizing FluTENG for specific 

sensing applications and addressing wear and tear need to be addressed. The development of 

innovative energy conversion mechanisms is a priority, particularly for DC power generation, to 

advance the efficiency and accuracy of self-powered sensor systems. This research direction aligns 

with the broader goals of sustainable and smart technology development.  
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CHAPTER II – A NOVEL TRIBOELECTRIC GENERATOR BASED ON 

DIRECT CHARGE TRANSFER BETWEEN LIQUID-TREATED SOLID 

FOAM AND METAL CONTACTS 

This study introduces a cellulose-based triboelectric generator (C-TEG) that presents a novel 

approach to generating power from mechanical energy using a remarkably simple structure. The 

device consists of two electrodes positioned on the surface of a dielectric layer, collecting direct-

current output generated by the sliding motion of a liquid-treated solid foam made of water and 

cellulose. In this setup, mechanical energy is converted into electrostatic energy through the 

triboelectric effect, followed by the generation of electrical energy as a result of direct charge 

transfer between two electrodes with different work functions. This method differs from the 

traditional TENGs, which rely on the electrostatic induction process. A single C-TEG can produce 

a current density of 75 µA/cm2 and an induced voltage of approximately 0.48–0.90 V with direct-

current characteristics. By connecting multiple C-TEG units in series or parallel, the voltage and 

current outputs can be further increased. Moreover, C-TEG proves exceptional accuracy in 

measuring the ion concentration in an aqueous solution (R2 = 0.996). These findings highlight the 

significant potential for applying C-TEG as an efficient strategy for harvesting mechanical energy 

in the field of self-powered sensor development. 

1. Introduction 

Over the past few years, the challenges posed by climate change and energy shortages have 

become increasingly extreme, thereby highlighting the pressing need for clean and renewable 

energy [203]. Despite the vast amounts of energy contained within human footfalls, ocean waves, 

raindrops, and airflow, a significant portion of it is wasted due to the difficulty of harnessing it 

effectively [204, 205]. Therefore, it is crucial to develop suitable technology to tap into this energy 

source, and advancements in nanotechnology have led to the creation of various nanogenerators 

for harvesting mechanical energy [206-208]. Zhong Lin Wang and his team developed triboelectric 

nanogenerators (TENGs) which use electrostatic induction and triboelectric effects to turn 

mechanical energy into electricity [8-10]. In the triboelectric mechanism, the triboelectric effect 

occurs when two different materials are physically in contact, in which one material tends to lose 

electrons while the other tends to gain electrons. TENGs are capable of generating electricity from 
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various energy sources, including vibration, wind, wave water, and human motion, among others 

[209-212]. Since their inception, researchers have studied various TENG structures and functions 

to enhance their output performance and energy conversion efficiency [8, 68, 176, 213]. 

Recently, TENG has been demonstrated as an efficient energy harvesting strategy and opens 

opportunities to exploit a plethora of small energy sources. However, as it is well known, relative 

humidity is an important factor affecting triboelectrification with a negative trend. Many studies 

have shown that with the increase in humidity, the output performance of TENGs generally 

decreases due to the charge dissipation of triboelectric charges in the presence of water [214-216]. 

Therefore, searching for new materials with high triboelectric charges at high humidity is necessary. 

On another hand, most of the existing TENGs exhibit alternating current (AC) output 

characteristics due to CE and electrostatic induction. It would be inconvenient for directly 

powering electronic devices, where direct-current (DC) power is required. In this case, a 

rectification method is mandatory to produce DC power before use. Accordingly, the novel 

strategies and technologies for converting mechanical energy directly into DC electric energy are 

highly promising as a solution to solve the above problems [98-109]. Furthermore, it is necessary 

to provide sufficient power to run a device for various practical applications, hence, improving 

output power density, particularly output current, has become a significant interest in the DC 

energy harvesters investigation.  

In the past few years, cellulose, one of the most abundant resources in nature, has been 

demonstrated as a promising functional material for the development of low-cost, eco-friendly 

technologies, including recent research on energy harvesting [217-219]. Cellulose contains 

abundant hydroxyl groups that endow cellulose with strong electron donation capacity, resulting 

in a great potential for triboelectric effect [220-224]. Notably, cellulose is hydrophilic and tends to 

strongly interact with water [225-228]. When cellulose contacts water, hydroxyl groups 

spontaneously form hydrogen bonds with water molecules, leading to fixing water molecules on 

the surface of cellulose and forming a conductive path by the hydrogen bond network of water 

molecules. This could be an explorable factor. Interestingly, Wang et al. [229] reported a TENG 

that can enhance the current output due to the participation of water molecules fixed by hydrogen 

bonds formed with hydroxyl groups in a polyvinyl alcohol film in triboelectrification, which 

increase the charge quantity and then triboelectricity. Presumably, cellulose could be used to solve 
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the problem of the decreasing trend of electricity performance in a high-humidity environment. 

On another hand, a well-known phenomenon that was thoroughly characterized by Lord Kelvin 

[230, 231], the charging effect between two materials with different work functions provides a 

promising method to generate electricity from mechanical vibration energy. When two materials 

with different work functions are electrically connected, electrons will be transferred naturally 

from the material with a lower work function to the materials with a high work function, leading 

to accumulating positive and negative charges on their surface, respectively. It results in 

developing a voltage across the materials. Varpula et al. [232] developed a work-function energy 

harvester (WFEH) that can generate electric energy by simply bringing two plates of electrodes 

with different work functions together. 

In this chapter, for the first time, a cellulose-based triboelectric generator (C-TEG) is 

demonstrated as a new power generation methodology for harvesting mechanical energy. The 

device is mainly composed of two electrodes located on the surface of a dielectric substrate to 

collect electric output from the sliding motion of a liquid-treated solid foam made of water and 

cellulose. The mechanism of C-TEG is based on the triboelectric effect and direct charge transfer 

between two metal contacts with different work functions. The output performance of C-TEG is 

systematically investigated with different dielectric substrates, pairs of electrodes, properties of 

water, or structural design parameters such as the size of electrodes, the distance between them, 

and the size of the cellulose foam. This device is capable of producing a maximum current density 

of 75 µA/cm2 with a transferred charge density of 23.7 µC/cm2, a power density of  5.8 µW/cm2, 

and an induced voltage of about 0.48–0.90 V. What is important is the fact that the current and 

voltage outputs can reach up to 2 mA and 2 V by simply connecting four unit cells in parallel and 

series, respectively. Remarkably, four cells of C-TEG in series can produce an output energy of 

1.12 mJ within 140 s. The generated energy can be directly stored in a 1 mF capacitor without 

requiring any rectifier. This amount of stored energy is sufficient for powering many electronic 

devices. More interestingly, C-TEG proves a great accuracy and potential application for 

measuring the ion concentration of NaCl solution with high sensitivity and linearity (R2 = 0.996). 

These results declare a high potential application of C-TEG in mechanical energy harvesting and 

self-powered ion concentration sensor systems.  
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2. Experimental section 

2.1. Materials 

For preparing the materials, aluminum and copper tapes were bought from Ducksung Hitech 

(Ducksung Hitech Co., LTD, Seoul, South Korea). The cellulose foam is manufactured by 

Hankook Tamina (Hankook Tamina Co., LTD, Hanam, South Korea). Deionized water and NaCl 

solution were used from our research laboratory. Tap water was obtained from a commercial source 

(K-water, South Korea). ITO electrode (10 Ω/sq), polytetrafluoroethylene film (PTFE, 100 µm -

thick), and polyvinylidene fluoride (PVDF, 50 µm -thick) were purchased from Sigma-Aldrich 

(Sigma-Aldrich, St. Louis, MO, USA). Besides, the mica and nylon were purchased from a local 

market. 

2.2. Structure design and fabrication 

The components of the experimental setup are illustrated in Figure 2.1, which includes a 

rotational-to-liner motion transformer using a slider-crank mechanism to simulate the mechanical 

vibration, a C-TEG cell, and external measuring equipment. A typical C-TEG cell consists of a 

cellulose foam treated by absorbing water molecules and two dissimilar electrodes of the same 

size located on the surface of a dielectric substrate. To fabricate the C-TEG device, Al and Cu tapes 

were cut into rectangular pieces of the same size and attached to the surface of a dielectric substrate 

as two electrodes. A water-treated cellulose foam (WTCF), made by absorbing water into cellulose 

foam, will slide forward and backward on the surface of the dielectric substrate and two electrodes, 

resulting in the freestanding mode of operation of the C-TEG. The motion of the cellulose foam 

was driven by a rotational-to-liner motion transformer using a slider-crank mechanism under a 

fixed vibration frequency of about 0.5 Hz. To characterize the impacts of structure parameters on 

the output performance, Al and Cu electrodes were cut with different sizes (40 mm in length; 2, 5, 

10, and 15 mm in width). Also, cellulose foams (5 mm in thickness; 40 mm in length) were 

prepared with different widths of 10, 15, and 30 mm. The distance between the two electrodes 

varied from 1 to 20 mm. Mica, nylon, PVDF, and PTFE were utilized as the materials of dielectric 

substrates. The concentration of NaCl solution was varied from 0 to 0.8 M (mol/L). 
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Figure 2.1: Schematic and experimental configuration of C-TEG. (a) Illustrations showing the 

experimental setup. (b) Schematic flow chart of the methodology of C-TEG in comparison with a 

traditional TENG. 

2.3. Method and Measurement 

Figure 2.1b displays the flow chart of the methodology of C-TEG in comparison with a 

traditional TENG. As can be seen, the C-TEG is based on a novel approach to mechanical-to-

electrical energy conversion, in which mechanical energy is converted into electrostatic energy by 

the triboelectric effect. Then, electrical energy is obtained due to the direct charge transfer between 

two metal contacts with different work functions. This mechanism differs from electrostatic 

induction used in traditional TENGs. Consequently, C-TEG can produce DC outputs, while a 

traditional TENG exhibits AC outputs. The ability to generate DC outputs enables the C-TEG to 

directly charge an energy storage unit without requiring a rectifier. 

For measurement of the electric outputs of C-TEG, a Digit Graphical Sampling Multimeter 

model DMM7510 of Keithley Instruments, Inc. (Cleveland, OH, USA) was used. This measuring 

instrument has an enhanced accuracy DC-current function that can measure a 1 µA sleep mode 

current with 1 pA resolution and with 0.375 nA tolerance, an enhanced sensitivity with 100 mV 

range with 10 nV resolution, and a high input impedance of more than 10 GΩ. A JEOL Field 
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Emission Scanning Electron Microscopes (FE-SEM) model JSM-7600F (Tokyo, Japan), was used 

to measure the morphology of the cellulose foam. The contact angle measurement was realized by 

SmartDrop (Femtofab Co. Ltd., Korea). In addition, the elemental composition and chemical states 

of the cellulose foam were analyzed using a Thermal Fisher model Nicolet iS5 FT-IR Spectrometer 

(Madison, Wisconsin, USA). The crystal structure of the cellulose foam was analyzed by an X-ray 

diffractometer system (D/MAX-25000V, Rigaku, Tokyo, Japan) using monochromatic CuKα 

radiation with the wavelength λ = 1.54178 Å. 

3. Results and discussions 

3.1. Characterizations 

Figure 2.2a illustrates the three-dimensional representation of the C-TEG, showcasing the 

parallel alignment of Cu and Al electrodes, which are considered electrodes 1 and 2. This 

arrangement allows the effective collection of triboelectricity generated by the motion of a WTCF 

across the surfaces of the mica substrate and electrodes. As cellulose foam absorbs water, its 

hydroxyl groups interact with water molecules, leading to the creation of a hydrogen-bonded 

network. Subsequently, this network establishes a conductive path within the treated foam, 

facilitating the transfer of charges during the electricity generation process [229]. Additionally, 

water molecules are fixed to cellulose foam into one reactive entity and participate in 

triboelectrification as highly electropositive materials. 

To explore the significance of the cellulose foam, a comprehensive analysis of its 

characterization was conducted. The cellulose foam’s morphology was evaluated through FE-SEM 

analysis, and the results are presented in Figures 2.2b-d. The FE-SEM images reveal a three-

dimensional porous network structure consisting of interconnected pores. These pores comprise 

numerous macropores (>50 µm) distributed randomly across the surface, constituting the primary 

structure and establishing an open channel system, (Figure 2.2b). This foam-like architecture 

creates a conduit for water absorption, enabling the foam to retain considerable water volumes 

[233]. Furthermore, micropores are found along the walls of the macropores, representing a 

secondary structure (Figure 2.2c), and a third-order with super-porous structures with dimensions 

of up to 1 micrometer (Figure 2.2d). This specific structure enhances the network’s microporosity, 

resulting in an improved capacity for water absorption [234]. Highlighting the exceptional 
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hydrophilicity of the foam, as evidenced in Figure 2.3, a water droplet (3 µL) was rapidly absorbed 

upon contacting the foam’s surface for 100 ms, ultimately resulting in a contact angle of zero. This 

impressive behavior can be attributed to the specific morphology we discussed earlier. 

 

Figure 2.2: (a) Schematic diagram of the C-TEG. FE-SEM images of cellulose foam show (b) 

macropores, (c) micropores on the wall of macropores, and (d) nanopores on the wall of 

micropores. 

 

Figure 2.3: Contact angle measurement of the cellulose foam. 
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The reaction between cellulose and water molecules creates a single electrostatic potential field 

that can combine two reactive species into one reactive entity and turn the free water into 

immobilized water on the surface of cellulose. In addition, it is important to highlight the great 

potential of polymers carrying amine and hydroxyl groups in the development of triboelectric-

positive materials [235], and these polymers exhibit a remarkable affinity for water absorption 

[236]. As cellulose contains plentiful hydroxyl groups that have a strong electron donation capacity, 

the cellulose with water fixed on the surface could participate in CE as a high electropositivity 

material. This can be clarified by analyzing the elemental composition and chemical states of 

cellulose. 

The Fourier-transform infrared (FT-IR) spectroscopy of the cellulose foam under both dry and 

wet conditions, as shown in Figure 2.4a, reveals indications of intermolecular hydrogen bonding 

within the cellulose structure. Particularly notable is the presence of surface-OH participating in 

hydrogen bonds, typically observable within the wavenumber range of 3455–3410 cm−1 [237]. The 

peak at 1540 cm−1 can be attributed to the C-N-H vibrations of the amine group [238]. Further 

distinctive peaks in the FT-IR spectrum encompass -N=C=O stretching (at 2340 cm−1) [239], C=O 

stretching (at 1727 cm−1) [240], -OH in-plane bending (at 1330 cm−1) [241], and -C-O-C pyranose 

ring vibration (at 1050 cm−1) [242]. 

 

Figure 2.4: (a) FT-IR spectra of dry and wet cellulose foam. (b) XRD patterns of cellulose foam. 

Additionally, the XRD pattern of the cellulose foam is depicted in Figure 2.4b. A CuKα X-ray 

source with a voltage of 45 kV and a current of 45 mA was used to record the diffraction patterns. 
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The main diffraction peaks appear at 2θ = 20° and 22.1°, corresponding to the (110) and (020) 

crystal planes, respectively, which are supposed to represent the typical cellulose II crystal 

structure [243, 244]. The peaks corresponding to (110) and (020) are formed by inter- and intra-

hydrogen bonding [245], proposing a hydrogen-bonded network in cellulose [237]. 

3.2. Working mechanism 

The working mechanism of the C-TEG relates to the phenomenon of electron transfer that 

occurs when two metal electrodes are electrically connected, as presented in Figure 2.5a. This 

electron transfer involves the displacement of electrons from the Al electrode to the Cu electrode. 

This migration process persists until their Fermi levels synchronize. It results in the establishment 

of a built-in electric field (Ebi) and a corresponding voltage (Vbi) across the electrodes. The 

mathematical representation of the Vbi is defined by the equation: 

𝑉𝑏𝑖 = (𝜙2 −  𝜙1)/𝑒     (2.1) 

where 𝜙 signifies the material work function and e represents fundamental unit charge [230-232, 

246].  

During the phase of stationary contact, referred to as the contacted still state, when the 

materials remain motionless, an equilibrium state is achieved. In this equilibrium, the Ebi prevents 

any further net charge transfer. Conversely, during dynamic contact phases like sliding, additional 

charges can be produced due to the conversion of mechanical frictional energy. These charges, 

denoted as Qtri, originate from triboelectric charges generated by contact electrification during the 

sliding motion. Under the influence of the Ebi, these triboelectric charges experience separation, 

aligning themselves in one orientation. This phenomenon serves as the primary driving force for 

generating direct current within the C-TEG. The output current density (Jsc) can be expressed 

using the equation:  

𝐽𝑆𝐶 = 𝑄𝑡𝑟𝑖. µ. 𝐸𝑏𝑖      (2.2) 

where µ is the mobility of materials [247, 248].  
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Figure 2.5: (a) Energy band diagrams of Al and Cu before making contact (left), in contact at the 

contacted steady state (center), and separation charges in a sliding state (right). Here, EF1- 𝜙1 

and EF2- 𝜙2 are Fermi levels and work functions of Al and Cu, respectively, Vbi is the built-in 

voltage, and e is the unit charge. (b) Equivalent circuit of the C-TEG. (c) The working mechanism 

of the C-TEG. 

The step-by-step illustrations in Figure 2.5c depict how the C-TEG operates, working in the 

freestanding mode. At the initial state, the WTCF slides in from the left, the circuit maintains an 

open state, and no current output is observed (Figure 2.5c-i). Upon contact between the WTCF 

and both Cu and Al electrodes, two electrodes are electrically connected through the conductive 

path within the WTCF, transforming the original open circuit into a closed circuit (Figure 2.5c-ii). 

It results in creating an electric field Ebi between the two electrodes due to their difference in work 

functions. Since the work function of Cu (~4.7 eV) is higher than that of Al (~4.2 eV) [236], the 

Ebi is directed from the Al electrode towards the Cu electrode. During the sliding motion, friction 

generates triboelectric charges at the contact interfaces, which subsequently separate under the 

influence of the Ebi, causing positive charges to migrate toward the Cu electrode and negative 

charges to flow toward the Al electrode via the conductive path within WTCF. It leads to electrons 

moving unidirectionally from the Al electrode to the Cu electrode through the external circuit, 
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generating a direct current. The device consistently produces DC outputs while WTCF maintains 

its movement towards the rightmost position (Figure 2.5c-iii) and subsequently reverses its motion 

backward (Figure 2.5c-iv). The process of reverse sliding follows the same principle as shown in 

Figure 2.5c-ii. Once the WTCF separates from the Al electrode and returns to its initial position 

(Figure 2c-i), the circuit transitions into an open state, and no current flows in the external circuit. 

Thereby, the C-TEG exhibits its ability to continuously produce pulsed DC electricity through the 

periodic sliding of the WTCF. 

From a circuit perspective, C-TEG can be modeled as a diode-like voltage source, with a 

voltage Vs induced through friction across the Cu/WTCF/Al contact interfaces, accompanied by 

an internal resistance Ri. This configuration results in the production of DC output current IL and 

voltage VL across the external resistance RL. The corresponding equivalent circuit diagram of C-

TEG is illustrated in Figure 2.5b. 

3.3. Electrical output characteristics 

If not mentioned in the following text, a prototype of C-TEG consists of copper and aluminum 

electrodes (1 cm x 4 cm x 100 µm) located on the surface of a mica substrate with a distance of 5 

mm between these two, a cellulose foam (1 cm x 4 cm x 0.5 cm), and DI water. The cellulose foam 

was driven to move forward and backward at a frequency of ~0.5 Hz.  

In order to demonstrate the critical role of the presence of water in generating high-output 

performance, the comparison of electrical outputs between a control device using a dry cellulose 

foam and a C-TEG using a wet cellulose foam is investigated. As displayed in Figure 2.6a-c, the 

control device can produce a peak open-circuit voltage (Voc) and short-circuit current (Isc) of about 

0.1 V and 18 nA, respectively. Meanwhile, C-TEG with 0.1 mL absorbed water can output 0.54 V 

and 43.3 µA with DC, which is increased by 5.4 and 2405 times in comparison with the control 

device, respectively. As the amount of absorbed water increases to 0.4 mL, the value of Isc 

dramatically increases to 290 µA, corresponding to an output current density (Jsc) of 72.5 µA/cm2. 

Thereafter, it increases very slowly and becomes considerably saturated at ~300 µA, which 

corresponds to a Jsc of 75 µA/cm2. These results show that the Isc increases with the increase of 

water absorbency, which proves the key role of the presence of water in the electricity output 

performance. Indeed, the higher the amount of absorbed water, the more the molecules are fixed 
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by cellulose through hydrogen bonds, thus increasing the triboelectric charge quantity and then 

leading to an increase in the electric output [229]. In addition, this is presumably due to the effect 

of internal resistance on the output current. As mentioned above, when cellulose absorbs water 

molecules, a conductive path is formed by the hydrogen bond network of water molecules.  

Consequently, the increasing amount of absorbed water leads to an increase in hydrogen bonds 

formed between water molecules and cellulose, then decreasing the internal resistance. In fact, the 

results shown in Figure 2.6d prove that the internal resistance measured between two electrodes 

decreases with the increase in the amount of absorbed water. The internal resistance measured in 

the case of a dry cellulose foam is about 1.475 MΩ, which is considerably larger than that in the 

case of wet cellulose-based devices. This value dramatically decreases from 73 to 50 kΩ when the 

amount of water absorption increases from 0.1 to 0.4 mL and then remains unchanged as the 

amount of water absorption increases to 0.6 mL. What is interesting is that the output voltage 

values of C-TEG are almost constant at ~0.5 V despite the increase of absorbed water, as shown 

in Figure 2.6c. This exhibits different behaviors from the current outputs. This is obviously due to 

the built-in voltage developed between Cu and Al electrodes when they are connected electrically 

through the wet cellulose foam. More importantly, C-TEG outputs only positive peaks for both 

current and voltage signals, as shown in Figure 2.6a-b, which indicates good direct-current output 

characteristics. 

To confirm the DC output characteristics of the C-TEG, a loading resistance is applied in the 

external circuit. As plotted in Figure 2.7a, the device can produce a peak output current of about 

200 µA at a load resistance of 10 Ω. This value is significantly decreased to 33.5 µA when the load 

resistance is increased to 10 kΩ. This figure demonstrates that all output signals have DC 

characteristics. Figure 2.7b shows the resistance dependence of both the current and power outputs 

with the load resistance, in which the current drops from 200 to 0.5 µA with the increase of the 

loading resistance (R) from 10 to 1 MΩ, meanwhile, the power initially rises and reaches a 

maximum value of 23.3 µW, which corresponds to a power density of 5.8 µW/cm2, at a loading 

resistance of 2 kΩ and then decreases with a further increase in the R-value. Here, the maximum 

instantaneous power (P) is calculated by the equation: 

 𝑃 = 𝑅. 𝑖2       (2.3) 
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where i is the peak current at the corresponding load resistance R.  

 

Figure 2.6: (a) Open-circuit voltage and (b) Short-circuit current of the control device (dry-based) 

and C-TEG with different amounts of absorbed water. (c) Effect of amount of absorbed water on 

electrical outputs. (d) The change of internal resistance at various amounts of absorbed water. 

Additionally, the ability to generate DC outputs enables the C-TEG to directly charge an energy 

storage unit without requiring a rectifier. To demonstrate this capability, the charging behaviors of 

the C-TEG across different capacitors (47 to 1000 µF) are explored. Figure 2.7c depicts that the 

device could charge continuously different capacitors and the charging rates show that the lower 

the value of the capacitor, the faster the voltage will rise. Typically, a capacitor of 47 µF could be 

charged to 0.45 V at a very fast rate in the beginning, and then slows down reaching a saturated 

voltage of ~0.47 V. Similar tendencies were also observed in other capacitors. For the same 

charging voltage of 0.45 V, it took less than 8 s to charge a 47 and 100 µF capacitor, while 470 and 

1000 µF capacitors took 20 and 40 s, respectively. The highest stored-energy Ws of the capacitor 

can be calculated by using the formula: 
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𝑊𝑠 = 𝐶𝑉2/2      (2.4) 

where C and V are the capacitance and charged voltage across the load capacitor. The Ws values 

of various capacitors after charging for 20 seconds are summarized in Figure 2.7d. It is observed 

that the highest energy stored is obtained at 76.8 µJ in the 1000 µF capacitor, suggesting that the 

optimal capacitance is 1000 µF. 

 

Figure 2.7: (a) The output current of C-TEG at various loading resistances. (b) The change in 

average current and instantaneous power concerning the loading resistance ranges from 10 Ω to 

1 MΩ. (c) Charging behaviors of the C-TEG across different commercial capacitors. (d) Stored-

energy Ws after charging various capacitors in 20 seconds. 

So far, the role of the triboelectric effect in generating high output performance of C-TEG is 

considered by measuring the electric outputs of the device when the wet cellulose foam is 

stationary on the two electrodes (case 1) and comparing it with the electric outputs when the foam 

slides on the two electrodes (case 2). As depicted in Figure 2.8a, C-TEG can generate a continuous 

electric output of about 0.48 V and 1.5 µA, measured at 0.3 mL of absorbed water. It can be 



55 

 

observed that the peak of voltage outputs in case 1 and case 2 are approximate. However, the peak 

current output generated by case 2 is much higher than that in case 1, which corresponds to ~150 

times. Besides, the total charges transferred correspond to a typical peak of current in case 2 is 

observed at an approximate value of 94.93 µC, which is 74.7 times higher than that in case 1, 

calculated with the same time interval of operation, as shown in Figure 2.8b. It is clear that 

triboelectric charges generated by the sliding of the wet cellulose foam contribute to this 

considerable difference in the electric output of these two case studies. It proves the essential role 

of the triboelectric effect in the electricity output performance of C-TEG. 

 

Figure 2.8: (a) The Electrical characteristics of C-TEG when the cellulose sponge is stationary on 

the two electrodes (case 1). (b) Transferred charges in a time interval of C-TEG in the case the 

sponge is stationary on the two electrodes (left), and the sponge slides (right). 

3.4. Affecting parameters 

Impacts of material selection on the output performance  

An important aspect to examine is how the properties of the water affect the output 

performance of the C-TEG. The experiments are realized based on three different types of water, 

including DI water, tap water, and 0.22 M NaCl solution. Figure 2.9a presents the change in the 

average magnitude of current and voltage outputs of these three study cases. Considering the case 

using 0.22 M NaCl solution and tap water, C-TEG can generate an instantaneous Isc of 354 and 

440 µA, which are approximately 146% and 182% of that generated in the case using DI water, 

respectively. Meanwhile, the values of Voc in three study cases vary from 0.48 to 0.54 V. 
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Simultaneously, to characterize the impacts of the selection of electrode pairs on the electrical 

output performance, Cu, Al, and ITO electrodes are utilized. The work function of ITO is about 

5.0 eV based on literature [249, 250]. As mentioned above, the electricity generation of C-TEG is 

initiated due to the built-in voltage developed between two electrode contacts of different work 

functions. Therefore, the output performance is strongly influenced by the selection of the 

electrode pairs, in which the electrode pair with a large difference in work function is expected to 

generate higher output performance than that generated by the electrode pair with the same 

material, particularly the output voltage.  

Indeed, the experimental results summarized in Figure 2.9b show that C-TEG using Cu-Cu 

and Al-Al electrode pairs produce voltage-current outputs with average peaks of 0.04 V - 2.3 µA 

and 0.12 V - 0.9 µA, respectively. These values are significantly lower than those generated in the 

cases using Al-Cu, ITO-Cu, and ITO-Al electrode pairs. Herein, the Al-Cu-based device can 

produce Voc and Isc of about 0.63 V and 216 µA, while these values are respectively obtained at 

0.3 V - 25.3 µA and 0.9 V - 223 µA in the case of ITO-Cu and ITO-Al-based devices. The highest 

output performance is obtained in the case using the ITO-Al electrode pair. Obviously, the values 

of the output voltage are approximate to the value of the built-in voltage, estimated by Eq. (2.1), 

mentioned in the above discussion. Accordingly, the electrode pairs with a large difference in work 

functions are desired for generating high outputs. 

In the same manner, the impacts of the selected dielectric substrate on the output performance 

of C-TEG are also considered. Figure 2.9c shows the comparison of electrical outputs when using 

four substrates with different well-known materials in the triboelectric series: (most negative) 

polytetrafluoroethylene (PTFE), polyvinylidene fluoride (PVDF), mica, and nylon (most positive).  

From this figure, the peak output voltages generated in four study cases remain almost the same 

value with a difference of about 7% (~40 mV). The highest peak voltage is obtained at 0.6 V by 

using the PTFE and PVDF substrates. Meanwhile, the output currents show a considerable 

difference between the four substrates. The results show that the PTFE substrate can produce the 

highest output current with an average peak current of 314 µA. Meanwhile, the nylon substrate 

exhibits the lowest output current in comparison with those produced by other substrates with a 

peak current of 197 µA. The difference between the highest and lowest values of the current output 

in this study is about 60%. Interestingly, the ordering of the maximum current output matches well 
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with the triboelectric ordering between the materials of these substrates. In other words, the more 

negative triboelectric material could exhibit a higher output current. 

 

Figure 2.9: Dependence of output performance on materials selection: (a) water properties, (b) 

pairs of electrodes, (c) materials of substrates. Dependence of output performance on design 

structure: (d) electrode sizes; (e) distance between two electrodes; (f) cellulose foam sizes. Le is 

the width of the electrode, d is the distance between two electrodes, and w is the width of the 

cellulose foam. 
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Impacts of structure design on the output performance  

To further optimize the output performance of this device, the effects of the design structure 

parameters are investigated, including the size of electrodes (width: Le), the distance between 

electrodes (d), and the size of the cellulose foam (sponge width: w). The detailed definitions and 

results are demonstrated in Figures 2.9d-f. First, the output current exhibits an upward trend from 

99 to 207 µA, corresponding to an increment of 109 %, when the value of Le of electrodes increases 

from 2 to 15 mm while keeping d at 5 mm and w at 1 cm (Figure 2.9d). Similarly, when the width 

of the foam (w) increases from 10 to 30 mm, the output current increases from 166 to 624 µA, 

indicating an increment of 276 % (Figure 2.9f). The reason for this increasing trend could be 

related to the enhancement in the effective contact area of the cellulose foam and electrodes, in 

which the bigger size of electrodes and foam leads to a larger contact area, thus, resulting in a 

higher output current. On the other hand, by changing the distance d between electrodes, the output 

currents show an opposite trend in comparison with the above study cases. The results shown in 

Figure 2.9e reflect that the output current decreases with the increasing distance between 

electrodes and reaches the maximum value of 192 µA at d = 1 mm, measured with Le = 1 cm and 

w = 1 cm. In addition, as mentioned above, the output voltage of C-TEG mainly depends on the 

difference in the material work function of the two electrodes, here are Al and Cu. Therefore, the 

output voltages shown in Figure 2.9d-f remain almost unchanged at around 0.6 V. 

It can be concluded that changing one parameter while keeping other parameters the same only 

changes the output currents to a certain extent but has little effect on the output voltage. The output 

voltage only depends on the material of the electrode pairs. The output performance of C-TEG 

could be enhanced by selecting a dielectric substrate based on a high electronegative material, ion-

containing water, and electrode pairs with a large difference in work functions. Furthermore, the 

output performance could be also enhanced by increasing the size of the electrodes and the foam 

or reducing the distance between the two electrodes. 

3.5. Applications 

In comparison with various cellulose-based nanogenerators [220, 221, 223, 224, 251-255] and 

various DC mechanical energy harvesters [106, 107, 109, 256-260] reported by previous studies, 

this device shows a much higher current output, as shown in Tables 2.1 and 2.2, respectively.  
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Table 2.1: Peak voltage and current outputs of various cellulose-based nanogenerators 

Types Active layer Size 

Peak 

voltag

e (V) 

Peak 

current 

(µA) 

Refs 

Piezoelectric 

C/PDMS/AuNPs 3.5 cm x 8.5 cm  6 0.7 [251] 

CMC/PDMS/CNT 
3.3 cm x 2.5 cm x 2 

mm 
30 0.5 [255] 

Cellulose/SbSI 1 cm x 1 cm x 50 µm 0.024 0.020 [253] 

TOCN/PDMS 
1 cm x 2 cm x 0.48 

µm 
60 10.1 [254] 

MoS2/PVDF 3 cm x 3 cm 50 0.03 [252] 

Triboelectric 

Treated wood 4.5 cm x 4.5 cm 81 1.8 [220] 

PCL/GO 4 cm x 4 cm 120 4 [221] 

Ppy-MWCNT 6.25 cm2 196.8 31.5 [223] 

CA/PEI/LTV 5 cm x 5 cm 478 157 [224] 

Our generator 
Cellulose/Water/Al/

Cu 
1 cm x 4 cm ~0.5 300 

This 

work 

Table 2.2: Peak voltage and current outputs of various DC mechanical energy harvesters 

Types Active layer Size 

Peak 

voltag

e (V) 

Peak 

current 

(µA) 

Refs 

Piezoelectric 

ZnO nanowire array ~2 mm2 1 mV 1.5.10-4 [260] 

ZnO nanowire-

nanowall 
3.14 mm2 20 mV 15.7 [259] 

ZnO nanosheets-

anionic layer 

heterojunction 

- 0.75 
16 

µA/cm2 
[258] 

ZnO 

nanosheets/Zn:Al 

layered double 

hydroxide layer 

6 mm2 0.38 1.3 [256] 

Triboelectric 

PA/nylon-66 6.8 cm x 7 cm 
4500 

V 
40 [107] 

FEP/Cu/Steel/Acryli

c/ABS 
7.5 cm x 7 cm 149.5 21.6 [106] 

PTFE/Al/Rubber 
Rubber belt with 2 cm 

in width 
3200 370 [257] 

PTFE/Acrylic 10 cm2 33 65 [109] 

Our generator 
Cellulose/Water/Al/

Cu 
1 cm x 4 cm ~0.5 300 

This 

work 
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In regard to enhancing the instantaneous current and voltage outputs, multiple unit cells of C-

TEG could be connected in series or parallel configurations and then synchronize their outputs. 

Substantially, Figure 2.10a-b proves that four cells connecting in parallel could produce a peak 

output current of about 2 mA,  while the output voltage can obtain a value of approximately 2 V 

when connecting four cells in series, respectively. This declares a promising potential to run a 

device for various practical applications. 

More interestingly, C-TEG not only provides a mechanical-to-electrical conversion concept 

but also demonstrates the potential application as a self-powered sensor based on ion concentration 

dependency. To validate the sensing capability of the device, NaCl solutions with various 

concentrations are utilized. The real-time electrical responses are reported in Figure 2.11, which 

exhibits a monotonic increase trend of the output current with increasing the ion concentration in 

the range of 0 to 0.8 M (mol/L). This type of increasing tendency of the output current shows 

linearity, as depicted in Figure 2.12a, and thus can be fitted with a simple linear function  

y = K1.x + K2     (2.5) 

where y represents the output current value, x is the input ion concentration, K1 is sensitivity, and 

K2 is the intercept. The linear regression analysis shows a high sensitivity K1 of about 589.02 

µA/M and a linearity R2 = 0.996, which proves a great accuracy and potential application for 

measuring the ion concentration of NaCl solution.  

 

Figure 2.10: Demonstration of application of C-TEG. (a) Enhancing instantaneous current by 

connecting four unit cells in parallel. (b) Enhancing instantaneous voltage by connecting four unit 

cells in series. 

https://www.powerthesaurus.org/substantially/synonyms
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Figure 2.11: The effect of ion concentration of NaCl solution on the output current of C-TEG. (a) 

Real-time output current signals at various ion concentrations. (b) Enlarges view of typical output 

current-time curve. 

Remarkably, the ability to generate DC outputs enables this device to directly charge the 

capacitor without requiring any rectifier. Accordingly, four cells in series can directly charge a 1 

mF capacitor to 1.5 V within 140 s without requiring any rectifier (Figure 2.12b), corresponding 

to the stored energy of about 1.125 mJ, which is sufficiently high for directly powering many 

electronic devices. This result declares the potential application of C-TEG as a power source in 

self-powered systems. 

 

Figure 2.12: (a) Linear regression analysis between the output current and the ion concentration 

of NaCl solution. (b) The charging behavior of a 1 mF capacitor by four unit cells connecting in 

series. Measured at a cellulose foam (30 mm in width) wetted with 0.9 mL DI water, and Al/Cu 

electrodes (width: 1 cm, distance: 1 cm). 
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4. Conclusion 

In conclusion, this study has successfully demonstrated a cellulose-based triboelectric 

generator (C-TEG) as a mechanical energy harvester, utilizing the combined effect of sliding 

contact electrification and direct charge transfer between two metal contacts with different work 

functions. The presence of absorbed water on the cellulose foam plays a pivotal role in achieving 

high-output performance. The research systematically investigated the impacts of the structural 

parameters and material selection on the output performance of C-TEG.  

The results reveal that the output voltage depends solely on the electrode pair materials, while 

the output current is significantly influenced by the effective contact area and the properties of the 

triboelectric materials. The device is capable of producing DC power, with a maximum 

instantaneous current density of 75 µA/cm2 and an induced voltage of approximately 0.48–0.90 V. 

Moreover, the potential for increasing the maximum output voltage and current is evident by 

connecting multiple C-TEG cells in series or parallel, indicating its significant potential for 

mechanical energy harvesting applications. 

 Furthermore, the linear relationship observed between the output current and the ion 

concentration of a NaCl solution suggests the utility of C-TEG in ion concentration sensing, with 

a detection sensitivity of about 589.02 µA/M. This implies promising prospects for self-powered 

sensor fabrication. In summary, the findings open up opportunities for the development of self-

powered sensors that rely on the electrical output’s dependence on various input stimuli, making 

C-TEG a viable and efficient strategy in the field of energy harvesting and self-powered sensing.  
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CHAPTER III – CELLULOSE-BASED TRIBOELECTRIC SELF-

POWERED MULTIFUNCTIONAL SENSOR 

Self-powered sensing systems are a crucial component in the field of the Internet of Things 

(IoT). Despite the development in sensor technologies, significant challenges persist in a single 

function and relying on batteries as their external power supply.  This study introduces the 

cellulose-based triboelectric self-powered multifunctional sensor (C-TSMS). This device 

generates DC outputs via sliding contact electrification of a water-treated cellulose foam and direct 

charge transfer across two metal contacts. C-TSMS successfully achieved the integration of 

mechanical energy harvesting and multifunctional sensing demonstrating a promising self-

powered multifunctional sensing capability. C-TSMS establishes robust linear relationships 

between the output current density and diverse stimuli like pressures, sliding velocities, water 

absorption, and ion concentrations. Remarkably, correlation coefficients consistently exceed 0.99, 

validating precision and linearity. For self-powered operation, C-TSMS achieves a peak current 

density of 340 µA/cm2 and 0.5 V voltage. To boost the output voltage, series-connecting four C-

TSMS cells can produce a peak voltage of 2 V. The generated energy is stored in a capacitor and 

successfully powers a commercial calculator, offering an opportunity for external power source 

elimination. Overall, C-TSMS presents innovative mechanical energy harvesting and self-powered 

multifunctional sensing, with significant potential. 

1. Introduction 

In recent years, sensors have demonstrated immense potential across diverse domains, 

including human-machine interaction, health monitoring,  and the Internet of Things (IoT) [261]. 

These devices play an important role as crucial components, enabling the collection of external 

information from environments or objects, with particular significance in the field of IoT [262]. 

Despite the advancements in sensor technology, conventional sensors remain limited by their 

single-sensing functionality. Addressing this limitation requires combining various sensing 

mechanisms and the utilization of complex structures and manufacturing techniques to attain 

multifunctional sensing capabilities [110]. Therefore, developing a sustainable multifunctional 

sensor with the capacity to detect and distinguish multiple parameters coupled with simplicity in 

manufacturing is necessary. Besides the essential aspect of multifunctionality, the power supply 
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emerges as another fundamental requirement that demands serious consideration. Conventional 

sensors rely on batteries for their power source, posing a significant obstacle to achieving 

comprehensive flexibility [1]. This creates a need for self-powered systems capable of detecting 

external information without relying on external power sources.  

To overcome these challenges, the concept of self-powered sensing technology arises as a 

viable solution that has garnered notable interest from the scientific community. A self-powered 

sensing system can be established by harmoniously integrating two primary components, including 

the active sensor module and energy harvesting units, into a unified framework. The system utilizes 

its electrical output signal, frequently presented as voltage or current outputs, as the sensing signal. 

Simultaneously, it harnesses ambient energy from the surrounding environments to supply power 

to the sensor module, enabling it to maintain regular functionality without relying on an external 

power supply [263]. Remarkably, most small electronics operate at low power levels, ranging from 

microwatts to milliwatts, making energy-harvesting methods a viable option for driving these 

devices [2]. 

Over the past few decades, converting mechanical energy into electricity has been an important 

approach widely employed for generating power among various ways to harvest energy [264]. 

Mechanical energy exists everywhere, including body human motions, vibrations, raindrops, water 

flow, ocean waves, wind, etc. These energies have been harnessed to produce electrical power 

using electromagnetic induction, piezoelectricity, pyroelectricity, and more recently, triboelectric 

technology. Notably, the triboelectric nanogenerator (TENG) introduced by Zhongling Wang et al. 

[134], has proven to be a potential technique for harvesting small mechanical energy and enabling 

self-powered sensing mechanisms due to its advantages of simple structure and high energy 

density [265-267]. This innovative device generates electrical output through contact 

electrification and electrostatic induction, which provides sufficient energy to power electronics. 

By analyzing the relationship between exerted stimuli inputs and electrical output signals, TENG 

can be utilized as a sensing device. Up to now, different TENG-based self-powered sensors have 

been developed to monitor different variables, such as pressure sensing [268], motion detection 

[110], humidity assessment [236], temperature measurement [269], ion concentration detection 

[270, 271], and chemical recognition [272]. Furthermore, TENG-based multifunctional sensors 

have been successfully realized. For instance, Den et al. [273] reported a super-stretchable multi-
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sensing TENG that can detect strain gauge and dynamic motions of human body joints. Similarly, 

Wu et al. [274] developed a self-powered multifunctional sensor that is capable of detecting 

acceleration, force, and rotational parameters. 

On another aspect, researchers are exploring functional materials to create highly sensitive 

multifunctional sensors, with a notable emphasis on cellulose foam [275]. This material has gained 

attention due to its impressive mechanical properties, encompassing attributes such as high 

porosity, compressibility, and a large specific surface area [219]. These characteristics render it 

particularly suitable for applications in physical sensing [224]. The abundance of hydroxyl and 

amine groups within cellulose enables robust capacity for electron donation, thus rendering it 

exceptionally compatible with the triboelectric effect [235]. Furthermore, cellulose’s hydrophilic 

nature facilitates its interaction with water. When in contact with water, hydrogen bonds 

spontaneously form between the hydroxyl groups of cellulose and water molecules, resulting in 

water molecules fixing to the surface creating a conductive path within treated cellulose [225, 227, 

228]. These unique properties of cellulose present a significantly factor for exploration in the 

advancement of self-powered sensing technology utilizing the triboelectric effect. 

This chapter introduces a cellulose-based triboelectric self-powered multifunctional sensor (C-

TSMS). The C-TSMS operates by generating electrical outputs through sliding contact 

electrification of a cellulose foam treated by water (the sliding element), combined with direct 

charge transfer across two metal contacts with different work functions. As the sliding element 

moves, friction generates triboelectric charges, which are then unidirectionally separated due to 

the influence of the built-in electric field resulting from the electrical connection of two metal 

contacts. Thereby, DC generation is achieved via the external circuit. The study systematically 

explores various physical and chemical stimuli, including pressures, sliding velocities, water 

absorptions within cellulose foam, and ion concentrations in water. By analyzing the correlation 

between the output current density and the corresponding exerted stimuli, the multifunctional 

sensing capability of C-TSMS is demonstrated. The experimental results exhibit strong linearity 

with high correlation coefficients exceeding 0.99, confirming their accuracy. Moreover, C-TSMS 

achieves a high current density of 340 µA/cm2 but a relatively low voltage of 0.5 V. To boost the 

output voltage, four C-TSMS cells are connected in a series configuration, resulting in producing 

a peak voltage of 2 V. The generated energy is stored in a capacitor and successfully powers a 
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commercial calculator, offering an opportunity to eliminate the need for external power sources in 

self-powered sensing mechanism. Overall, these findings highlight the significant potential of the 

C-TSMS as an innovative approach for mechanical energy harvesting and self-powered 

multifunctional sensing. 

2. Experimental section 

2.1. Materials 

Aluminum and copper tapes were purchased from Ducksung Hitech (Seoul, South Korea) for 

use as electrode materials. Cellulose foam was obtained from Hankook Tamina (Hanam, South 

Korea) and served as the active material. Distilled water and NaCl solution were provided by our 

research laboratory for subsequent experimental procedures. A polytetrafluoroethylene film with 

a thickness of 100 µm was sourced from Sigma-Aldrich (St. Louis, MO, USA) and utilized as the 

substrate for electrode attachment. Capacitors were bought from Rubycon (Nagato, Japan).  

2.2. Fabrication of the C-TSMS 

Rectangular pieces of Cu and Al tapes with dimensions of 1 cm x 2 cm were prepared and 

employed as the sensor’s electrodes. An 8 cm x 8 cm PTFE film was utilized as the substrate onto 

which the Cu and Al electrodes were affixed. The electrodes were oriented in a parallel 

configuration, with a separation distance of approximately 5 mm. The water-treated cellulose foam 

(WTCF) was fabricated by absorbing water/NaCl solution into a cellulose foam (0.107 g/cm3 -

density). The treated foam was attached to a movable substrate.  The movement of the sliding 

element was achieved through a slider-crank mechanism, allowing the C-TSMS to operate 

autonomously. To assess sensor performance, a range of load resistances (100 Ω to 2 MΩ) and 

capacitances (47 to 1000 µF) were integrated into the external circuit. 

2.3. Characterization and Measurement 

The electrical response characteristics were evaluated using a Keithley Instruments, Inc. 

multimeter model DMM7510 (Cleveland, OH, USA). The surface morphology of the cellulose 

foam was examined using a JEOL Field Emission Scanning Electron Microscopes (FE-SEM) 

model JSM-7600F (Tokyo, Japan).  
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2.4. Method 

To comprehensively assess the C-TSMS’s performance, an in-depth investigation of various 

operational parameters was conducted. Parameters including water absorption within cellulose 

foam, ion concentration of NaCl solution, sliding velocity, and vertical pressure were 

systematically varied. Analysis of the device’s output performance, primarily through observing 

the generated output current, allowed the corresponding chemical and physical factors to be 

monitored. The electrical energy produced by the C-TSMS was also explored for its potential 

application in powering electronic devices, highlighting the multifunctional self-powered sensing 

capabilities of the device.  

3. Results and discussions 

3.1. Working mechanism and electrical responses 

The structure design of the C-TSMS is the same as the C-TEG presented in Chapter II.  Figure 

3.1a illustrates the three-dimensional representation of the C-TSMS, showcasing the parallel 

alignment of Cu and Al electrodes. This arrangement allows the effective collection of 

triboelectricity generated by the motion of a water-treated cellulose foam (WTCF) across the 

surfaces of the PTFE film and electrodes. The experimental setup is illustrated in Figure 3.1b, 

which consists of a slider-crank mechanism to simulate the reciprocating motion of the WTCF, a 

C-TSMS cell, and the measurement equipment.  

The step-by-step illustrations in Figure 3.2 depict how the C-TSMS operates. Energy 

conversion within the C-TSMS involved three-step processes: (1) Charges are produced through 

frictional energy during the reciprocal sliding motion of the treated foam; (2) The built-in electric 

field between the Cu and Al electrodes separates the generated charges; and (3) Separated charges 

flow through the conductive path within the WTCF, resulting in generating DC outputs in external 

circuits, as shown in Figure 3.2. Briefly, the operation of C-TEG can be outlined within two 

primary states. Initially, in the absence of contact between the WTCF and both Cu and Al 

electrodes, there is no electric output observed (Figure 3.2-i). Subsequently, in the second state, 

when the WTCF establishes contact with both electrodes, the generation of direct current becomes 

attainable (Figure 3.2-ii-iv). 
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Figure 3.1: (a) Schematic diagram of the C-TSMS. The inset image: foam-like morphology of the 

cellulose foam. (b) Schematic diagram of the experimental setup. 

 

Figure 3.2: The working mechanism of the C-TSMS. 

To evaluate the output performance of the C-TSMS, we developed a water-treated cellulose 

foam. This treated foam was created by utilizing cellulose foam (~0.43 g in mass) to absorb 0.9 

mL of distilled water, resulting in water absorption of 2.11 g/g. Subsequently, we set the treated 

foam into a reciprocating motion across the PTFE and electrode surfaces at a velocity of 3 cm/s. 

The illustration of the experimental setup is shown in Figure 3.3, which consists of a slider-crank 

mechanism to simulate the reciprocating motion of the WTCF, a C-TSMS cell, and the 

measurement equipment.  
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Figure 3.3: The experimental setup of the C-TSMS. 

We assessed the open-circuit voltage output (Voc) and depicted the experimental results in 

Figure 3.4a. Clearly, the C-TSMS exhibited the ability to generate a continuous DC voltage 

characterized by positive pulses. These pulses collectively attain an average peak value of 

approximately 0.5 V. Notably, this value closely aligns with the calculated built-in voltage VCu-Al, 

as determined by Eq. (2.1). Additionally, we conducted measurements of the output current under 

the short-circuit condition, and from there, computed and graphed the corresponding current 

density (Jsc) in Figure 3.4b. Impressively, the device achieved a peak current density of 

approximately 94 µA/cm2. The inset images provide magnified insight into the typical voltage and 

current peaks characteristic of an ideal operational cycle. These images clarify the consistency 

between the measured data and the theoretically predicted DC behavior.  

 

Figure 3.4: Electrical responses of the C-TSMS: (a) Open-circuit voltage and (b) Short-circuit 

current density. Inset images: Magnified views of output signals during an ideal operating cycle. 

To confirm the DC characteristics, we conducted an investigation into the electrical responses 

of the C-TSMS using a range of load resistances and capacitances. The corresponding electric 
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circuits can be found in Figure 3.5. As depicted in Figure 3.6a, the electric outputs consistently 

presented themselves as all positive pulses, with the peak values of current density decreasing with 

increasing load resistance. Remarkably, at a load resistance of 100 Ω, the peak current density 

attained 70 µA/cm2. However, this value significantly dropped to 26.9 µA/cm2 at 1 kΩ and 

continued to diminish to 5.1 µA/cm2 at 10 kΩ. Further increase in load resistance resulted in a 

noticeable reduction, with the current density reaching 30 nA/cm2 at a load resistance of 2 MΩ, as 

depicted in Figure 3.6b. This figure also displays the relationship between the output power 

density and load resistance. According to this relationship, the power density initially increased 

with increasing load resistance. It reached a maximum value of 6.6 µW/cm2 at 510 Ω. However, 

as the load resistance further increased, the power density started to decrease. Herein, the output 

power (P) was quantified by using Eq. (2.3). 

 

Figure 3.5: Electrical circuit for measuring (a) current outputs at various load resistances RL and 

(b) voltage at various load capacitances CL. 

 

Figure 3.6: (a) Current densities under various load resistances. (b) Dependence of the current 

density and power density on load resistances. 
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Simultaneously, the C-TSMS’s capacity to generate DC outputs eliminates the need for a 

rectifier when charging energy storage units. To verify this capability, we examined the charging 

behavior across varying load capacitances (CL), including 100, 470, and 1000 µF. The 

experimental results, detailed in Figure 3.7a, reveal similar trends in charging voltage concerning 

both charging time and distinct load capacitances. In the initial stages, the capacitor is charged 

rapidly, and then, the charging rate gradually slows down until it reaches a saturated voltage. 

Interestingly, smaller CL values require less time to reach saturation compared to larger CL values. 

Moreover, Figure 3.7b declares that the peak current output of C-TSMS remains stable after 

approximately 500 seconds of operation, highlighting its reliable output stability. 

 

Figure 3.7: (a) Voltage variations of various capacitors charged by the C-TSMS. (b) Stability 

performance of the C-TSMS’s output current. 

3.2. Demonstration of multifunctional sensing technology 

The multifunctional sensing capability of the C-TSMS was investigated through a 

comprehensive exploration of its output characteristics under diverse physical and chemical 

stimuli. By analyzing the resulting electrical responses, primarily by observing the output current, 

we could effectively monitor the corresponding stimuli exerted on the device. According to the 

relation implied by Eq. (2.2), the current density of the C-TSMS is closely related to the mobility 

of the active material, the WTCF, and the amount of triboelectric charge generated by friction. The 

mobility of the WTCF relates to the conductive path formed inside the cellulose foam, which is 

highly dependent on the amount of absorbed water and the ion concentration of the water, 



72 

 

meanwhile, the friction is affected by the applied pressure and velocity of the slider, as shown in 

Figure 3.8a and b, respectively. 

 

Figure 3.8: Affecting parameters of the (a) material mobility and (b) friction. 

To gain insights into the relationship between material mobility and the output current of the 

C-TSMS, we performed current measurements at carrying levels of water absorption, which 

determine the amounts of water absorbed within cellulose foam. When the amount of absorbed 

water changes within the cellulose foam, the mobility of the treated foam will change accordingly. 

The increased presence of water molecules leads to an increase in the concentration of hydrogen 

bonds within the cellulose foam, thereby improving the mobility of the hydrogen-bonded network 

formed by water molecules and cellulose [236, 276, 277]. Consequently, this facilitates the 

movement of charges through the conducting path within the WTCF, thus enhancing the current 

output. Figure 3.9a plots the dependence of the output current density on the water absorption. As 

expected, the peak current density increased from 50.6 to 98.8 µA/cm2 with a gradual increase in 

water absorption from 0.23 to 2.34 g/g.  

Simultaneously, we examined how the output current varies with the ion concentration in water, 

using a NaCl solution. As depicted in Figure 3.9b, the current density increases drastically from 

75.8 to 340 µA/cm2 as the ion concentration increases from 0.1 to 1 mol/L (M). In more detail, the 

peak current density of the C-TSMS using 1 M NaCl solution is approximately 6.8 times higher 

than that observed with distilled water (0 M). Obviously, increasing the ion concentration in the 

water substantially contributes to an increase in conductivity within the WTCF. This is attributed 

to the greater availability of ions to transport charges, eventually improving charge mobility within 

the WTCF. Therefore, amplified current density finds its explanation in the alternation of ion 

concentration within the water. 
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Figure 3.9: Dependence characteristics of the C-TSMS’s current density on (a) water absorption 

of WTCF and (b) ion concentration in water. 

It is worth noting that the observed increasing tendency is likely attributed to the impact of the 

mobility of the WTCF on the current output. Presumably, greater mobility (or low resistivity) 

corresponds to higher current density. To further validate this, experimental tests were performed 

to investigate the correlation between the WTCF’s internal resistance and both water absorptions 

and ion concentrations. The results indicated a gradual decrease in internal resistance with 

increasing water absorption and ion concentration. Refer to Figure 3.10 for comprehensive details. 

It is obvious that the internal resistance of WTCF decreased by approximately 17% and 25% when 

the water absorption increased from 0.23 to 2.34 g/g and the ion concentration in water increased 

from 0 to 1 M, respectively. 

Importantly, alterations in peak current densities exhibit robust linear dependencies on 

fluctuations in water absorption within the WTCF and ion concentration in water. The fitting 

curves, illustrated in Figures 3.11a and b, were derived by effectively fitting the data concerning 

water absorption, ion concentration, and the corresponding current density data. The fitting curve 

can be characterized through a linear equation, expressed as:  

Jsc = K1.x + K2      (3.1) 

where Jsc represents the peak current density, x is the independent variable, K1 is the 

proportionality constant, and K2 is the y-intercept. To provide a comprehensive understanding of 

the C-TSMS’s performance characteristics, we defined the sensitivity (S) through the equation 
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S=∆Jsc/∆x      (3.2) 

where ∆Jsc signifies the corresponding change in peak current density, and ∆x denotes the 

incremental in relative input. Consequently, the water absorption and ion concentration 

sensitivities of the C-TSMS were determined to be 22.3 (µA/cm2)/(g/g) and 299.3 

(µA/cm2)/(mol/L), respectively. To quantify the strength of the linear relationship, we calculated 

the coefficient of determination (R2), which exceeded 0.99. This high R2 value proves a highly 

accurate correlation between the C-TSMS’s current outputs and the trends in water absorption and 

ion concentration. This finding suggests that the C-TSMS has remarkable promise in the domains 

of both water absorption and ion concentration detection. 

 

Figure 3.10: The change in the internal resistance of the water-treated cellulose foam as a function 

of  (a) water absorption within cellulose foam and (b) ion concentration in water. 

 

Figure 3.11: Fitting curves for current density data against (a) water absorption and (b) ion 

concentration. 
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More interestingly, we further demonstrated a promising potential application of the C-TSMS 

as pressure and velocity sensors. The amount of triboelectric charge caused by friction is highly 

dependent on the external pressure and sliding velocity applied to the slide element. To investigate 

the pressure sensing performance, we measured the output current under various pressure levels. 

A pressure gradient, created by a constant force, was exerted on the top side of the sliding element 

in a direction perpendicular to the device (refer to Figure 3.8b). During the test, the pressure 

gradient varied in the range from 0 to 12.26 kP. Figure 3.12a displays the electric outputs (Jsc) 

and highlights the analysis of how applied pressure influences the current response of the C-TSMS. 

At a pressure gradient of 123 Pa,  the C-TSMS produced a Jsc of 27 µA/cm2. This value 

considerably increased to 58.5 µA/cm2 and then to 103.25 µA/cm2 as the pressure gradient 

increased to 4.91 and 12.26 kPa, respectively. The clear correlation between the increased output 

current and greater pressure gradient can be attributed to the augmented generation of triboelectric 

charge through friction, as mentioned earlier. Increasing the applied pressure leads to an increment 

of effective contact area between frictional materials. This results in more adhesion between 

surfaces and higher friction forces, satisfying the general requirements of the friction equation  

Ff = Cf . FA       (3.3) 

where Ff is the friction force, Cf is the coefficient of friction, and FA is the applied force. 

Consequently, more triboelectric charges are generated, resulting in higher current output. 

Furthermore, we examined an additional physical stimulus that influences the output 

performance–the sliding velocity. This exploration aimed to investigate the C-TSMS’s response to 

varying sliding velocities, supporting our understanding of its sensing capabilities. In this model 

study, we systematically characterized current responses across a range of sliding velocities. As 

illustrated in Figure 3.12b, the findings reveal a decline in current density, ranging from 74.5 to 

59.25 µA/cm2, as the sliding velocity increases from 1.33 to 13.12 cm/s, while keeping other 

parameters unchanged. It is noted that this study introduced the concept of wet friction due to the 

presence of water within the cellulose foam. Prior research has reported that under wet conditions, 

the coefficient of friction decreases as the relative sliding velocity increases [278]. This 

phenomenon is mainly attributed to the reduction in the hydrolysis reaction as the velocity 

increases, resulting in reduced energy dissipation. Consequently, this contributes to a reduction in 
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the frictional force, which leads to a decrease in the quantity of triboelectric charge generated 

through friction. As a result, the current output experiences a decrease. 

 

Figure 3.12: Dependence characteristics of C-TSMS’s current density on (a) external pressure and 

(b) sliding velocity. Fitting curves for current density data against (c) external pressure and (d) 

sliding velocity. 

To clarify the sensing capability of the C-TSMS, we conducted an extensive linear regression 

analysis, focusing on the correlation between the output current and both the input pressure 

gradient and velocity. Figure 3.12c represents the current density (Jsc) correlated with the pressure 

gradient, varying from 0 to 12.26 kPa, revealing a sensitivity of approximately 6.3 (µA/cm2)/(kPa) 

and an impressive coefficient of determination of 0.996. Similarly, Figure 3.12d illustrates the 

current density as a function of the sliding velocity, ranging from 1.33 to 16.21 cm/s, and indicates 

a sensitivity of –1.31 (µA/cm2)/(cm/s) along with an R2 = 0.998. These results distinctly emphasize 

the exceptional ability of the C-TSMS to enable sensitive detection of both pressure and velocity 

variations. 
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In brief, it has become evident that modifying a single operational parameter while keeping 

other variables constant significantly affects the resulting current densities. Specifically, the 

current density exhibited an increase to a certain extent in response to the increased water 

absorption within the WTCF, ion concentration in water, and applied pressure gradient. Conversely, 

the current density demonstrated a decrease with an increase in sliding velocity. The nature of 

increasing and decreasing tendencies in the current density indicates linearity and can be 

effectively modeled with a linear function. The exceptional coefficients of determination (R2 > 

0.99) prove the substantial potential of the C-TSMS across multifunctional sensing domains, 

particularly for detecting water absorption, ion concentration, pressure variations, and velocity 

changes. 

3.3. Demonstration of self-powered technology 

Figure 3.13a illustrates the complete power-supplying self-powered system, wherein the 

mechanical energy is converted into DC power by using C-TSMS devices, the generated energy is 

then stored in an energy storage unit, and subsequently utilized to directly power functional 

electronic devices. Especially, the capability to generate DC power enables C-TSMS to directly 

charge an energy storage unit without requiring a rectification method, thereby minimizing energy 

losses that arise from power management circuits.  

Although the C-TSMS delivers a high output current density, its output voltage tends to be 

relatively low, affecting its applicability as a power source in self-powered systems. In regard to 

enhancing the voltage output, four unit cells of C-TSMS were connected in a series configuration 

and synchronized their outputs. The corresponding electrical responses are reported in Figure 

3.13b. Interestingly, the configuration produced a peak voltage of approximately 2 V. Subsequently, 

the produced energy was directly employed to charge a capacitor. The voltage variations of 

capacitors charged by these four series-connected C-TSMS cells are illustrated in Figure 3.13c. 

As observed from this figure, charging a 100 µF capacitor to 1.5 V took less than 15 seconds, while 

the charging time for 470 µF and 1000 µF capacitors to the same voltage was 50 and 90 seconds, 

respectively. The inset image shows the curves depicting stored energy with respect to load 

capacitance for various charging durations. The stored energy (Ws) was calculated using Eq. (3.4). 

It can be observed that an amount of approximately 0.77 mJ and 1.23 mJ of energy were stored 
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after around 100 s of charging 470 and 1000 µF capacitors, respectively. This amount of energy is 

sufficient to power several electronic devices. 

 

Figure 3.13: Demonstration of self-powered technology using the C-TSMS. (a) Schematic diagram 

of the complete power-supplying of self-powered system. (b) Enhancement in the output voltage of 

four series-connected C-TSMS cells. (c) Charging characteristics of diverse capacitors charged 

using four series-connected cells. Inset image: stored energy concerning the load capacitance for 

various charging durations. (d) Voltage profile of a 470 µF capacitor charged by four series-

connected cells, accompanied by the operational curve for powering a commercial calculator. 

Importantly, we experimentally clarified the potential application of energy generated from the 

C-TSMS devices by employing it to power a commercial CASIO scientific calculator fx-570ES, 

utilizing a 470 µF capacitor charged by four series-connected C-TSMS. Intriguingly, the stored 

electric energy efficiently powered the calculator for over 50 seconds after a charging time of ~70 

seconds, as shown in Figure 3.13d. This graph plots the voltage profile of the capacitor during the 

charging process and the corresponding discharge curve (working) for sustaining the calculator. 
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This finding proves the great potential of the C-TSMS as a power source seamlessly integrated 

into self-powered systems. 

Concisely, C-TSMS not only introduces the concept of a self-powered system but also 

showcases promising potential as a multifunctional sensor.  This is based on the correlation 

between the current density and various physical and chemical stimuli, as mentioned previously. 

The data exhibited strong linear correlations characterized by high sensitivity and impressive 

coefficients of determination (R2 > 0.99). These abilities give the C-TSMS substantial value for 

self-powered multifunctional sensing mechanisms. 

4. Conclusion 

In summary, this study presents an innovative cellulose-based triboelectric self-powered 

multifunctional sensor. This device effectively generates DC outputs through the use of water-

treated cellulose foam and two metal contacts as active materials. Under optimized conditions, the 

C-TSMS achieves a remarkable current density of 340 µA/cm2 and an induced voltage of 0.5 V. 

Although the relative output voltage may seem low, connecting four C-TSMS cells in a series 

configuration enhances it to a value of 2 V. The harvested energy can be effectively stored in a 

capacitor and used to power various electronic devices, exemplified by successfully powering a 

commercial calculator, demonstrating its practicality in self-powered systems. 

Beyond its power generation capabilities, the C-TSMS proves to be a versatile multifunctional 

sensing mechanism. It exhibits a unique response characterized by robust linear relationships 

between current density and various applied stimuli, including ion concentrations, water 

absorption, pressures, and sliding velocities. The device accurately monitors these stimuli by 

tracking the corresponding output currents, with correlation coefficients consistently exceeding 

0.99, validating their accuracy. In conclusion, the C-TSMS shows substantial potential as an 

innovative approach for mechanical energy harvesting and self-powered multifunctional sensing.  
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CHAPTER IV – ENHANCING PERFORMANCE OF CELLULOSE-BASED 

DIRECT-CURRENT TRIBOELECTRIC GENERATOR 

This work presents an approach for enhancing the performance of the C-TEG proposed in 

Chapter 3 by developing a new structural design, named SLITF-TEG. The new configuration 

comprises a metal electrode mounted on the surface of a dielectric layer, whereas another metal 

electrode was laminated to the WTCF and fixed to a movable substrate. It results in the lateral 

sliding mode of operation instead of the freestanding mode used in C-TEG. The conductive path 

formed by the hydrogen-bonded network of water molecules due to the interaction between water 

and cellulose enables charges generated by friction energy to be separated and transferred directly 

between two metal contacts, resulting in generating DC power. The SLITF-TEG demonstrates an 

impressive current density of 3.57 A/m2 and can harvest electric power up to 0.174 W/m2 with an 

induced voltage of approximately 0.55 V. The device generates a direct current in the external 

circuit, eliminating the limitations of low current density and alternating current found in 

traditional TEGs. By connecting six-unit cells of SLITF-TEG in series and parallel, the peak 

voltage and current can be increased up to 3.2 V and 12.5 mA, respectively. Furthermore, the 

SLITF-TEG has the potential to serve as a self-powered vibration sensor with high accuracy (R2 

= 0.99). The findings demonstrate the significant potential of the SLITF-TEG approach for 

efficiently harvesting low-frequency mechanical energy from the natural environment, with broad 

implications for a range of applications 

1. Introduction 

The demand for alternative renewable energies and energy harvesting technologies has 

increased in recent years, prompting scientists to search for new, green, reliable, and cost-effective 

sources of energy. While mechanical energies from wind, water flow, and ocean waves have been 

established as important sources of power generation, small mechanical energies such as human 

motions, low-frequency vibration, and raindrops have been overlooked due to their low input 

energy [4]. However, the rise of portable and functional electronic devices, such as those used in 

the Internet of Things (IoT), has created a need for continuous, stable, and portable power supplies, 

making energy harvesting techniques a viable option for powering such devices [1-3]. Additionally, 

water-based energy harvesting technology has garnered significant research interest due to its 
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potential, environmental friendliness, and wide availability [5-7]. As a result, researchers are 

focusing on developing devices capable of converting mechanical energy into electrical energy in 

a high-humidity environment.  

The triboelectric generator (TEG) is a technology that can effectively harvest energy from 

small mechanical energy sources, introduced by Wang et al. [8-10]. Traditional TEGs work by 

coupling contact electrification (CE) and electrostatic induction, which involves the accumulation 

of charges with different signs on the corresponding surfaces when two materials are contacted or 

slid against each other [235]. Up to now, while several TEG designs have been developed to 

harvest ambient mechanical energy from the environment, most exhibit alternating current (AC) 

outputs, requiring conversion to direct current (DC) before use for powering electronic devices. 

This can be inconvenient and inefficient, particularly for low-power applications. To address this 

issue, novel strategies and technologies are being developed to directly convert mechanical energy 

into DC power, with a focus on enhancing the output power density, particularly the current density 

[107, 257, 279]. 

Recently, several methods have been proposed for generating DC power using water-based 

systems. These methods include DC-TEGs, which use water electrification and phase control with 

an array of disks [73], gas-liquid two-phase flow-based TENG device that combines contact 

electrification and the breakdown effect [194], and droplet-based electricity generators that 

produce DC power through direct charge transfer at the water-metal contact interface [147, 185, 

188]. Additionally, researchers have developed devices that convert mechanical energy from the 

movement of a water droplet in any direction within a layered structure composed of graphene, 

water, and a semiconductor  [189], as well as the movement of water between two semiconductors 

[143]. A particularly interesting development is the dynamic junction theory proposed by Solares-

Bocmon et al. [246]. This theory explains the mechanism of the direct current generation at solid-

liquid interfaces, which has important implications for the design and optimization of water-based 

energy harvesting devices. According to this theory, when two materials with different work 

functions are brought into contact, a charging effect occurs that aligns their Fermi levels and 

develops a built-in voltage to prevent further net charge transfer. When there is a relative 

mechanical movement at the contact interface, extra electrons and holes are generated due to the 

dynamic junction. These are then separated by the built-in electric field, producing direct current 
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in the external circuit. This means that DC power can be generated due to the movement of the 

water between two conductors. 

On another hand, the output performance of TEGs has been reported to generally decrease in 

the presence of water due to charge dissipation of the triboelectric charges, which can limit their 

effectiveness [214-216]. To overcome this limitation, new materials with high triboelectric charges 

in high-humidity environments need to be identified. For instance, Wang et al. [229] developed a 

TENG that utilizes the participation of water molecules fixed by hydrogen bonds formed with 

hydroxyl groups in a polyvinyl alcohol film to enhance the output performance. This is achieved 

by increasing the charge quantity and, subsequently, the triboelectricity. Mandal et al. [236] 

proposed a DC generator that employs an active protein layer with a hydrogen-bonded network of 

water molecules to transfer charges and generate electricity between two dissimilar metal contacts. 

Interstingly, cellulose has emerged as a promising functional material for the development of low-

cost and eco-friendly energy harvesting technologies [219]. Cellulose contains abundant hydroxyl 

groups that endow it with a strong electron donation capacity, making it highly suitable for the 

triboelectric effect [218, 224]. Moreover, cellulose is hydrophilic and tends to strongly interact 

with water. When cellulose comes into contact with water, the hydroxyl groups spontaneously 

form hydrogen bonds with water molecules. This leads to the fixing of water molecules on the 

surface of cellulose and the formation of a conductive path through the hydrogen-bonded network 

of water molecules [225-228].  This property of cellulose could be an important factor to explore 

in solving the problem of the decreasing trend of electricity performance in high-humidity 

environments. 

In this chapter, we introduce a novel direct-current triboelectric generator (TEG) that uses a 

water-treated cellulose foam (WTCF), made by absorbing water into a cellulose foam, as its active 

layer to generate electric power from low-frequency vibration energy. The SLITF-TEG comprises 

a metal electrode mounted on the surface of a dielectric layer, whereas another metal electrode was 

laminated to the WTCF and fixed to a movable substrate. The mechanism of this device relates to 

the CE and the charging effect between two materials with different work functions, a well-known 

phenomenon that was thoroughly characterized by Lord Kelvin [230, 231]. This device is capable 

of converting mechanical energy from the relative sliding of the WTCF into DC power based on 

the dynamic junction of the WTCF and metal contacts. The study systematically examined the 
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impacts of working parameters and material selection on the SLITF-TEG ‘s output performance. 

Our findings show that SLITF-TEG can produce an impressive current density of 3.57 A/m2, a 

power density of 0.174 W/m2, and an induced voltage of approximately 0.55 V. The voltage and 

current can be increased up to 3.2 V and 12.5 mA by simply synchronizing the outputs of six-unit 

cells of SLITF-TEG connecting in series and parallel, respectively. Six-unit cells in series can 

produce an output energy of 2 mJ in 100 s and store it directly in a 1 mF capacitor without requiring 

rectification. This amount of energy is adequate for powering various electronic devices. 

Additionally, we demonstrate the great accuracy and potential application of SLITF-TEG for 

measuring the vibration frequency/sliding velocity with a high coefficient of determination (R2 = 

0.99). Overall, these results illustrate the high potential of SLITF-TEG in mechanical energy 

harvesting and the field of self-powered sensor fabrication. 

2. Experimental section 

For preparing the materials, aluminum (Al) and copper (Cu) tapes were bought from Ducksung 

Hitech (Ducksung Hitech Co., LTD, Seoul, South Korea). The cellulose foam is manufactured by 

Hankook Tamina (Hankook Tamina Co., LTD, Hanam, South Korea). Distilled water was used 

from our research laboratory. Indium tin oxide (ITO) electrode (10 Ω/sq), polytetrafluoroethylene 

film (PTFE, 100 µm -thick), and polyvinylidene fluoride (PVDF, 50 µm -thick) were purchased 

from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA). Besides, the mica, nylon, and resistors 

were purchased from a local market.  Capacitors were purchased from Rubycon (Rubycon 

Corporation, Nagato, Japan).  

To fabricate the SLITF-TEG, the Cu and Al tapes were cut into rectangular pieces of the same 

size (2 cm x 4 cm or 2 cm x 3.5 cm), and devised the electrical circuit as the bottom and top 

electrodes, respectively. A PTFE film (8 cm x 8 cm) was utilized as the dielectric layer and a water-

treated cellulose foam (WTCF), was fabricated by absorbing distilled water (1 to 3.5 mL) into a 

cellulose foam (3 cm x 4 cm or 2 cm x 3.5 cm; 0.5 cm -thick), was used as an active friction layer. 

The Cu electrode was mounted on the PTFE layer, whereas the Al electrode was laminated to the 

WTCF and fixed to a movable substrate. The WTCF reciprocates on the surface of the dielectric 

layer and the bottom electrode, resulting in the lateral sliding mode of operation of the SLITF-
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TEG. Load resistances (10 Ω to 10 MΩ) and capacitances (0.1 to 6.8 mF) are applied in the external 

circuit. 

The general physical process for energy conversion has three important steps: charge 

generation, charge separation, and charge flow [268]. In the proposed mechanism, charges are 

generated by friction energy during the relative sliding of the WTCF and separated under the effect 

of the built-in electric field developed between the two metal contacts. These charges are facilitated 

to transfer through metal/WTCF/metal counterparts via a conductive path formed inside the WTCF 

in one orientation, leading to generating a direct current through an external circuit. The impacts 

of working parameters and material selection on the output performance of the SLITG-TEG are 

systematically investigated, including vibration frequency, water absorption, different materials of 

the dielectric layers, and electrode pair materials. 

3. Results and discussions 

3.1. Electric output characteristics 

The schematic experimental setup of the system consists of a slider crank mechanism that 

simulates mechanical vibration, a SLITF-TEG cell, and external measuring equipment, as shown 

in Figure 4.1.  

 

Figure 4.1: (a) Schematic diagram and (b) Real photograph of the experimental setup of the 

SLITF-TEG. 

For constructing the SLITF-TEG cell, we used copper (Cu) and aluminum (Al) films (2 cm × 

4 cm) as the bottom and top electrodes, respectively, and placed a PTFE film (8 cm × 8 cm) as 

the dielectric layer. We then fabricated the WTCF by absorbing 3.5 mL of distilled water into a 
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cellulose foam (3 cm × 4 cm × 0.5 cm, 0.64 g -mass). The Cu electrode was mounted on the 

PTFE layer, whereas the Al electrode was laminated to the WTCF and fixed to a movable 

substrate (8.78 g mass). To evaluate the electric output characteristics of SLITF-TEG, The 

WTCF was driven to reciprocate on Cu and PTFE surfaces with a period time of about 2 s, 

corresponding to a sliding velocity of 3.5 cm/s, as shown in Figure 4.2. 

 

Figure 4.2: 3D schematic illustrations of the measurement setup and the external circuit 

corresponding to (a) disconnected and (b) connected states of the ideal cycle of operation. 

We measured the voltage output under the open-circuit condition and plotted the results in 

Figure 4.3a. It can be observed that the device can produce a continuous DC voltage (Voc) with 

all positive pulses due to the continuous reciprocating motion, with an average peak value of ~0.52 

V and a time interval of the pulse ∆T of ~2 s. We also measured the current output under the short-

circuit condition (Isc). The current peaks showed an increasing trend with the increasing number 

of movement cycles and approached a stable saturation value after a sufficiently long time, as 

shown in Figure 4.4a. Figure 4.3b displays the Isc curve based on the saturation, in which a 

similar signal waveform to the voltage output is observed. From this figure, the peak current value 

can reach ~3.12 mA, corresponding to a current density of 2.6 A/m2, and the time interval between 

current peaks is also ∆T. The estimated charge transfer during one movement cycle obtained 3.3 

mC, corresponding to a charge density of 2.75 C/m2, as shown in the inset image. The estimated 

charge transfer Q is described by  

𝑄 = ∫ 𝑖. 𝑑𝑡      (4.1) 

where i is the instantaneous current and t is the time. 
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Figure 4.3: The electrical characteristics of the SLITF-TEG. (a) The open-circuit voltage. Inset 

image: partial magnified view of the voltage. (b) The short-circuit current. Inset image: partial 

magnified view of the current signal and estimated charge transferred. 

 

Figure 4.4: Electrical responses of the SLITF-TEG. The current outputs are measured under (a) 

the short-circuit condition and (b) various load resistances in the external circuit (10 Ω, 150 Ω, 

and 1000 Ω). 

Importantly, we observed that the DC pulse outputs were obtained when the WTCF was 

brought into contact with the Cu electrode following the reciprocating motion. Otherwise, both 

voltage and current outputs are negligible, and the current flow is unidirectional from the Cu 

electrode to the Al electrode. We also confirmed experimentally the DC characteristics of electric 

outputs by applying various load resistances and capacitances in the external circuit. The current 

outputs measured at 10 Ω, 150 Ω, and 1000 Ω load resistances are plotted in Figure 4.4b, and the 

corresponding enlarged views of typical peaks are illustrated in the inset image of Figure 4.5a. All 

these results illustrate pulsed DC characteristics of SLITF-TEG.  
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We also investigated the dependence of current output on the load resistance in a range from 

10 Ω to 10 MΩ and found that the value of peak current can reach 2.386 mA at 10 Ω and 

dramatically decreases to 50 µA and then 50 nA when the load resistance increases to 10 kΩ and 

then 10 MΩ, respectively. Figure 2e also displays the output power (P) as a function of external 

resistance. The power initially increases with increasing the external resistance to reach a 

maximum value of 208.86 µW at 150 Ω, corresponding to a power density of 0.174 W/m2, and 

then decreases with a further increase in the RL-value. We calculated the output power by using 

Eq. (2.3). 

The ability of the SLITF-TEG to generate DC outputs allows for the direct charging of energy 

storage units without the need for a rectifier. We verified this capability by exploring the charging 

behaviors across different load capacitances CL (0.1 to 6.8 mF) of the SLITF-TEG, and the 

experimental results are presented in Figure 4.5b. The trends of charging voltage with the charging 

time and various load capacitances CL have similar tendencies, where the capacitor is typically 

charged rapidly in the beginning and slows down until reaching a saturated voltage. It is noted that 

the smaller CL needs less time to reach saturation than the larger CL. Moreover, the stored power–

time relationships for a fixed capacitor CL = 6.8 mF are plotted in the inset image, which indicates 

an optimum charging time where the maximum stored power is obtained. This inset image also 

shows the stored energy–time relationship, which increases gradually until reaching a saturation 

value of approximately 0.884 mJ. We calculated the stored energy Ws by using Eq. (2.4). 

 

Figure 4.5: (a) The impedance-matching curve of the SLITF-TEG. Power and average current as 

a function of load resistance. Inset image: Enlarged view of typical peaks of current output at 
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different load resistances. (b) Charging voltage on various load capacitances. Inset image: Stored 

energy-time and stored power-time relationships for a fixed capacitor of 6.8 mF. 

3.2. Working mechanism 

SLITF-TEG works by exploiting the natural electron transfer that occurs when two materials 

with different work functions come into contact, in which electrons transfer from the material with 

a lower work function to the material with a higher work function. This transfer continues until the 

Fermi levels of both materials align, resulting in a built-in electric field (Ebi) and a voltage (Vbi) 

across the materials (Figure 4.6a). The built-in voltage 𝑉𝑏𝑖 is given by Eq. (2.1), where 𝜙1 and 

𝜙2 are the material work functions of materials 1 and 2, respectively, and q is the elementary 

charge [230-232, 246].  

 

Figure 4.6: (a) Electron energy levels of materials 1 and 2 before and after making contact. Here, 

EF1 and EF2 are Fermi levels of materials 1 and 2, respectively. (b) Space charge, built-in electric 

field, and potential after two materials are in contact at a static state and separation charges in a 

dynamic state. (c) The working mechanism of the sliding mode SLITF-TEG. (d) Magnified view of 

a current output signal during an ideal operating cycle of the SLITF-TEG. (e) Equivalent circuit 

diagram of the SLITF-TEG. 
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When the two materials are in static contact (i.e., contacted still), the equilibrium state is 

established, and the built-in electric field prevents further net charge transfer. On the contrary, 

when they are in dynamic contact (i.e., sliding), extra charges (or nonequilibrium carriers) can be 

generated due to mechanical friction energy (Figure 4.6b). These extra charges (Qtri) can come 

from two sources: (1) charges generated by the CE during the sliding friction and (2) charges 

generated by energy released as a result of bond breakage at the interface during dynamic friction. 

These extra charges will be separated under the effect of the built-in electric field in one orientation, 

providing the main driving force of DC generation in the SLITF-TEG. The generated current 

density (𝐽𝑆𝐶) can be expressed by Eq. (2.2) [247, 248]. Therefore, the use of WTCF plays a crucial 

role in generating high-output performance. As mentioned above, the interaction between the water 

and cellulose leads to the fixing of water molecules on the surface of cellulose and the formation 

of a conductive path through the hydrogen-bonded network of water molecules inside the cellulose 

foam. Accordingly, more charges will be generated during the friction and these charges will be 

facilitated to flow through the whole circuit, leading to generating high-output performance, 

particularly high-output current.  

The working mechanism of SLITF-TEG is illustrated in Figure 4.6c. When the WTCF was 

not in contact with the bottom electrode (Cu), there was no current output in the external circuit 

(Figure 4.6c, step 1). However, when it was brought into contact, the top electrode (Al) affixed to 

WTCF was connected electrically with the Cu electrode through a conductive path formed by the 

hydrogen-bonded network of water molecules inside WTCF (Figure 4.6c, step 2). This leads to 

the development of the built-in electric field/voltage across Al and Cu electrodes caused by their 

difference in work functions. During the sliding of WTCF on the Cu electrode, extra charges are 

generated due to CE at the contact interface and then separated by the built-in electric field via the 

conductive path. The work functions of Cu and Al were approximately 4.7 eV and 4.2 eV [236, 

246, 280-282], respectively; thus, the built-in electric field points from the Al electrode to the Cu 

electrode. As a result, charges will flow through WTCF/metals interfaces to the external circuit in 

one orientation. Concisely, negative charges/electrons generated by the friction energy transfer 

from the Cu electrode to WTCF and then to the Al electrode via the conductive path formed inside 

WTCF under the effect of the built-in electric field and eventually to the Cu electrode via the 

external circuit. The output electrons flowed unidirectionally from the Al electrode to the Cu 
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electrode, resulting in DC power generation. The DC outputs are still obtained even when WTCF 

continues sliding to the end of the right alignment (Figure 4.6c, step 3) and then moving back to 

the initial state (Figure 4.6c, step 4). The reverse lateral sliding process is the same as in Figure 

5.3c, step 2. Thereafter, no current flowed in the external circuit when WTCF separated from the 

Cu electrode and moved backward to the initial position as in Figure 5.3c, step 1. 

Briefly, the working mechanism of SLITF-TEG can be divided into two primary states. In the 

first state, the WTCF and the Cu electrode were separated, and the electric outputs were negligible 

(Figure 4.6c, step 1). In the second state, the WTCF was brought into contact and slid on the 

surface of the Cu electrode (Figure 4.6c, steps 2–4), and voltage/current was generated. The 

maximum output was achieved when the WTCF and the Cu electrode were in full contact (Figure 

4.6c, step 3). Consequently, the SLITF-TEG can produce continuous pulsed DC electricity by 

periodically sliding the WTCF. Notably, the DC characteristics of the device depend on the built-

in electric field developed between two electrodes.  

A detailed current output signal during one movement cycle, measured at a load resistance of 

150 Ω, is shown in Figure 4.6d, demonstrating the consistency between the electrical responses 

and the working mechanism. The current output starts when the WTCF contacts the Cu electrode 

(i1) and increases until the WTCF and the Cu electrode are in full contact (i2). When the WTCF 

moves backward (i3), the current value decreases as the contact area between the WTCF and the 

Cu electrode decreases. Once the WTCF separates from the Cu electrode (i4), the current becomes 

negligible. The corresponding experiment is presented in Figure 4.7. 

It is worth noting that the Cu/WTCF/Al structure acts as a diode-like component, allowing 

current to flow through the structure in a single orientation during the electricity generation process. 

Looking at the device from a circuit perspective, the SLITF-TEG can be modeled as a friction-

induced generation diode-like voltage source (Vs) (Cu/WTCF/Al—related to the voltage 

difference formed by the nonequilibrium carriers during the sliding friction), an internal resistance 

Ri (WTCF), and a load resistance RL. This device can produce DC output (IL) and voltage (VL) 

through the external resistance RL. Figure 4.6e illustrates the equivalent circuit diagram of SLITF-

TEG.  

https://www.powerthesaurus.org/briefly/synonyms
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Figure 4.7: Demonstration of the consistency between the electrical responses and the working 

mechanism of the SLITF-TEG. 

3.3. Affecting parameters 

In order to gain further insights into the electrical output and impedance characteristics of the 

SLITF-TEG, we explored the influence of different working parameters. As a model study, we 

first investigated the important role of mechanical friction in generating high-output performance. 

We measured the electric responses when keeping the WTCF stationary on the Cu electrode and 

then compared it with that of the sliding mode mentioned earlier. The electric outputs of the 

stationary mode showed a constant voltage of approximately 0.52 V, while the current dramatically 

decreased from 75 µA to a stable saturation value of 8 µA after 700 s (Figure 4.8). Although the 

maximum voltages in both stationary and sliding modes were almost the same, the current 

generated in the sliding mode was more than 375 times higher than those in the stationary mode, 

demonstrating the essential role of mechanical friction and the CE in enhancing the output 

performance of the SLITF-TEG. 
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Figure 4.8: The comparison of (a) open-circuit voltage and (b) short-circuit current of the SLITF-

TEG in the stationary and sliding modes. 

Simultaneously, we examined the effects of sliding velocity, which is driven by the vibration 

frequency of the reciprocating motion, on the maximum instantaneous electric outputs (Voc and 

Isc). By comparing the electric outputs under different vibration frequencies in the range from 0.21 

to 2.22 Hz, we found that the sliding velocity had little effect on the peak values of Voc and Isc, 

with a slight difference of less than 1% and 6%, respectively (Figures 4.9 and 4.10a). However, 

we observed a decreasing trend in the time interval for reaching the maximum instantaneous 

current and the transferred charge (Qc) during one movement cycle with increasing vibration 

frequency, as depicted in Figure 4.10b. From this figure, the value of Qc decreased from 6.55 to 

0.64 mC/cycle when the vibration frequency increased from 0.21 to 2.22 Hz. This could be due to 

the decrease in the working period caused by the increase in the vibration frequency. 

 

Figure 4.9: (a) Open-circuit voltage and (b) Short-circuit current of the SLITF-TEG under different 

vibration frequencies. 
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Figure 4.10: The dependence of (a) open-circuit voltage and short-circuit current and (b) 

Transferred charges during one movement cycle on the vibration frequency. Inset image: Enlarged 

view of typical peaks of current output with different frequencies. 

We also investigated the essential role of water absorption of WTCF on the electric outputs to 

further optimize the output performance of the SLITF-TEG. Water absorption is defined as the 

amount of water absorbed by the cellulose foam and is calculated as the ratio of the weight of 

water absorbed to the weight of the dry cellulose foam. The results showed an impressive power 

generation capacity, in which the current output exhibited an upward trend from 0.5 to 3.12 mA, 

corresponding to a current density from ~0.42 to 2.6 A/m2, when the water absorption of the 

WTCF increased from 1.56 to 5.46 g/g, as presented in Figure 4.11a.  

This was presumably due to the effect of the internal resistance of WTCF on the current output. 

Previous studies have demonstrated that the increasing amount of absorbed water leads to an 

increase in the concentration of hydrogen bonds, resulting in a decrease the internal resistance 

[236]. Therefore, charges generated during the sliding motion are facilitated to transfer through 

the conductive path formed by the hydrogen-bonded network of water molecules inside WTCF, 

leading to generating high output current. To test this hypothesis, we measured the internal 

resistance of WTCF at different water absorption levels, finding that the internal resistance of 

WTCF considerably decreased from 217 to 102 kΩ when the water absorption increased from 1.56 

to 5.46 g/g (Figure 4.11b). Meanwhile, the peak voltage output remained almost the same at ~0.52 

V despite the increase in water absorption. 
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Subsequently, to demonstrate the crucial role of the WTCF in the enhancement of energy 

conversion of the SLITF-TEG, we compared it to a conventional solid-solid triboelectric generator 

(SS-TEG) with the same structural design but using dry cellulose foam instead of WTCF. We found 

that SS-TEG exhibited a peak Voc of about 0.2 V and Isc of 30 nA with AC output characteristics 

(Figure 4.12).  

 

Figure 4.11: The dependence of (a) open-circuit voltage and short-circuit current and (b) Internal 

resistance of WTCF on the water absorption. 

 

Figure 4.12: (a) Open-circuit voltage and (b) Short-circuit current of the SS-TEG using a dry 

cellulose foam. 

Furthermore, we also realized an electrochemical cell (EC) composed of Al and Cu electrodes 

immersed in water, which implied constant voltage and current outputs with average values of ~0.5 

V and 5 µA, respectively (Figure 4.13a). Comparison between the SLITF-TEG, SS-TEG, and EC 

found significant improvements in generating a high output current of SLITF-TEG, with over 600 
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times more output current than both the SS-TEG and EC (Figure 4.13b). Notably, the internal 

resistances in the cases of SS-TEG and EC are respectively obtained at 6 MΩ, and 1.2 MΩ, 

considerably higher than the internal resistance of the SLITF-TEG (102~207 kΩ). Overall, these 

results strongly support our conclusion that fabricated WTCF is essential for an effective 

mechanical-to-electrical energy conversion technology. 

 

Figure 4.13: (a) Open-circuit voltage and short-circuit current of an electrochemical cell. (b) 

Comparison in output performances of SS-TEG, EC, and SLITF-TEG. 

Further research revealed how the dielectric layer impacts the output performance. In the 

triboelectric mechanism, selecting material pairs with a large difference in surface charge is critical 

for generating more triboelectric charges and then maximizing the outputs. As previously 

mentioned, water and cellulose foam are combined into one reactive entity and participate in CE 

as a high electropositivity material. Certainly, a dielectric layer with a high negative surface charge 

is suitable for generating a relatively high electrical [283]. To confirm this, we considered different 

polymers within the triboelectric series, including (most negative) PTFE, PVDF, nylon, and mica 

(most positive), as possible dielectric layers. Experimentally proved that the peak voltage remained 

at almost the same value, but more negative materials exhibited higher current outputs (Figures 

4.14 and 4.15).  

The average peak Isc generated using mica as the dielectric layer was observed at 2.23 mA, 

with an estimated charge density of about 1.61 C/m2. Replacing the mica layer with nylon, PVDF, 

and PTFE layers resulted in a significant improvement in the average peak Isc by approximately 

13%, 31%, and 37%, while the transferred charge density increased by 26%, 36%, and 64%, 

https://www.powerthesaurus.org/certainly/synonyms
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respectively. Interestingly, the maximum current output order matched well with the triboelectric 

ordering between the materials of the dielectric layers, where the more negative triboelectric 

materials generated higher current outputs. This increasing trend could be attributed to the increase 

in the number of triboelectric charges generated by the CE of the WTCF and the dielectric layer. 

The electropositive WTCF produced more triboelectric charges during CE with a higher negative 

triboelectric material, resulting in higher current outputs. 

 

Figure 4.14: (a) Open-circuit voltage and (b) Short-circuit current of the SLITF-TEG using 

different materials of the dielectric layer. 

 

Figure 4.15: The dependence of (a) open-circuit voltage and short-circuit current and (b) 

transferred charge density during one movement cycle using different polymers for dielectric 

layers. 
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3.4. Applications 

To demonstrate the great potential application of SLITF-TEG as an advanced mechanical 

energy harvester, we compared its output performance with various cellulose-based 

nanogenerators and DC mechanical energy harvesters [12, 34, 61–72] (see Table 4.1). For instance, 

Bai et al. [224] developed a high-output CP/LTV-TENG that can produce a peak Voc of 478 V and 

a current density (Jsc) of 0.063 A/m2. Chen et al. [107] reported a low-cost and efficient DC FLU-

TENG that can generate DC energy with a peak Voc of 4500 V and a Jsc of 0.0084 A/m2. Moreover, 

Zheng et al. [254] designed high-performance flexible piezoelectric nanogenerators using a 

flexible porous CNF/PDMS aerogel film that can produce a Voc of ~60 V and a Jsc of ~0.0505 

A/m2. Although SLITF-TEG shows a high current output density, the voltage output is relatively 

low, around 0.5 V, compared to the reported studies. In regard to enhancing the maximum voltage 

and current outputs, multiple unit cells of SLITF-TEG could be connected in series or parallel and 

synchronize their outputs. Importantly, the output current density generated by SLITF-TEG 

increased by 376% compared to those generated by the C-TEG mentioned in Chapter II, 

demonstrating the advance of this newly designed device in enhancing output performance (see 

Table 4.1). 

Table 4.1: Peak voltage and current density of various mechanical energy harvesters 

Types Active materials Size 

Peak 

voltag

e (V) 

Current 

density 

(A/m2) 

Ref. 

Piezoelectri

c Generator 

C/PDMS/AuNPs 3.5 cm x 8.5 cm 6 V 2.35.10-4 [251] 

CMC/PDMS/CNT 
3.3 cm x 2.5 cm 

x 2 mm 
30 6.06.10-4 [255] 

Cellulose/SbSI 
1 cm x 1 cm x 

50 µm 
0.024 2.10-4 [253] 

TOCN/PDMS 
1 cm x 2 cm x 

0.48 µm 
60 5.05.10-2 [254] 

MoS2/PVDF 3 cm x 3 cm 50 3.33.10-5 [252] 

ZnO nanowire array ~2 mm2 10-3 7.5.10-5 [260] 

ZnO nanosheets/Zn: Al 

layered double hydroxide 

layer 

6 mm2 0.38 0.217 [256] 

Triboelectri

c Generator 

Treated wood 4.5 cm x 4.5 cm 81 8.89.10-4 [220] 

PCL/GO 4 cm x 4 cm 120 2.5.10-3 [221] 

Ppy-MWCNT 6.25 cm2 196.8 5.04.10-2 [223] 
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CA/PEI/LTV 5 cm x 5 cm 478 6.30.10-2 [224] 

PA/nylon-66 6.8 cm x 7 cm 4500 8.40.10-3 [107] 

FEP/Cu/Steel/Acrylic/ABS 7.5 cm x 7 cm 149.5 4.11.10-3 [106] 

PTFE/Acrylic 10 cm2 33 0.065 [109] 

 Cellulose/Water/Al/Cu 1 cm x 4 cm ~0.5 0.75 
Chapter 

II 

Our 

generator 
Cellulose/Water/Al/Cu 2 cm x 3.5 cm ~0.5 3.57 

This 

work 

In this study, WTCF was fabricated by absorbing 2.5 mL water into a cellulose foam with the 

dimension of 2 cm × 3.5 cm × 0.5 cm (0.37 g -mass). The corresponding electrical responses are 

reported in Figure 4.16, which prove that a single cell of SLITF-TEG can produce a maximum 

instantaneous Voc of 0.55 V and Isc of 2.5 mA, corresponding to a current density of 3.57 A/m2. 

Intriguingly, six-unit cells connecting in parallel could produce a peak current of about 12.5 mA, 

and a voltage of approximately 3.2 V could be obtained by six-unit cells connecting in series. 

Remarkably, the ability to generate DC outputs enables this device to directly charge an energy 

storage unit, such as a capacitor, without requiring any rectifier. The charging behaviors of different 

capacitors are presented in Figure 4.17.  

 

Figure 4.16: Demonstration of application of SLITF-TEG. (a) Enhancing instantaneous voltage 

by connecting six-unit cells in series. (b) Enhancing instantaneous current by connecting six-unit 

cells in parallel.  

Moreover, the curves of stored energy concerning the load capacitance for various charging 

times presented in Figure 4.18a declare the highest stored energy is obtained at 2 mJ in the 1 mF 

capacitor after a charging time of ~100 s, suggesting that the optimal capacitance is 1 mF. This 

amount of energy is sufficiently high for directly powering many electronic devices. We 
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experimentally clarified by powering a commercial light-emitting diode directly from six-unit cells 

of SLITF-TEG connecting in series (inset image of Figure 4.18a). This proves the promising 

potential of SLITF-TEG as a power source to run electronic devices for various practical 

applications. 

 

Figure 4.17: (a) Charging behaviors of six-unit cells of SLITF-TEG at different load capacitances. 

(b)  Stored energy-time and stored power-time relationships for a fixed capacitor of 1 mF. 

More interestingly, SLITF-TEG not only provides a mechanical-to-electrical conversion 

concept but also demonstrates a promising potential application as a self-powered sensor based on 

the dependence of transferred charges during one movement cycle (Qc) and the vibration 

frequency (f). To validate the sensing capability of the device, we drove the reciprocating motion 

at various frequencies in a range from 0.21 to 2.22 Hz. The experimental results are presented and 

discussed above (Figure 4.10), where the value of Qc decreases from 6.55 to 0.64 mC/cycle when 

the applied vibration frequency increases from 0.21 to 2.22 Hz, respectively. After analyzing the 

data and fitting a curve, we found a strong inversely proportional relationship between the 

transferred charge during one period of motion and the vibration frequency. The fitting curve can 

be described by a simple inverse function equation 

Qc = 𝐾.
1

𝑓
      (4.2) 

where K is the constant of proportionality, as presented in Figure 4.18b. The data followed an 

inverse power function with a constant K of 1.4587 and a high coefficient of determination R2 of 

0.99, indicating a high level of accuracy and the potential application of this function in 

determining the vibration frequency and then sliding velocity. 
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Figure 4.18: Demonstration of application of SLITF-TEG. (a) Stored energy concerning the load 

capacitance for various charging times. Inset image: a light-emitting diode powered by six-unit 

cells in series. (b) Inverse regression analysis between the transferred charge and the frequency of 

the reciprocating motion. 

4. Conclusion 

In summary, this study has demonstrated the effectiveness of the liquid-solid interface-treated 

foam triboelectric generator (SLITF-TEG) in converting mechanical energy into DC power. The 

SLITF-TEG utilizes cellulose-water interface-treated foam as an active layer and generates 

electricity through a combination of contact electrification due to the sliding friction and the direct 

charge transfer between two electrodes with different work functions. The research systematically 

examined the impacts of working parameters and material selection on the SLITF-TEG ‘s output 

performance. The results highlight the significant influence of triboelectric material properties on 

current output, while voltage output is dependent on the materials of the electrode pairs. Under 

optimized conditions, a single SLITF-TEG can produce DC power with a remarkable current 

density of 3.57 A/m2. By connecting multiple unit cells of SLITF-TEG in series and parallel, it 

becomes possible to increase the maximum voltage and current outputs, making the device suitable 

for powering electronic devices in various practical applications. Moreover, the SLITF-TEG 

exhibits a strong inversely proportional relationship between the transferred charge of one 

movement cycle and the vibration frequency (R2 = 0.99), indicating its potential as an efficient 

approach for mechanical energy harvesting and self-powered sensor development.  
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CHAPTER V – CONCLUSION AND FUTURE WORK 

1. Conclusion 

The thesis carries out extensive research on the conversion of mechanical energy to electrical 

energy based on triboelectricity. Chapter I provides a comprehensive overview of fundamental 

theories, basic principles, structural designs, affecting factors, and applications of the FluTENG, 

encompassing both water-based and air-based energy systems. In this chapter, the recent progress 

of self-powered sensors based on the FluTENGs is reviewed, with discussions on their pros and 

cons. The chapter emphasizes the need to address challenges related to optimizing structural design, 

material selection, charge generation, and collection methods to efficiently convert mechanical 

energy into DC power. It also highlights the importance of achieving higher power and current 

densities for enhanced energy harvesting and sensitivity. This chapter lays the groundwork for the 

innovative energy harvesting and sensing technologies proposed in the subsequent chapters. 

This thesis proposes an innovative method for harvesting mechanical energy by harnessing the 

combined effects of triboelectrification and direct charge transfer between two metal contacts. This 

approach deviates from the traditional TENGs, which rely on the electrostatic induction process 

for energy collection. The device consists of a dielectric layer, a water-treated cellulose foam as 

the active layer (WTCF), and two metal contacts. As the active layer undergoes continuous 

reciprocating motion, it generates electrical energy with pulsed DC characteristics. The energy 

conversion process involves three main steps: (1) Charge generation through the triboelectric effect 

due to friction energy; (2) Charge separation as generated charges are separated under the built-in 

electric field developed between two metal contacts through the hydrogen-bonded network inside 

the active layer; and (3) Charge flow between the electrodes in one orientation, resulting in the 

unidirectional flow of output electrons in the external circuit, ultimately achieving DC power 

generation. 

In Chapters II and III, this thesis introduces and tests two original demonstrations in the realms 

of energy harvesting and sensing technologies. The setup employed in these chapters involves two 

parallel metal contacts on a dielectric layer, designed to capture electricity generated by the sliding 

of the WTCF layer, operating in a freestanding mode. Several unique aspects stand out in terms of 

theory, device structure, and applications: 



102 

 

1. Systematic study: the thesis thoroughly examines various physical characteristics to identify 

critical parameters for material selection in triboelectrification and the optimization of 

structural designs. 

2. Stimuli analysis: It investigates and analyzes different physical and chemical stimuli, including 

sliding velocity, pressure, ion concentration, and water absorption, as key factors influencing 

the device's performance. 

3. Multistimuli detection: The device can detect multiple input stimuli based on the correlation 

between the output signals, particularly the current output, and the applied stimuli. 

4. Power generation: The device produces sufficient energy to power electronic devices, 

showcasing its potential as a reliable power source. 

5. Unified energy harvesting and sensing: The combination of energy harvesting and sensing 

technologies within a single device holds significant promise for the development of self-

powered sensing systems. 

For more details, in Chapter II, the device exhibits impressive performance characteristics, 

including a current density of around 0.75 A/m2 and an induced voltage ranging from 0.48 V to 

0.9 V, displaying consistent DC characteristics. It also demonstrates remarkable accuracy in 

measuring ion concentration in aqueous solutions, achieving a high correlation coefficient 

(R2=0.996). Additionally, the potential for increasing the output voltage and current is explored by 

connecting multiple unit cells in series and parallel configurations. 

In Chapter III, the device successfully integrates mechanical energy harvesting with 

multifunctional sensing, showcasing its capabilities as a self-powered multifunctional sensor. The 

sensing technology reveals strong linear relationships between the output current density and 

various stimuli, including pressure, sliding velocity, water absorption, and ion concentrations, 

consistently exceeding a correlation coefficient of 0.99. To operate in a self-powered mode, 

connecting four-unit cells in series can yield a peak voltage of 2 V. The generated energy can be 

stored in a capacitor and effectively powers a commercial calculator, offering the potential to 

eliminate the need for an external power source. 

In Chapter IV, an effective method for enhancing the device’s output performance through 

innovative structural design is introduced and demonstrated. This newly designed device features 
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a metal contact attached to the WTCF, moving in tandem as the active layer, while the other metal 

contact is situated on the dielectric layer. This configuration departs from the freestanding mode 

of operation in Chapters II and III, adopting a new sliding mode of operation.  As a result, the 

device achieves a significant boost in output performance, reaching an ultrahigh level of current 

density, surpassing amperes per meter squared. Specifically, the maximum instantaneous current 

and power densities increase to 3.57 A/m2 and 174 mW/m2, respectively. 

2. Future work 

The current cellulose-based TEGs have made significant progress compared to traditional 

TENGs, but there are still challenges to overcome. These include low electrical output and 

relatively low voltage outputs (around 0.5-0.9 V), which can be inconvenient for powering 

electronic devices requiring higher voltages. Additionally, these devices have been manually 

fabricated for small-scale testing, and there is a need for advancements to enable large-scale 

production. Material selection is crucial for improving device durability and environmental 

suitability, presenting a challenge for current C-TEGs. Standardized comparison methods are also 

needed for sustainable development in this field. 

The future direction of research focuses on: 

1. Developing a universal energy harvesting system capable of converting various forms of 

mechanical energy from natural and environmental sources, such as human movements, wind, 

waves, raindrops, transportation, and vibrations. 

2. Creating multifunctional sensing systems that can detect and monitor physical, chemical, and 

biological information from diverse environments. 

3. Designing self-charging power sources, such as mechano-electrochemical supercapacitors and 

packaging, to provide energy for electronics, hydrogen production systems, and smart city 

applications. 

4. Designing self-powered smart sensors for integration into smart vehicles, intelligent 

transportation, healthcare monitoring, and human-machine interaction systems. 

To address these challenges, future work should focus on: 
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1. Enhancing electrical outputs by increasing contact area, charge density, and potential 

difference, as well as improving energy storage and utilization through power and energy 

management units. 

2. Tackling industrialization and manufacturing issues by creating adaptable infrastructure, 

simplifying materials and processing steps, and achieving cost-efficiency and versatile designs. 

3. Ensuring environmental suitability by improving materials for extreme conditions, enhancing 

environmental durability, and developing methods to estimate unpredictable conditions like 

corrosion and wear. 

4. Implement standardization by establishing comprehensive measurement and comparison 

methods for output performance and efficiency, facilitating standardized evaluation of progress 

in the field. 

 

Figure 5.1: Schematic diagram showing the overview of the future direction of research.   
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