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Abstract 

Triboelectric Nanogenerators (TENGs) have been proposed as a method of converting 

external mechanical energy into electricity. Placing these generators in a position to 

passively harness enough energy to power small devices could reduce the dependence on 

batteries and recover energy that otherwise would be lost as heat. When two dielectric 

materials on opposite sides of the triboelectric series come into contact, charge transfer will 

occur according to the triboelectric effect: Charge will move between materials to equalize 

the electromechanical potential, leaving the two dielectrics oppositely charged. When the 

two charged dielectric layers separate, their opposite surface charges create an electric field 

that induces a voltage between the top and bottom electrodes, which are connected through 

a load. If this separation and contact motion repeats periodically, the device produces a 

continuous alternating current signal. Production of these generators has yet to be 

streamlined, and there is no current standardized production method for these devices. The 

Cold Spray (CS) process is proposed in this study as a method of producing a simple and 

low cost TENG.  

CS is a coating technique where solid powder particles are accelerated in a supersonic gas 

stream to be deposited on a substrate. Once impacting the substrate, particles undergo 

plastic deformation remaining entirely in their solid state and bond to the substrate. Using 

CS, triboelectric materials can be deposited directly on electrodes, streamlining and 

allowing the scaling of the manufacturing process and building a simple and low cost 

TENG. Aluminum, Copper and Perfluoroalkoxy Alkane polymer powders were deposited 

on copper substrates acting as electrodes to produce the necessary triboelectric layers. 

Electrical tests were then performed at varying resistances and frequencies to determine 

the maximum power output. The overall and theoretical maximum conversion efficiencies 

were then calculated. It was found that the roughness of materials deposited with the cold 

spray process added to the efficacy, a promising result for industrial adoption where low 

frequency alternating current is needed. 
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1      INTRODUCTION 

1.1 Background 

In recent years, the development of sustainable, efficient, and portable energy sources has 

become a primary goal across scientific and engineering fields. The rapid rise in demand 

for autonomous, wearable, and mobile electronics has spurred researchers to explore 

various methods of energy harvesting from ambient sources, such as solar, thermal, and 

mechanical energy [1]. Among these, mechanical energy harvesting is especially appealing 

due to the vast availability of kinetic energy from human motion, environmental vibrations, 

and natural mechanical processes. To capture this untapped potential, triboelectric 

nanogenerators (TENGs) have emerged as a revolutionary technology, providing a 

versatile and eco-friendly method of converting mechanical energy into electrical energy 

[2], [3]. 

TENGs operate based on the triboelectric effect, where charge separation occurs between 

two materials with differing affinities for electrons. When the materials come into contact 

in a TENG, electrons transfer between their surfaces based on their positions in the 

triboelectric series, leaving one surface positively charged and the other negatively 

charged. When the materials separate, this fixed charge imbalance creates an electric field 

that drives electrons through the external circuit, producing a current. The performance of 

TENGs can be optimized by selecting appropriate material combinations and design 

architectures, making them suitable for a range of applications, from wearable electronics 

to environmental monitoring [4].   

Cold spray (CS) is a solid-state deposition process that has garnered significant attention 

in material science and manufacturing due to its unique advantages over conventional 

thermal spraying [5]. In CS, particles are accelerated through a supersonic flow and adhere 

to a substrate upon impact without reaching melting temperatures, thereby preserving the 

intrinsic properties of the feedstock materials [6]. This method has found applications in 

fields that require high-quality coatings, such as in aerospace [7], biomedical devices [8], 

and in repair and service technologies [7], [9]. 
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The integration of CS with triboelectric nanogenerators is an innovative approach that 

leverages the mechanical properties and adhesion strength provided by the CS process, 

potentially enhancing the durability and longevity of TENGs. By enabling a low-

temperature deposition of triboelectric materials, CS allows for the preservation of 

polymeric and metallic properties that would otherwise degrade under high temperature 

processes, expanding the range of materials that can be incorporated into TENGs. 

The performance of a TENG is highly dependent on the selection of triboelectric pairs [4] 

[11], where one material acts as a tribopositive (electron donating) surface and the other as 

a tribonegative (electron withdrawing) surface. In this study, polytetrafluoroethylene (PFA) 

is used as the tribonegative material, known for its high electron affinity [12], [13] and 

stability, while aluminum is chosen as the tribopositive material due to its favorable 

mechanical properties, conductivity, and relative ease of deposition by CS [14]. Copper 

(Cu) is used as the substrate and subsequent electrode material, as it is a common electrical 

conductor and has served as a durable substrate in CS. Cu overall provides the conductivity 

and mechanical integrity to support a TENG’s operation. 

This selection of materials should form a durable and efficient system, allowing the TENG 

to achieve high performance under a range of mechanical stresses and frequencies. By 

using a CS method to deposit PFA and aluminum onto copper substrates, the triboelectric 

layers are expected to exhibit enhanced density, adhesion and mechanical robustness. As 

CS has not been used as the primary manufacturing process to construct TENGs, an 

investigation into the electrical performance will be a primary novelty. 

The vertical contact-separation triboelectric nanogenerator (VS-TENG) is one of the most 

studied TENG designs due to its simple architecture and efficient energy harvesting 

capabilities [4], [15]. In this configuration, the triboelectric materials are positioned so that 

periodic contact and separation generate electrical output as charges transfer between the 

surfaces. This configuration is particularly suitable for wearable and environmental sensors 

[16], where contact-separation motion is readily available, and consistent energy output is 

required. 

For this study, the vertical contact-separation TENG design is chosen due to its mechanical 

simplicity [15] and proven efficiency in energy conversion. The selection of materials and 
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the CS deposition process are expected to enhance the TENG's overall performance, 

providing a potentially scalable and sustainable solution for energy harvesting applications. 

1.2 Research Objectives 

This work aims to explore the performance of a VS-TENG constructed using the CS 

process, with a specific focus on the deposition of PFA and Al on Cu substrates. The 

objectives of this research are to: 

1. Design and Fabrication: Develop a functional vertical contact-separation TENG 

using Cold Spray to deposit PFA as the tribonegative material and aluminum or 

copper as the tribopositive/bonding layers on a copper substrate. 

2. Characterization of Triboelectric Performance: Quantify the electrical output of 

the TENG, including open-circuit voltage, short-circuit current, transferred charge, 

and power, under controlled mechanical contact-separation cycles. 

3. Durability and Material Analysis: Evaluate the mechanical stability and coating-

substrate adhesion of the TENG over repeated cycles and investigate the effects of 

microstructural features such as cracks and coating integrity on electrical 

performance. 

4. Efficiency and Theoretical Modeling: Understand the theoretical model for the 

vertical contact-separation TENG that describes the electric field evolution during 

separation, quantify energy conversion efficiency, and analyze each step of the 

TENG cycle as part of a thermodynamic framework. 
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1.3 Thesis Outline 

The thesis is organized into seven chapters. Chapter 1 consists of an introduction to the 

research along with a brief overview of the research objectives.  

Chapter 2 provides a literature review of TENGs, focusing on developing a foundation by 

introducing the triboelectric series, the different design configurations along with their 

uses, advantages and potential drawbacks, material choices, and current fabrication 

methods with CS being proposed as an alternative. As CS is an incremental development 

of existing thermal spraying methods, CS along with other thermal spraying methods are 

also briefly discussed.  

Chapter 3 expands the theoretical background to quantify the operation of the VS-TENG 

through a simple mathematical model along with the typical VS-TENG cycle and 

efficiencies.  

Chapter 4 defines the research objectives of this work, along with the methodology used 

for each step. 

Chapter 5 outlines the experimental setup and methodology used in the CS deposition and 

coating characterization process, along with the equipment used in the electrical testing 

and characterization.  

Chapter 6 presents the results and discussion of the TENG's performance, including the 

impact of material properties and deposition techniques.  

Finally, Chapter 7 concludes with a summary of findings and recommendations for future 

work. 
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2 LITERATURE REVIEW 

2.1 The Triboelectric Effect 

The triboelectric effect is a fundamental physical phenomenon where certain materials 

become electrically charged after they come into contact and are subsequently separated 

[17]. This effect, one of the oldest known to humanity, is necessary to understanding the 

operation of TENGs, as their ability to convert mechanical energy into electrical energy is 

governed by this phenomenon. With growing interest in sustainable and self-powered 

devices, the triboelectric effect has led to applications in energy harvesting and sensing. 

Understanding this effect's mechanisms and influencing factors is essential for optimizing 

TENGs and similar technologies. 

2.1.1 Origins and Discovery 

Historically, the triboelectric effect was first documented by the ancient Greeks [18], who 

observed that rubbing amber, which is an electron withdrawing material, with fur caused it 

to attract small objects. The word “triboelectric” itself originates from the Greek word 

“Tribos” meaning “to rub”. However, only in recent centuries has the effect been studied 

more systematically. In the 20th century, advancements in material science and physics 

facilitated a deeper understanding, revealing that contact and separation create a charge 

imbalance due to material-specific electron affinities. This discovery paved the way for the 

development of the triboelectric series, which ranks materials according to their tendency 

to gain or lose electrons. 

2.1.2  Mechanisms  

While widely observed, the exact mechanism of the triboelectric effect remains a subject 

of scientific investigation. The dominant theory suggests that contact between materials 

leads to electron transfer based on differences in electron affinity [17], [19], which creates 

a potential difference upon separation [20]. This electron-transfer theory claims that 

materials with higher electron affinities tend to gain electrons, becoming negatively 

charged, while materials with lower electron affinities lose electrons, becoming positively 

charged [17], [19], [20]. The most common example is a balloon rubbing on human hair. 

Human hair has a tendency to lose electrons to the balloon [21]. As a result, the balloon 
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now gains electrons and an electric field is produced between the hair and the balloon, 

which is why the hair stands. This is illustrated below in Figure 1. 

 

Figure 1: Hair rising towards a balloon [22] 

Alternative theories propose that ions or material particles may transfer during contact, 

impacting the charge distribution [23], but this is a novel theory and does not have 

experimental evidence. Some research also indicates that surface characteristics, such as 

roughness [4], [24], elasticity [25], [26], and hardness [27], can affect the mechanism by 

creating additional localized points for charge transfer. Despite the dominant electron-

transfer hypothesis, these alternative explanations outline the complexity of the 

triboelectric effect and the need for further research into its mechanisms. As the 

triboelectric effect is currently best described by the transfer of electrons [4], [17], [19] it 

will be used as the main description of the phenomenon and subsequent equations of state. 

Several material and environmental factors significantly impact the strength and 

consistency of the triboelectric effect. These include the material composition, surface 

roughness, environmental conditions, and contact force and separation speed [24], [25], 

[26], [28], [29]. 

Materials with higher affinities for electrons are more effective because they tend to attract 

and hold electrons when in contact with other materials. When paired with materials that 

readily lose electrons, this difference in electron affinity creates a larger surface charge 

during contact and separation, resulting in a higher potential difference. [31]. This is why 
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polymers like Teflon or polyvinyl chloride (PVC), respectively containing fluorine and 

chlorine [32], highly electronegative halogens known for their strong electron affinity [33], 

[34] tend to become highly negatively charged. 

The surface finish of a material affects the contact area between materials and the amount 

of charge generated. Rougher surfaces can increase the likelihood of charge retention by 

creating microscale points of contact, whereas smoother surfaces tend to yield a more 

uniform charge distribution [35]. Surfaces with artificial indentations or engineered 

microstructures can further enhance the effective contact area and charge trapping. Other 

effects such as humidity, temperature and air pressure can influence charge retention and 

transfer [36]. For example, humidity reduces the effectiveness of the triboelectric effect by 

increasing conductivity on surfaces, which dissipates charge [36], [37], [38]. Lower 

humidity environments often favor stronger triboelectric interactions. 

Both the force applied during contact and the speed of separation influence the amount of 

charge generated. Stronger contact forces create larger contact areas, and faster separation 

speeds can enhance the triboelectric effect by rapidly disrupting the electrical equilibrium 

and creating higher rates of charge transfer, increasing current [39]. 

2.2 The Triboelectric Series 

The triboelectric series organizes materials based on their tendency to either gain or lose 

electrons, providing a predictive framework for which materials become positive or 

negative upon contact. As previously stated, Triboelectricity has been observed since 

ancient times, but it is only in recent decades, with advancements in nanotechnology and 

material science, that it has found applications in fields such as energy harvesting, sensing, 

and advanced material design. 

The triboelectric series classifies materials based on their electron affinity [17], [19], [41]. 

When two materials contact and then separate, one material often tends to gain electrons 

becoming negatively charged, while the other loses electrons becoming positively charged. 

The triboelectric series which was first published by Johan Carl Wilcke in 1757 and lists 

materials in order of the polarity of charge separation when they are touched or slide against 

another. A material towards the bottom of the series, when touched to a material near the 
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top of the series, will acquire electrons, thus gain a negative charge. These materials are 

known as withdrawers or tribonegative materials. Inversely, a material towards the top of 

the series will lose electrons and acquire a positive charge, being referred to as donors or 

tribopositive materials. The modern list expands this work to consist of materials like PTFE 

[42] and PFA known for their electron-accepting properties [43], appearing toward the 

negative end, while materials like polyurethane [44] and nylon [43], [45], [46] are known 

for their electron-donating properties, appear on the positive side. This order provides 

insights into designing material pairings for specific triboelectric effects, such as those used 

in triboelectric nanogenerators (TENGs) for energy harvesting. An example series is shown 

below in Figure 2. 

 

Figure 2: An Example Triboelectric Series 

In practical terms, triboelectric interactions are influenced by several factors beyond the 

properties of the materials, including surface roughness and physical characteristics like 

hardness and elasticity. The complexity of these influences presents challenges in the 

universal application of the triboelectric series, as material rankings can vary based on these 

variables [47]. However, it remains a foundational tool for predicting charge transfer 

tendencies and guiding material selection. 

One of the most promising applications of the triboelectric series is in energy harvesting, 

particularly through the design, construction, and operation of TENGs [48]. TENGs are a 

direct application of the triboelectric effect as the materials selected are from opposite ends 

of the triboelectric series. With the growing need for sustainable energy sources, TENGs 

have been investigated for powering wearable devices [49], [50] environmental sensors 

[51], [52], and small electronics [53], among other applications. The triboelectric series 

guides the choice of materials for maximizing energy output, where materials with a greater 

difference in electron affinity tend to generate higher voltages. 
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Additionally, the triboelectric series has driven innovations in self-powered sensors and 

touch-sensitive surfaces. TENGs have been adapted to create touch interfaces [54], [55], 

[56], where changes in electric potential provide positional feedback, enabling various 

applications in robotics and touchscreen interfaces. This adaptability is facilitated by 

selecting materials that provide optimal triboelectric performance under specific 

environmental and operational conditions. 

While the triboelectric series is useful in designing TENGs and other devices, several 

challenges limit its effectiveness as a universal tool. The first challenge is the variability in 

triboelectric rankings, where factors like humidity, temperature, and surface contamination 

can alter a material's triboelectric properties. Additionally, the triboelectric effect is largely 

empirical, lacking a comprehensive theoretical model that accounts for all contributing 

factors, limiting predictive accuracy. One attempt at referencing materials on their ability 

to donate or withdraw with respect to Mercury [57] was made but has not been adopted or 

standardized outside of their study. Their triboelectric series is shown below in Figure 3. 
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Figure 3: Quantified Triboelectric Series with Mercury as the Reference Material [57] 

Further, the limitations of the triboelectric series become apparent when materials with 

close electron affinities are paired. In such cases, the resulting charge difference may be 

insufficient for any effective applications. An example is the pairing of wood and copper, 

which has effectively zero charge interaction, thus no practical purpose. These limitations 

indicate a need for standardized conditions in triboelectric testing and more advanced 

theoretical models to improve the consistency and reliability of the triboelectric series. 
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The triboelectric series provides a foundational and fundamental understanding of material 

behavior in triboelectric applications, particularly for emerging technologies in energy 

harvesting and sensing. While its empirical nature introduces variability and guesswork, 

recent advancements in material science and nanotechnology are gradually addressing 

these challenges, allowing for more predictable and efficient use of the triboelectric effect. 

Future research into the mechanisms of charge transfer, as well as standardized testing 

protocols, will likely enhance the triboelectric series’ applicability across an even broader 

range of materials and environmental conditions. With these improvements, the 

triboelectric series can potentially support innovations in self-powered devices and 

sustainable energy solutions. 

2.3 Triboelectric Nanogenerators 

In today’s world, electronics are mainly used to enhance the quality of life in aspects of 

health, safety, communications, and transportation. An abundant source of energy which is 

relatively untapped is the mechanical energy resulting from vibrations and oscillations 

from the ambient [1]. These can include the oscillations of transportation infrastructure 

such as roads and bridges [58] but also the vibrations from repetitive motions of the human 

body [49], [59] such as running and jumping. The triboelectric nanogenerator (TENG) was 

first demonstrated in 2012 by Dr. Zhong Lin Wang and his research group at the Georgia 

Institute of Technology, forming the foundation for subsequent developments in this 

technology. [60]. The first TENG produced an output power density of 10.4 mW/cm3 and 

periodic voltage readings of 3.3 V. Further development of TENGs since the first 

breakthrough led to the development of four modes; vertical contact separation, lateral 

sliding, single electrode, and contact free standing, all of which will be described in the 

sections below. 

2.3.1 Vertical Contact Separation 

The vertical contact-separation triboelectric nanogenerator (VS-TENG) is the mode which 

is most widely explored in TENG design because of its simplicity [17], reliability [62], and 

compatibility with natural mechanical oscillations [4], [63], [64]. In this mode, two 

triboelectric materials are typically attached to opposing substrates. They come into contact 

under an applied force, leading to charge transfer via contact electrification. Upon 
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separation, an electric potential forms due to the spatial separation of the oppositely 

charged surfaces. This potential drives a current through an external circuit as the system 

seeks to balance the electromechanical potential, which generates charge transfer and 

electrical power. A cycle example is shown below in Figure 4. 

 

Figure 4: Typical VS-TENG Operation [4] 

What makes this mode particularly attractive is its effectiveness in harvesting energy from 

naturally occurring vertical vibrations such as acoustic waves or machine-induced 

oscillations. These can come from the contact of a shoe [65] and the sidewalk [66], the 

vertical oscillations of transportation infrastructure such as roads, bridges, and railroads 

[67], [68] and the oscillations found in vehicles and machines [69], [70]. Its straightforward 

vertical displacement mechanism is well-suited to low-frequency motions, and the output 

performance can be optimized by tuning contact force, surface area, and separation distance 

[4]. 

A key advantage of this mode is the minimal lateral movement between layers, which 

means there is little wear and has the potential for a long operational life. Although it is 

relatively easy to fabricate and integrate into layered or stacked devices, no standardized 

manufacturing process exists for TENGs. Repeated contact and separation can still 

introduce material fatigue over time, particularly if brittle materials are used without 

cushioning. Evidently, voltage and current production is dampened unless the oscillation is 

continuous.  
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Because of its efficiency, structural simplicity, and compatibility with a broad range of 

mechanical inputs, the vertical contact-separation mode remains a foundational design in 

both research and practical energy-harvesting applications. It also provides a clear 

framework for modeling and optimization, often serving as the baseline configuration for 

theoretical analysis of TENG output mechanisms. A broader understanding of this 

operating mechanism and theoretical background will be presented in chapter 3. 

2.3.2 Lateral Sliding 

The lateral sliding mode of operation for TENGs utilize an in-plane shearing motion 

between two triboelectric layers to induce periodic charge redistribution. In this 

configuration, the two surfaces are each composed of materials with opposite triboelectric 

properties which remain in continuous contact while one is mechanically displaced relative 

to the other in the lateral direction. As sliding occurs, surface-bound charges are spatially 

separated along the interface, generating an electric potential between the corresponding 

electrodes. This results in an alternating current in the external circuit as the relative 

position between the charged regions changes [4], [71], [72]. The schematic showing the 

operation is shown in Figure 5. 

 

Figure 5: Operation of a TENG in Lateral Sliding [72] 

However, the lateral sliding mode also presents challenges, particularly in terms of 

mechanical durability [72], [73]. The sustained friction between surfaces can lead to 

material degradation over time, diminishing performance and reducing the device’s 

operational lifetime [74]. Strategies such as surface patterning, lubrication, and the use of 
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robust polymer layers have been explored to mitigate this wear and maintain high output 

over repeated cycles [75, [76]. 

Despite these limitations, the lateral sliding mode remains a valuable configuration, 

especially for applications involving rotational or linear reciprocating motion, such as gear 

systems, sliding mechanisms, or moving interfaces in machinery [74], [77]. It has also been 

used in self-powered interfaces where horizontal motion is naturally present. 

2.3.3 Single Electrode 

The single-electrode mode offers a simplified triboelectric nanogenerator configuration by 

requiring only one triboelectric layer to be physically connected to the external circuit. The 

second triboelectric surface is often an object from the environment or a moving part of the 

body, which is free-standing and typically referenced to ground. As the free surface 

encounters or moves relative to the fixed triboelectric layer, charge transfer occurs via 

contact electrification, as is with the vertical contact separation method. The resulting 

electrostatic imbalance induces a current in the circuit as the system seeks to re-establish 

equilibrium [4], [78], [79]. The schematic visualizing this process is shown below in Figure 

6. 

 

Figure 6: Operation of a Single Electrode TENG [78] 
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This configuration eliminates a second electrode by having the circuit grounded, making it 

highly suitable for applications involving irregular or user-driven motion such as human 

finger motion since human skin is an excellent electron donor. The single-electrode mode 

has been used primarily wearable devices, touch sensors, and human-machine interfaces 

[79], where its structural simplicity and adaptability to ambient motion offer significant 

design flexibility. 

However, the mode is inherently limited by its dependence on a global ground reference 

[4], which can limit output performance and introduce variability depending on the local 

electrical environment. Since the potential difference is developed between the active 

electrode and ground rather than between two closely coupled surfaces, the electric field 

strength and the output current is usually lower than in traditional configurations [79]. To 

address these challenges, researchers have investigated improvements such as using high-

dielectric substrates, optimizing electrode geometry, or incorporating charge amplification 

mechanisms. Despite its lower output, the single-electrode mode remains a compelling 

option for energy harvesting in low-power, portable, or user-interactive systems, where 

mechanical simplicity and integration flexibility take precedence over peak electrical 

performance. 

2.3.4 Contact Free Standing 

The freestanding triboelectric-layer mode represents a unique configuration in TENGs, 

where the triboelectric layer is not fixed in place but instead moves freely relative to the 

electrodes. In this setup, a single charged triboelectric material, often a polymer film, is 

positioned to pass over stationary electrodes, generating a potential difference as it induces 

charge transfer through electrostatic induction. Unlike the contact-separation or sliding 

modes, where direct mechanical contact is integral to the charge generation, the 

freestanding mode relies on the relative motion of the triboelectric material and the 

electrodes to induce current flow in the external circuit [82], [83], [84]. A schematic of the 

contact free standing mode is shown in Figure 7. 



 U N I V E R S I T Y  O F  O T T A W A  –  F A C U L T Y  O F  E N G I N E E R I N G  | 16 

 

 

Figure 7: Operation of a Contact Free Standing TENG [84] 

However, the freestanding mode also introduces certain limitations, primarily related to the 

control and optimization of the distance between the moving triboelectric layer and the 

electrodes [84]. The efficiency of charge generation depends heavily on the relative speed 

and distance of the moving layer. The motion must be carefully managed to ensure the 

triboelectric material stays within the effective range of the electrodes, which can 

complicate design and integration into an environmental system [85]. 

Despite these challenges, the freestanding triboelectric-layer mode offers significant 

potential for energy harvesting in dynamic environments. It has been seen used in self-

powered sensors, wearable electronics, and systems requiring rotational or oscillatory 

motion. The ability to decouple the triboelectric layer from the electrodes also allows for 

greater design flexibility, enabling the development of more robust and durable energy-

harvesting devices [85]. 

2.4 Material Selection in Triboelectric Nanogenerators 

2.4.1 Fluoropolymers 

Triboelectric nanogenerators (TENGs) rely heavily on the selection of materials with 

appropriate surface charge affinity to optimize electrical output [11], [86]. Among these, 

fluoropolymers have emerged as some of the most effective tribonegative materials due to 

their strong electron-withdrawing capabilities and dielectric properties [87]. 
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Fluoropolymers such as polytetrafluoroethylene (PTFE) [88], [89], polyvinylidene fluoride 

(PVDF) [90], [91], and perfluoroalkoxy alkane (PFA) [92], [93] consistently rank at the 

extreme negative end of the triboelectric series, making them ideal for maximizing charge 

separation in TENGs [4], [87, [88]. PTFE has been widely used due to its high 

electronegativity, low surface energy, and excellent mechanical properties. PTFE-based 

TENGs can achieve high surface charge densities exceeding 250 µC/m² under contact-

separation operation modes [89]. Copolymers have shown promise in hybrid energy-

harvesting applications due to their ability to generate both triboelectric and piezoelectric 

outputs.  

The method by which fluoropolymers are deposited or applied to TENG surfaces 

significantly affects performance. Electrospinning [94], spin coating [95], soft lithography 

[96] are the current methods of manufacture, and more recently, etching methods have been 

used extensively as primary methods of manufacturing. CS also allows for the deposition 

of polymeric films without thermal degradation, preserving the material's triboelectric 

performance.  

The surface morphology of fluoropolymer layers plays a key role in enhancing the TENG 

output. Nanostructuring or micro-patterning the surface increases the effective contact area, 

thereby amplifying charge generation [97]. For instance, PTFE films with etched 

nanostructures exhibited over twice the output of smooth PTFE films under identical 

conditions [98]. Additionally, the inherent hydrophobicity of fluoropolymers contributes to 

environmental stability, particularly in humid conditions [36]. One of the most critical 

advantages of fluoropolymers in TENGs is their long-term durability. Their resistance to 

UV radiation, oxidation, and solvents allows TENGs to operate reliably in a variety of 

environmental conditions.  

Current research is moving toward composite fluoropolymer materials, [99], [100] which 

are excellent for TENGs because they combine the high electron-withdrawing capability 

of fluorinated polymers with mechanical and dielectric properties through composite 

reinforcement. Their low surface energy and strong electronegativity maximize 

tribonegative charge generation, while the composite phase can improve durability, 

flexibility, and charge retention [99]. Carbon nanotubes have also been explored to improve 
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TENG performance by increasing the dielectric constant of a polymer matrix. When added 

in small amounts, they create strong local electric fields that allows a material to store more 

charge during contact–separation. This higher dielectric constant directly boosts the 

transferred charge and thus increases the potential difference between materials upon 

separation. Moreover, eco-friendly and recyclable fluoropolymer alternatives are being 

explored to address environmental concerns associated with the long-term use of 

fluorinated compounds.  

2.4.2 Aluminum 

Aluminum is commonly employed as a tribopositive material in TENGs because of its 

strong tendency to donate electrons upon contact with more electronegative materials. 

Positioned high on the triboelectric series, aluminum becomes positively charged when 

paired with materials such as fluorinated polymers, which readily accept electrons during 

contact-separation cycles. 

In vertical contact-separation mode TENGs, aluminum has been used as the tribopositive 

material [101] and are often used as the triboelectric surface itself or as an electrode because 

of its high electrical conductivity. This high conductivity interestingly supports charge 

redistribution during the separation phase for a VS-TENG, which enhances potential 

difference generated by the triboelectric effect.  

Aluminum’s surface morphology from manufacturing techniques has been shown to 

significantly influence triboelectric performance. Surface roughness, whether introduced 

mechanically or as a byproduct of deposition techniques, can enhance local contact 

intimacy, thereby increasing the surface charge density after separation. This makes 

aluminum particularly effective in designs where maximizing contact area and triboelectric 

charge density is desired [102]. 

It has also been successfully implemented onto TENGs using various fabrication methods, 

including thermal evaporation and sputtering techniques. These methods allow for precise 

control over thickness and microstructure, both of which play critical roles in device 

performance and mechanical durability, which has often been overlooked when developing 

TENGs but is necessary to discuss for long term viability. Initial TENGs constructed from 
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2012 to 2014 used aluminum foil as part of a proof of concept and it is still used today for 

its demonstrative ability [103].  

2.4.3 Nylon 

Nylon has been widely studied as a tribopositive material in triboelectric nanogenerators 

due to its favorable electron-donating characteristics and widespread availability [104]. It 

ranks relatively high in the triboelectric series and exhibits consistent charge transfer 

behavior when brought into contact with strongly electronegative materials such as PTFE 

[105], [106], FEP, or PFA. 

The triboelectric performance of nylon is attributed to the presence of amide groups in its 

molecular structure, which contribute to a high density of localized electron-donating sites. 

When nylon is pressed against a tribonegative material, it tends to lose electrons during 

contact, becoming positively charged upon separation. This surface charge persists and 

contributes to the electrostatic potential that drives current through an external load during 

the TENG’s separation phase [107]. 

In addition to its triboelectric properties, nylon exhibits good mechanical flexibility and 

resilience [107], making it suitable for use in flexible and wearable TENG applications. Its 

surface can be further modified through techniques such as plasma treatment or 

micro/nanostructuring [108] to enhance contact efficiency and increase surface charge 

density. Several studies have shown that surface roughness plays a significant role in the 

triboelectric output of nylon-based TENGs, with increased roughness generally correlating 

with improved performance due to enhanced real contact area. 

2.5 Thermal Spraying 

Coatings have demonstrated to have a wide array of different applications. These include 

acting as thermal barriers in turbine blades to increase overall operating temperatures, 

protection against corrosion and erosion for applications in harsh environments and have 

been used to improve wear resistance. There have also been several repair techniques where 

the constructed coatings played an instrumental role, such as in restoring the roundness of 

wheels used in railroad rolling stock. Coating depositions require several careful 

considerations to obtain the desired thickness, composition, and roughness, but their direct 

deposition onto a substrate is what makes them appealing in the application of designing 
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and manufacturing of TENGs. Thermal spraying is a class of different coating deposition 

methods which all involve accelerated particles towards a substrate [109]. Different 

processes exist which either raise particle energy by utilizing a high temperature or high 

velocity gas stream propelling the feedstock towards a substrate [110]. A coating is built 

when the particles impact and bond to the surface. The categories of thermal spraying are 

split into four main groups: plasma, electric arc, kinetic, and combustion. Figure 8 below 

shows the family of thermal spraying as a function of gas temperature and velocity.  

 

Figure 8: Gas temperature and velocity for different thermal spray processes [110] 

2.5.1 Flame Spray 

Flame spray is a thermal spray process in which a powder or wire feedstock is introduced 

into an oxy-fuel combustion flame using a torch, where it is melted or softened and then 

propelled toward a substrate by the expanding combustion gases. Particle velocities are 

relatively low (<100 m/s), and the flame environment is oxidative. The process is valued 

for its simplicity and cost-effectiveness but can be limited by poor control over oxidation 

and porosity. Aluminum, due to its low melting point and good thermal conductivity, is a 

common material for flame spray, though the oxidative environment promotes the 

formation of aluminum oxides [111]. These types of defects can significantly reduce the 

electrical and mechanical performance of the coating. However, flame-sprayed aluminum 
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remains viable for anti-corrosion applications and thermal barriers, particularly when post 

processing treatments such as remelting is used to further enhance the coating quality. A 

schematic illustrating the flame spray process is shown in Figure 9. 

 

Figure 9: Flame Spray equipment showing the Hopper, Flame, and Coating [111] 

Nylon and PFA, both thermoplastics, require even more precise thermal control. Nylon 

melts around 220 °C and can be sprayed successfully using FS [112], producing flexible 

and low-friction coatings often used for wear resistance or insulation on industrial 

components. PFA, with a higher melting point of around 305 °C and decomposition 

threshold near 400 °C, has a narrow processing window and poor wetting behavior due to 

its low surface energy. While flame spraying of PFA is challenging, it has been 

demonstrated with specialized nozzles or as part of composite feedstocks and on its own. 

In both cases, adhesion is mainly from mechanical interlocking, and the resulting coatings 

are often porous and rough. Flame spray is not typically the preferred method for high-

performance applications involving these polymers, especially where triboelectric activity 

or maintenance of electrical properties is critical. 

2.5.2 Plasma Spray 

Plasma spraying uses a high-temperature, non-combustive plasma jet which is generated 

by ionizing an inert gas such as Argon to melt and accelerate feedstock particles toward a 

substrate. With flame temperatures exceeding 10,000 °C and particle velocities typically in 

the 150–300 m/s range, plasma spray provides better thermal and kinetic energy compared 

to combustion-based methods. While typically used to deposit ceramic feedstock onto 
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metal substrates, aluminum can be processed effectively using plasma spray [113].  Plasma-

sprayed aluminum can achieve better cohesion and density than flame-sprayed coatings 

[114] and is used in thermal barriers, conductive layers, and corrosion protection mainly 

with ceramics. For Nylon and PFA, plasma spray is not a valid option as these two materials 

are both temperature sensitive and would degrade in the extreme temperature environment. 

A schematic of plasma spraying is shown in Figure 10. 

 

Figure 10: Plasma spray schematic [114] 

2.5.3 High Velocity Oxygen Fuel Spray 

High Velocity Oxygen Fuel (HVOF) process involves the combustion of oxygen and fuel 

(typically propane, kerosene, or hydrogen) in a high-pressure chamber to generate a 

supersonic jet. This jet accelerates molten or semi-molten particles toward the substrate at 

velocities up to 1000 m/s using a deLaval nozzle, enabling dense, well-adhered coatings 

with low porosity. HVOF is especially well-suited to metals and cermets. Aluminum, while 

meltable by HVOF, poses challenges due to its low melting point and tendency to oxidize 

in the combustion-rich environment. Nevertheless, HVOF has been used to deposit 

aluminum and aluminum-based alloys for corrosion protection and structural 

reinforcement, particularly when oxidation is minimized using optimized fuel ratios or 

controlled atmosphere variants. Thermoplastics like Nylon and PFA are unsuitable for 

HVOF due to their low decomposition temperatures and inability to withstand the high 

thermal flux of the process [114]. The intense flame temperatures in the range of 2000 °C 

- 3500 °C far exceed the thermal limits of these materials, leading to degradation or 
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complete breakdown before deposition. A schematic illustrating HVOF is shown below in 

Figure 11. 

 

 

Figure 11:Injection system of an HVOF gun [115] 

2.5.4 Cold Spray 

Cold spray, simply referred to as CS, is an entirely solid-state deposition process where 

particles are accelerated to high velocities ranging from 300–1200 m/s using a pressurized 

gas such as nitrogen or helium and a converging-diverging de Laval nozzle [7], [9]. Unlike 

thermal spray techniques, CS does not rely on melting the feedstock. Instead, particles 

plastically deform upon high-speed impact with the substrate, creating a coating. The solid-

state deposition prevents the microstructure of the particles from being altered and 

preserves the material mechanical properties. Aluminum is one of the most widely studied 

and successfully deposited materials using CS [14], [116], due to its high ductility, low 

yield strength, and ability to form strong metallurgical bonds upon impact. CS aluminum 

coatings exhibit excellent electrical conductivity, low porosity, and good adhesion. An 

illustration of the CS process is shown below in Figure 12. 
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Figure 12: CS Schematic 

Nylon and PFA, while not ductile metals, have been investigated for CS due to the solid-

state nature of the process, which offers a route to depositing thermally sensitive materials 

with limiting the chances of degradation. However, polymers do not typically exhibit the 

same adiabatic shear instability as metals and tend to absorb impact energy elastically 

rather than plastically deforming [117], [118]. Particles accelerated to supersonic speeds 

bounce off the substrates rather than deforming and adhering to the substrates. This makes 

pure polymer bonding via CS more challenging. PFA, with its high molecular weight and 

low surface energy, is especially difficult to bond through impact alone. Even so, there has 

been success in depositing PFA powders by optimising the pressure, temperature, and 

substrate preparation. A straight section nozzle has also shown better deposition. While still 

a developing area, cold spray offers a promising avenue for applying nylon and PFA in 

triboelectric applications where the preservation of intrinsic material properties is critical. 

2.6 Applications of Triboelectric Nanogenerators 

TENGs have gained considerable attention for their ability to convert mechanical energy 

into electrical signals in a wide variety of environments, particularly where conventional 

power sources are impractical or undesirable. Their high sensitivity to low-frequency and 

small-amplitude mechanical disturbances makes them especially well-suited for 

deployment in wearable electronics, human–machine interfaces, and structural 

environments subjected to periodic vibrations or transient forces [49], [50], [51]. 
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One of the most widely explored application areas is in wearable sensors, where TENGs 

harvest biomechanical energy from motion, such as walking, running, or joint flexion 

[119], [120]. This motion is then converted into either usable electrical energy or a 

measurable signal for real-time monitoring. For instance, a self-powered TENG-based gait 

sensor integrated into shoe insoles, capable of tracking step count and foot pressure 

distribution. These systems not only reduce dependence on external power but also offer 

the added benefit of being lightweight and conformable to the human body. Similarly, 

wristbands, knee supports, and smart clothing have all been developed using flexible 

TENGs to track body motion, respiration, and even subtle muscle contractions [121]. This 

is shown below in Figure 13. 

 

Figure 13: Motion capture mechanism for a TENG 

TENGs have also been effectively employed to detect acoustic waves and machine-induced 

oscillations [122], particularly in environments where oscillatory motion occurs at low 

frequencies [123]. TENGs have been deployed to exploit the vertical oscillations of 

transportation systems, such as railway tracks, where passing trains generate rhythmic 

displacements of the rail relative to the sleeper. TENGs integrated into railroads to harvest 

energy from rail traffic demonstrated their potential to power wireless sensors embedded 

in smart systems [124]. One such smart system is shown in Figure 14. 
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Figure 14: Layout for energy extraction from rails a) Energy Collection b) TENG 

Placement c) VS-TENG [124] 

In vehicles, TENGs can be used to capture energy from suspension systems, where 

oscillations from road-induced vibrations are abundant and consistent [125]. These systems 

can power tire pressure monitors or other low-power vehicle health monitoring systems. 

Meanwhile, in stationary environments, TENGs have found application in touch-sensitive 

human-machine interfaces, where the contact and separation of a user’s finger from a 

surface generates both energy and a signal. These have been used for smart switches, 

keyboards, and gesture-controlled interfaces, offering battery-free, responsive control 

systems. An example for a lateral sliding TENG mounted to the bearings of a train bogie is 

shown in Figure 15. 
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Figure 15: a) Train b) Stator location c) Stator d) Lateral sliding TENG [125] 

Overall, the ability of TENGs to operate under ambient conditions and respond to common 

mechanical excitations whether human, structural, or vehicular make them a potentially 

flexible and sustainable solution for next-generation sensing and micro-energy harvesting 

platforms. 

2.7 TENG manufacturing techniques 

2.7.1 Soft Lithography 

TENG manufacturing is mainly conducted inside highly controlled laboratory 

environments. The most common method is known as soft lithography, which enables the 

fabrication of microstructured polymer surfaces which increase the contact area and help 

with charge generation [126], [127]. The process typically involves molding elastomers 

like Polydimethylsiloxane (PDMS) using patterned templates to create surface textures 

which increase the effective contact area [128]. The method is shown in Figure 16.  
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Figure 16: Soft Lithography 

While highly effective for laboratory scale fabrication, it is generally time consuming and 

requires multiple preparation steps including the fabrication of a mold, and then material 

curing. It is also limited to material selections to elastomers, restricting the range of 

triboelectric materials that can be incorporated into the device design. 

2.7.2 Screen Printing  

Screen printing is another widely employed manufacturing technique for TENG fabrication 

[129], [130]. Conductive inks and/or pastes are deposited layer by layer through a pattern 

onto a substrate to create triboelectric layers. An example is shown below in Figure 17. 

 

Figure 17: Screen printing [131] 

 The nature of this manufacturing process relies heavily on inks and slurries, which limits 

material selection heavily. Although this process can be scaled more easily than soft 

lithography, it has not been explored in a high level. 

2.7.3 Spin Coating 

Spin coating is frequently used to produce thin and uniform polymer films for triboelectric 

layers in TENGs. A liquid polymer solution is dispensed onto a substrate and rotated at a 

high speed to spread the material into a thin film. The method is highly effective for 
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producing coatings under controlled laboratory conditions but is restricted to solution 

processable materials [132], [133]. This process is shown below in Figure 18. 

 

Figure 18: Spin coating [134] 

2.7.4 CS as an alternative 

Although TENGs have established manufacturing processes which have been 

demonstrated in research environments, they remain heavily laboratory oriented processes 

which can be difficult to scale for industrial production. These techniques often required 

controlled environments, multiple steps, and limited material selection. CS presents itself 

as a potential solution to these limitations because it enables the direct deposition of solid 

powders onto conductive substrates such as copper. Additionally, CS offers access to a 

significantly wider range of materials across the triboelectric series, as several materials 

already exist in powder form. Future development of coatings for specifically polymer 

powders could potentially provide a pathway towards a more standardized and scalable 

manufacturing of TENGs. 

2.8 Polymer CS 

Polymer coatings have had a variety of applications ranging from surface protection from 

corrosion, protection from cavitation erosion and mechanical impacts, electronic 

applications, and lately in hydrophobic coatings. 

2.8.1 Perfluoroalkoxy Alkane (PFA) 

CS has primarily been investigated for the development of hydrophobic and protective 

surface coatings using PFA [118], [135]. Due to the low surface energy and strong chemical 

resistance of PFA, cold sprayed coatings have demonstrated significant water-repellent 

behavior, making them attractive for anti-corrosion and anti-fouling applications. The CS 

process enables the deposition of PFA while minimizing thermal degradation, helping 

preserve the fluoropolymer’s intrinsic hydrophobic properties. Additionally, the rough 
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surface morphology often produced during cold spray deposition can further enhance 

hydrophobicity by increasing surface texture and promoting water droplet repellency. 

2.8.2 Nylon 

Nylon has also been investigated as a polymer feedstock for cold spray applications due to 

its relatively low melting temperature, good impact resistance, and ability to deform upon 

particle impact. Cold sprayed nylon coatings have been explored for protective and wear-

resistant applications, particularly where lightweight polymer coatings are desirable. The 

deposition process allows nylon particles to adhere to substrates through solid-state 

deformation and localized softening during high-velocity impact, while avoiding the 

extensive thermal degradation associated with conventional thermal spray methods. 

Additionally, nylon cold spray studies have demonstrated the feasibility of depositing 

polymer coatings onto metallic substrates, highlighting the potential of polymer cold spray 

as a manufacturing method for functional surface engineering applications [136]. 
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3 THEORETICAL BACKGROUND 

This chapter develops the important theoretical framework necessary to understand at a 

more detailed level the design and operation of VS-TENGs. First, the complete cycle is 

analyzed for detailed comprehension.  From the fundamental principles of electrostatics 

and charge induction, the governing equations that relates the displacement of the 

triboelectric layers to the resulting voltages and currents are presented and shown at each 

step of the cycle. Additionally, an equation that characterizes the VS-TENG’s efficiency is 

derived. The equations provide the basis for analyzing energy conversion efficiency and 

inform the optimization of TENG geometry and material selection. 

3.1  Vertical Contact Separation 

The most common working mode for TENGs is known as vertical contact separation, 

referred to as VS-TENGs. This configuration for TENGs is the most popular as vertical 

oscillations are both common in nature and in infrastructures, and the devices themselves 

are simple to configure and test. Dielectric films are deposited onto electrodes and are 

oriented such that the two dielectric films face each other. A dielectric is formed from a 

material that does not conduct electricity but can support an electric field. In the case of a 

VS-TENG, they are ideally also at opposite extremes of the triboelectric series. Physical 

contact between the dielectrics generates oppositely charged surfaces because of the 

triboelectric effect. Upon separation, a physical gap between the two surfaces is generated, 

and the difference in charge between the two surfaces, which remains constant, induces an 

electric field. A potential difference is also generated, which increases with the separation 

distance while the electric field remains constant. Continuing to increase the distance 

between the dielectrics increases the difference in potential between the two surfaces, 

which increases the voltage. If the electrodes are connected via a load, this potential 

difference forces electrons to flow between electrodes to balance the potential drop created 

by the opposite charges on the dielectrics. When equilibrium is reached, the overall 

potential between the electrodes is zero and electron flow stops. Reducing the gap will 

cause the electrons to flow back in the opposite direction as the potential between the two 

dielectric surfaces will drop. If the motion of separating and re-engaging contact becomes 

periodic, signals of alternating current will be continuously generated [4], [17]. This section 



 U N I V E R S I T Y  O F  O T T A W A  –  F A C U L T Y  O F  E N G I N E E R I N G  | 32 

 

provides the detailed and thorough theory and operating principles which govern the 

parameters necessary to generate small current pulses from a VS-TENG operating with a 

vertical contact separation layout. A full cycle is laid out in Figure 19. 

 

Figure 19: Full Operating Cycle for a VS-TENG with Voltage vs. Time generation 

At the origin state 1, the two dielectric layers are not in contact with no external charge 

transfer occurring, and the terminal voltage is zero due to electrostatic equilibrium between 

the electrodes. Upon contact at 2, triboelectrification occurs at the dielectric interface, 

resulting in equal and opposite surface charge densities on the positive and negative 

dielectric layers while the electrodes remain electrically neutral. As the dielectrics begin to 

separate at 3, the change in electric potential induces a voltage between the electrodes, 

driving electron flow through the external load to balance the evolving electrostatic field 

in the air gap. When maximum separation occurs at 4, charge transfer through the external 

circuit ceases once electrostatic equilibrium is reached, corresponding to a stable terminal 

voltage under the imposed electrical boundary condition. When the dielectric layers are 

brought back into contact at 5, the reduction of the voltage in the air gap forces electrons 

to flow in the opposite direction through the load until the system returns to its initial 

electrical state. The voltage vs time response depicts the evolution of the voltage over a 

complete cycle, showing the voltage increase during separation, a plateau at maximum 

separation, and a directional reversal associated with re-engagement. 
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3.1.1 Electric Fields 

A uniform electric field is characterized by a constant field magnitude and direction 

throughout a given region of space, resulting in a linear variation of electric potential with 

distance. Such fields commonly arise between large, parallel conductive or across dielectric 

surfaces when edge effects are negligible, as shown in Figure 20. 

 

Figure 20: Uniform electric field across two charged plates (similar to the dielectric 

surfaces after tribo-electrification) 

Under these conditions, the electric field (E) can be considered spatially invariant and 

constant, allowing the potential difference (V) across the region to be expressed as the 

product of the field strength and separation distance. The voltage across the distance 𝑑 

between the two plates is defined as the product of the electric field 𝐸 and distance 𝑑 

𝑉 = 𝐸𝑑 (1) 

In the case of a VS-TENG, the separation distance 𝑥(𝑡) between the two layers is much 

smaller compared to the width 𝑤, 

𝑥(𝑡) << 𝑤 

This is illustrated in Figure 21. 
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Figure 21: 3D view of a VS-TENG showcasing w and x(t) 

Therefore, assuming uniform electric fields is appropriate. 

The electric field equations are derived from Gauss’s law for electric fields, which states 

fundamentally that the flux of an electric field out of an arbitrary closed surface is 

proportional to the electric charge enclosed by that surface, irrespective of how that charge 

is distributed. In integral form, it is expressed as, 

∮ 𝐸 ∙ 𝑑𝐴 =  
𝑄𝑒𝑛𝑐𝑙

𝜀0
 

Here, the term on the left-hand side of the equation is known as the Electric Flux and is 

expressed as the path integral through a closed surface of the dot product of an electric field 

𝐸 and an infinitesimal area element 𝑑𝐴. On the right, 𝑄𝑒𝑛𝑐𝑙 represents the net total charge 

encompassed inside a closed surface, known as the Gaussian surface. The permittivity of 

free space, denoted by 𝜀0, is a fundamental physical constant that quantifies how much 

electric field is produced per unit charge in a vacuum. It measures the ability of free space 

to “permit” electric field lines, relating electric flux to the enclosed charge in Gauss’s law 

and determining the strength of electrostatic interactions in a vacuum. For a dielectric 

material, Gauss’ law can be used to express the electric fields as, 

𝐸1 =
𝑄

𝐴𝜀0𝜀𝑟1

(2) 

𝐸2 =
𝑄

𝐴𝜀0𝜀𝑟2

(3) 
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Where 𝜀0 is the permittivity of free space, 𝜀𝑟 the relative permittivity of the dielectric, 𝐴 is 

the surface area, and 𝑄 the surface charge. A full derivation of equations 2 and 3 for the 

general case is shown in Appendix A. 

In a VS-TENG, there are four steps completing one full cycle: rest, contact, separation, and 

re-engaging. Three sections within the VS-TENGs structure will have electric fields 

present, which are the two dielectrics and the air gap. The three electric fields are shown in 

Figure 22. 

 

Figure 22: Electric fields in a VS-TENG 

While electric fields are present within these three regions, their existence, and relative 

magnitude depend on the specific stage of the VS-TENG operating cycle. As the device 

transitions between rest, contact, separation, and re-engagement, the spatial distribution of 

the electric fields evolves accordingly. The following section examines each stage of the 

operating cycle in detail and describes when and how these electric fields arise. 

3.1.2 Open and short circuit conditions 

In a VS-TENG, the electrical behavior can be described using the two limiting conditions 

of open circuit and short circuit operation. These represent the maximum voltage and 

maximum charge transfer states of the device, respectively. 

Under open-circuit conditions, the external resistance is theoretically infinite, meaning no 

current can flow between the electrodes. Since there is no charge transfer through the 

external circuit, the transferred charge is zero, meaning 𝑄 = 0. However, the separation of 

the triboelectric layers creates the maximum potential difference between the electrodes, 

resulting in the highest possible voltage, known as the open circuit voltage, denoted as 𝑉𝑂𝐶.  
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The open circuit operation is therefore characterized by maximum voltage and zero 

transferred charge (Q=0). 

Under short-circuit conditions, the external resistance is zero, allowing charges to flow 

freely between the electrodes. In this state, the potential difference between the electrodes 

becomes zero because the charges immediately neutralize through the external connection. 

As a result, the transferred charge reaches its maximum value, corresponding to the 

maximum short-circuit charge, 𝑄𝑆𝐶. The short circuit operation is therefore characterized 

by zero voltage 𝑉 = 0 and maximum charge transfer 𝑄𝑆𝐶. 

These two conditions define the operating limits of a TENG and are commonly used to 

evaluate device performance. 

3.1.3 Rest and contact 

In the resting state, before any motion or contact has occurred, the two layers of the TENG 

are separated by the air gap, and the system is electrically neutral. No charges have been 

transferred between the surfaces, so no electric fields are present. At this stage, the VS-

TENG is in its initial equilibrium condition, ready for the first contact of the operating 

cycle. The triboelectric materials are placed on top of the electrodes and are oriented such 

that they are facing each other. A VS-TENG at rest is shown below in Figure 23. 

 

Figure 23: VS-TENG at rest, with electrodes and dielectrics 

After an external mechanical input exerts itself to bring the two dielectric layers into 

contact with one another, surface charge transfer occurs along the area of contact. As per 

the triboelectric effect, electrons cross over towards the material with the higher electron 

affinity, also called the negative dielectric, from the material with the tendency to donate 

its electrons, known as the positive dielectric. This generates equal and opposite charges 
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on the surfaces of the dissimilar materials. These charge densities are denoted using 𝜎. This 

is shown in Figure 24. 

 

Figure 24: Electrons crossing over to tribonegative material b) Charges on each side after 

equilibrium 

Because of the charge transfer, an electric field is now present between the dielectrics, 

which is defined as the surface charge density 𝜎 over the permittivity of free space, 𝜀0. 

𝐸 =
𝜎

𝜀0
 (4) 

 however, since there is no separation, 𝑥(𝑡) = 0. This means that once contact is 

established, from equation 1, 

𝑉 = 𝐸𝑑 = 𝐸𝑥(𝑡) = 0 

The voltage signal generated during the contact phase is shown below in Figure 25. 

 

Figure 25: Voltage signal during rest and contact phase 

3.1.4 Separation 

Separating the two triboelectric layers without connecting the electrodes together such that 

no path for current exists, will initiate a voltage between the positive and negative 
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dielectrics from the change in distance. Figure 26 shows a separated TENG not connected 

to a circuit. 

 

Figure 26: Electric field and voltage between dielectrics of an unconnected TENG 

Combining equation 1 with equation 2 to get the voltage at this state gives, 

𝑉 = 𝐸𝑑 =  
𝜎

𝜀0
𝑥(𝑡) 

The voltage at this point is between the surfaces of the dielectrics and is referred to as the 

open-circuit voltage, 𝑉𝑜𝑐. It is the highest achievable voltage for a TENG, as there is no 

conductive path for charge to flow and equalize the potential difference. In this open-circuit 

condition, the electric field in the air gap is fully established according to the separation 

distance, and the surface charges on the dielectrics create the maximum potential 

difference. It is expressed as, 

𝑉𝑜𝑐 =
𝜎𝑥(𝑡)

𝜀0
 (5)  

From equation 5, there is a linear relationship between 𝑉𝑜𝑐 and 𝑥(𝑡). This would suggest 

that 𝑉𝑜𝑐 would increase indefinitely with separation distance. The primary assumption used 

to derive equation 5 is that a fixed surface charge density and infinite parallel plate 

geometries are used. In practice, this is not the case after a certain separation distance. If 

the separation becomes too large, then the separation distance 𝑥(𝑡) is no longer much 

smaller than the width of the TENG 𝑤, meaning that 𝑥(𝑡) ≮ 𝑤 invalidating this primary 

assumption. The real effective charge that contributes to the electric field is set by 
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electrostatic induction, which decreases as separation increases because of weakening 

capacitance between the triboelectric surfaces.  

Once the electrodes are connected through an external circuit, this would cause the system 

to short. This voltage can now drive current flow, allowing the TENG to perform electrical 

work. The flow of electrons now generates a charge 𝑄 of equal and opposite magnitude on 

the electrodes, as the electrons one electrode loses are what the other gains. In action, this 

is shown demonstratively in Figure 27. 

 

Figure 27: Direction of electron flow with residual charge Q being generated 

Electrons move between the electrodes via the external circuit, driven by the voltage across 

the air gap, until the potential difference is balanced. Once complete, Figure 28 shows all 

electric fields and charges 𝑄 present after separation has completed.  

 

Figure 28: All electric fields and charges present after separation 
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Additionally, as separation is what drives current, and in this instance, there is no motion, 

measured voltage will drop to zero as the voltage inside the air gap balances out with the 

voltages inside the dielectrics. This means that, 

𝑉𝑎𝑖𝑟 =  𝑉1 + 𝑉2 

 The measured voltage signal will remain at zero, shown in Figure 29. 

 

Figure 29: Voltage dropping and maintaining zero while separated 

Here, three electric fields are present, which means that the voltage drop across the 

electrodes will be the sum of the product of each electric field and its distance. The electric 

fields inside the dielectrics both oppose the electric field in the air gap. Because at this state 

all electrons have crossed over leaving charges on the electrodes meaning that 𝑄 ≠ 0, the 

systems voltages are balanced, so the measured voltage 𝑉 = 0.  

 This means that, 

0 = −𝐸1𝑑1 + 𝐸𝑎𝑖𝑟𝑥(𝑡) − 𝐸2𝑑2 (6) 

The presence of 𝑄 reduces the strength of the electric field (𝐸𝑎𝑖𝑟)in the air gap, because of 

the pull from the shielding effect caused by 𝐸1 and 𝐸2.  The triboelectric surface charges 

by themselves generate an electric field in the air gap with magnitude 𝜎/𝜀0, shown earlier 

in equation 4, directed from the positively charged dielectric toward the negatively charged 

dielectric. When the electrodes are connected through an external circuit, electrons transfer 

between them, resulting in a net charge 𝑄 on the electrodes. This induced electrode charge 

produces an opposing electric field across the air gap, analogous to a parallel-plate 

capacitor, with magnitude 𝑄𝑆𝐶/𝐴𝜀0. 
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By the principle of superposition, the total electric field in the air gap is equal to the 

algebraic sum of these two contributions. Because the field generated by the electrode 

charges opposes the triboelectrically induced field, the resulting air-gap electric field is 

reduced, yielding 

𝐸𝑎𝑖𝑟 =  
𝜎

𝜀0
−

𝑄𝑆𝐶

𝐴𝜀0
 (7) 

Substituting the expressions for the dielectric electric fields 𝐸1 and 𝐸2, obtained from 

Gauss’s law (equations 2 and 3), together with the modified expression for the air-gap 

electric field 𝐸air (equation 7), along with applying the boundary conditions, 

0 =  (
−𝑄𝑆𝐶

𝐴𝜀0𝜀𝑟1
) 𝑑1 + (

𝜎

𝜀0
−

𝑄𝑆𝐶

𝐴𝜀0
)  𝑥(𝑡) + (

−𝑄𝑆𝐶

𝐴𝜀0𝜀𝑟2
) 𝑑2 

Collecting terms and simplifying, 

𝑄𝑆𝐶

𝐴𝜀0
(

𝑑1

𝜀𝑟1
+

𝑑2

𝜀𝑟2
+ 𝑥(𝑡)) =  

𝜎𝑥(𝑡)

𝜀0
 (8) 

The term on the right-hand side is identical to equation 5, which is 𝑉𝑜𝑐 itself. Therefore, 

𝑉𝑜𝑐 =
𝑄𝑆𝐶

𝐴𝜀0
(

𝑑1

𝜀𝑟1
+

𝑑2

𝜀𝑟2
+ 𝑥(𝑡)) (9) 

The open circuit voltage is balanced out by what is inside the dielectrics and air gap. 

The operating mode referred to as the short-circuit condition is the one in which the 

electrodes are electrically connected, allowing unrestricted charge transfer and enabling the 

determination of the maximum current that the VS-TENG can deliver. 

Isolating equation 7 for 𝑄𝑠𝑐 gives, 

𝑄𝑠𝑐 =
𝜎𝐴𝑥(𝑡)

𝑑1

𝜀𝑟1
+

𝑑2

𝜀𝑟2
+ 𝑥(𝑡)

 (10)
 

Which is known as the short circuit charge for a VS-TENG with a separation distance 𝑥(𝑡). 

As current is simply the amount of charge transferred over time, taking the derivative of 

this equation yields the short circuit current, the current at zero voltage, which is the highest 

possible current which can be supplied by the generator. 
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𝐼𝑠𝑐 =
𝑑𝑄𝑠𝑐

𝑑𝑡
=  

𝜎𝐴𝑥̇(𝑡) (
𝑑1

𝜀𝑟1
+

𝑑2

𝜀𝑟2
)

(
𝑑1

𝜀𝑟1
+

𝑑2

𝜀𝑟2
+ 𝑥(𝑡))

2
(11) 

For simplification, the terms referring to the thicknesses of the dielectrics and their 

respective relative permittivity can be denoted as one term, 𝑑0, expressed below as, 

𝑑0 =
𝑑1

𝜀𝑟1
+

𝑑2

𝜀𝑟2

(12) 

Substituting in equation 11 simplifies the final equation for both 𝑄𝑠𝑐 and 𝐼𝑠𝑐, which 

completes the short circuit equations: 

𝑄𝑠𝑐 =
𝜎𝐴𝑥(𝑡)

𝑑0 + 𝑥(𝑡)
(13) 

𝐼𝑠𝑐 =
𝑑𝑄𝑠𝑐

𝑑𝑡
=  

𝜎𝐴𝑥̇(𝑡)𝑑0

(𝑑0 + 𝑥(𝑡))
2

(14) 

3.1.5 Re-engaging  

Once re-engaged, the voltage in the air gap becomes 0 as 𝑥(𝑡) = 0. However, the electric 

fields in the dielectrics 𝐸1 and 𝐸2 remain, and because of the presence of 𝑄𝑠𝑐.  The 

schematic illustrating the re-engaged case is shown in Figure 30. 

 

Figure 30: Electric fields and charges present after re-engaging 

Since only the dielectric electric fields 𝐸1and 𝐸2are present and no voltage exists in the 

air gap, the overall voltage can be expressed as 

𝑉 = −𝐸1𝑑1− 𝐸2𝑑2 
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The negative signs arise from the chosen directional conventions. 

Substituting equations 2 and 3, which are the expressions for the electric fields in the 

dielectrics gives, 

𝑉 =  (
−𝑄𝑆𝐶

𝐴𝜀0𝜀𝑟1
) 𝑑1 + (

−𝑄𝑆𝐶

𝐴𝜀0𝜀𝑟2
) 𝑑2 

 

This simplifies to,  

𝑉 =
−𝑄𝑆𝐶

𝐴𝜀0
(

𝑑1

𝜀𝑟1
+

𝑑2

𝜀𝑟2
) (15) 

As a result of equation 15, the voltage at this stage, referred to as 𝑉’, does not reach the 

same magnitude as the open-circuit voltage 𝑉oc, and instead assumes a smaller value of 

opposite polarity. This asymmetry between the separation and re-engagement stages 

implies an asymmetric voltage output characteristic of the VS-TENG. Since voltage is what 

drives the current, an asymmetric current output will also be read. The full voltage 

waveform is shown below for a full cycle in Figure 31. 

 

Figure 31: Voltage output for a cycle (note the asymmetry between separating and re-

engaging) 

When the VS-TENG re-engages, charges between the electrodes begin to move back in the 

opposite direction, correcting for the change in electric field distribution caused by the 

decreasing separation distance that reduces 𝑥(𝑡) and therefore 𝑉𝑎𝑖𝑟. This action is shown 

in Figure 32. 
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Figure 32: Charge flowing in the opposite direction upon re-engaging 

3.1.6 The general governing equation 

A VS-TENG that is under general operating conditions, is shown below in Figure 33 with 

all acting electric fields producing voltages, and all active charges. 

 

Figure 33: General case for a VS-TENG 

The voltage is still expressed as the sum of all the products of electric fields and distances. 

However, 𝑉 ≠ 0, unlike in the short circuit condition. 

𝑉 = −𝐸1𝑑1 + 𝐸𝑎𝑖𝑟𝑥(𝑡) − 𝐸2𝑑2 

Substituting in equations 2, 3, and 7, gives, 

𝑉 =  (
−𝑄

𝐴𝜀0𝜀𝑟1
) 𝑑1 + (

𝜎

𝜀0
−

𝑄

𝐴𝜀0
)  𝑥(𝑡) + (

−𝑄

𝐴𝜀0𝜀𝑟2
) 𝑑2 

Simplifying this gives, 
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𝑉 =
−𝑄

𝐴𝜀0
(

𝑑1

𝜀𝑟1
+

𝑑2

𝜀𝑟2
+ 𝑥(𝑡)) +  

𝜎𝑥(𝑡)

𝜀0

(16) 

Which is the general form for the governing equation, showing all variables in which a VS-

TENG operates [137], [138], [139]. Physically therefore, the voltage can be increased by 

maximizing the available surface area 𝐴  and separation distance 𝑥(𝑡) . The dielectric 

thicknesses 𝑑1 and 𝑑2 should be minimized to limit the production of negative voltage, 

while dielectric constants 𝜀𝑟1 and 𝜀𝑟2 which comes from material selection should be 

maximized for the same reason.  The surface charge density 𝜎 should be maximized by 

ensuring the highest possible charge transfer between dielectrics during triboelectrification. 

This is done by selecting materials on opposite ends of the triboelectric series. 

The governing equation for the total voltage in a VS-TENG combines the principles of 

capacitive behaviour and triboelectric charge generation. It can be further simplified and 

said that the total voltage is the difference between the open circuit voltage 𝑉𝑜𝑐 which arises 

from the triboelectric charges and the capacitive voltage which depends on the stored 

charge 𝑄 and the capacitance abilities from the selected dielectrics. As the capacitance 

changes with separation distance, this can be denoted as 𝐶(𝑥). Recall that the definition of 

electrical potential in terms of charge and capacitance is, 

𝑉 =
𝑄

𝐶
 (17) 

Where 𝑄 is charge and 𝐶 is the capacitance. Physically what this means, is that a high 

capacitance system can store more charge for the same voltage. Using these definitions to 

rewrite the governing equation for the total voltage in terms of fundamental electrical 

principles gives, 

𝑉 = −
𝑄

𝐶(𝑥)
+  𝑉𝑂𝐶  (18) 

At the short circuit condition; 𝑉 = 0 and 𝑄 = 𝑄𝑆𝐶. This means that equation 18 becomes, 

0 = −
𝑄𝑆𝐶

𝐶(𝑥)
+ 𝑉𝑂𝐶 
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So,  

1

𝐶(𝑥)
=

𝑉𝑂𝐶

𝑄𝑆𝐶
 (19) 

Substituting equation 19 into equation 18 gives, 

𝑉 = −𝑄 (
𝑉𝑂𝐶

𝑄𝑆𝐶
) +  𝑉𝑂𝐶 

A linear relationship between 𝑉𝑂𝐶, 𝑉, 𝑄 and 𝑄𝑆𝐶 is therefore made as, 

𝑉 = 𝑉𝑂𝐶 − 𝑉𝑂𝐶 (
𝑄

𝑄𝑆𝐶
) (20) 

A similar relation for 𝑉′ can also be formed starting from equation 18. When re-engaged, 

𝑥 = 0, which means that 𝑉𝑂𝐶 = 0, and 𝐶(𝑥) = 𝐶(0). Equation 18 then becomes, 

𝑉 = −
𝑄

𝐶(0)
 (21) 

From the definition of electrical potential equation 17, at 𝑉′, 𝑄 = 𝑄𝑆𝐶, and since 𝑥 =

0, 𝐶(𝑥) = 𝐶(0). This means that, 

𝑉′ =
𝑄𝑆𝐶

𝐶(0)
 (22) 

Dividing equation 21 by equation 22 gives, 

𝑉

𝑉′
=

−
𝑄

𝐶(0)
𝑄𝑆𝐶

𝐶(0)

=
𝑄

𝑄𝑆𝐶
 

Isolating for 𝑉 gives,  

𝑉 = −𝑉′
𝑄

𝑄𝑆𝐶

(23) 

Equations 20 and 23 are the linear equations for the V-Q relationship. 

3.1.7 Work and Cycle Efficiency 

As all triboelectric nanogenerators operate under a cycle, the mechanical efficiency can be 

determined as a ratio of the input and output work done on the device. The calculation of 
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electrical work generated for an electric generator is similar in concept to the generation of 

mechanical work for a heat engine. Recall, mechanical work is the energy transferred when 

a system’s volume changes under pressure. It is positive if the system expands, and work 

is done on the surroundings, while negative work occurs when a system is compressed. 

Mathematically, this can be expressed as,  

𝑊 =  ∮ 𝑃𝑑𝑉 (24) 

Where 𝑃 is pressure and 𝑑𝑉 is the element of volume. 

Similarly in electricity, work is the energy transferred when a charge moves under the 

influence of an electrical potential difference, a voltage. Mathematically this can also be 

expressed as a line integral as,  

𝑊 =  ∮ 𝑉𝑑𝑄 (25) 

Where 𝑉 is voltage and 𝑑𝑄 represents an element of charge. Both heat engines and electric 

generators are devices which convert an input of energy to work which can be utilized, a 

simple diagram in Figure 34 visualizes this below.  

 

Figure 34: Work generation schematic for heat engines and electric generators 

As a Carnot cycle for heat engines composes of two isothermal and two adiabatic 

processes, the ideal cycle of a VS-TENG can be expressed as two open circuit and two 

closed circuit processes. Illustration of the operation of this cycle on V-Q diagrams is 

shown below in Figures 35 and 36. 
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Figure 35: Ideal VS-TENG Cycle 

 

Figure 36: Work input and output for a VS-TENG 

Using the linear voltage–charge equations 20 and 23 derived in Section 3.1.5, the 

corresponding expressions are incorporated into the TENG operating cycle, as illustrated 

in Figure 37. 
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Figure 37: TENG Cycle with Voltage-Charge relationships at processes 2) and 4) 

The 1st process in the cycle starts at contact, where the separation distance 𝑥 = 0 and 

triboelectrification has already occurred between the positive and negative dielectrics 

leaving both surfaces charged with equal and opposite charges. An external mechanical 

output which separates the layers in an open circuit condition means that the voltage will 

increase until 𝑥 = 𝑥𝑚𝑎𝑥 ending the process. The voltage at this point is 𝑉𝑂𝐶, and as the 

condition is open circuit 𝑄 = 0. The 2nd process closes the circuit, allowing current to flow. 

Subsequently a charge +𝑄 and −𝑄 appears on the electrodes. The entire process occurs 

entirely at  𝑥 = 𝑥𝑚𝑎𝑥. Closing the circuit once again for the 3rd step in the cycle and 

compressing the TENG back into contact maintains the charges on the electrodes, but a 

residual voltage remains, which is 𝑉′. The 4th step occurs entirely at 𝑥 = 0 and as the 

separation distance 𝑥(𝑡) decreases, the capacitance 𝐶(𝑥) increases, which means the 

charges at the electrodes 𝑄 must redistribute in the opposite direction, going back to the 

rest state [139], [140].  

To determine the cycle efficiency, first the definition of efficiency 𝜂𝑜here is, 

𝜂𝑜 =
𝑊𝑜𝑢𝑡

𝑊𝑖𝑛

(26) 
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First, to determine the output work, it is important to notice that output work only occurs 

in steps 2) and 4) in the cycle. These processes can be expressed in terms of voltage 𝑉 and 

𝑄 using equation 18. Therefore, 

𝑊𝑜𝑢𝑡 = 𝑊𝑜𝑢𝑡2 + 𝑊𝑜𝑢𝑡4 = ∫ 𝑉1𝑑𝑄 + ∫ 𝑉2𝑑𝑄 (27) 

Recall from previous definitions, the highest possible charge transfer between electrodes 

is 𝑄𝑠𝑐, and the highest possible voltage is the open circuit voltage 𝑉𝑂𝐶. This defines our 

integral bounds for charge from 0 ≤ 𝑄 ≤ 𝑄𝑠𝑐. The smallest operating voltage in the cycle 

is 𝑉′, which is mathematically defined as the voltage when 𝑄 = 𝑄𝑠𝑐. The expression for 𝑉1 

occurs for process 2), which is bounded by the equation 20. Similarly, 𝑉2 occurs in process 

4), and equation 23 provides the lower bound for the cycle. Substituting equations 20 and 

23 for 𝑉1 and 𝑉2 respectively gives, 

𝑊𝑜𝑢𝑡 = ∫ (𝑉𝑜𝑐 − 𝑉𝑜𝑐

𝑄

𝑄𝑠𝑐
) 𝑑𝑄 + ∫ (−𝑉′

𝑄

𝑄𝑠𝑐
) 𝑑𝑄 

0

𝑄𝑠𝑐

𝑄𝑠𝑐

0

 

Integrating, 

𝑊𝑜𝑢𝑡 = 𝑉𝑜𝑐𝑄𝑠𝑐 − 𝑉𝑜𝑐

𝑄𝑠𝑐
2

2𝑄𝑠𝑐
+ 𝑉′

𝑄𝑠𝑐
2

2𝑄𝑠𝑐
 

This simplifies to,  

𝑊𝑜𝑢𝑡 =
1

2
𝑄𝑠𝑐(𝑉𝑜𝑐 + 𝑉′) (29) 

The input work for a VS-Teng in the ideal case is equal to the variation of electrostatic 

energy. In an ideal TENG, assumptions must be made. Firstly, quasi static operation is 

assumed. This means that during mechanical separation and contact the electric field 

adjusts instantaneously to changes in displacement, and any dynamic electromagnetic 

effects such as inductance are negligible. This allows electrostatics to be used. 

The efficiency in an ideal TENG represents an upper bound, which means the system has 

no losses. This means there is no internal resistance in the electrodes and connections are 

neglected and no losses inside the dielectrics. Finally, the triboelectric charges are assumed 

to be constant and uniform.  



 U N I V E R S I T Y  O F  O T T A W A  –  F A C U L T Y  O F  E N G I N E E R I N G  | 51 

 

 The mechanical work, which is expressed as, 

𝑊𝑖𝑛 = ∮ 𝐹𝑑𝑥 (30) 

provides the energy necessary for separation and re-engagement. The variation of 

electrostatic energy (𝐸𝑠) with respect to a global or local reference point in an electrical 

system is expressed as a sum of the products of charges 𝑄 and their respective potentials 

Φ.  

𝐸𝑠 =
1

2
∑ 𝑄𝑖𝛷𝑖 (31) 

Electric potential is measured as a voltage, however the symbol 𝑉 is not used in this case 

as this potential is not the same as the voltage 𝑉 in the TENG system.  

By assuming energy conversion, the variation of electrostatic energy comes from two 

factors. The first is the input work which overcomes the electrostatic force. The second is 

electrical output, which decreases electrostatic energy, converting it to current. This means 

that, 

∆𝐸𝑠 = ∮ 𝐹𝑑𝑥 − ∮ 𝑉𝑑𝑄 

However, processes 1) and 3) operate under open circuit conditions, meaning that 𝑑𝑄 = 0. 

This means that, 

𝑊𝑖𝑛 = ∆𝐸𝑠 = ∮ 𝐹𝑑𝑥 (32) 

Therefore, for an ideal system, the minimum required input work is equal to the variation 

of electrostatic energy. 

For the case of the VS-TENG, the surface of bottom dielectric layer is set as the reference 

point. At the reference, the variation of electrostatic energy is zero as the potential at the 

reference point is zero. Recall that from the definition of capacitance, electric potential can 

be written as, 
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𝛷 =
𝑄

𝐶
 

The reference point along with the charges present in the VS-TENG is shown in Figure 38. 

 

Figure 38: Schematic showing the reference point for a VS-TENG along with charges 

present 

The VS-TENG is then split into two regions of capacitance about the reference point called 

𝐶1(𝑥) which varies with separation distance and 𝐶2 which remains constant.  Similarly, 

there are two potentials 𝛷1 and 𝛷2 from the reference point. The equation for electrostatic 

energy as a function of distance 𝑥 and charge 𝑄 is therefore, 

𝐸𝑠(𝑥, 𝑄) =
1

2
∑ 𝑄𝑖𝛷𝑖 =

1

2
(𝐸𝑠1 + 𝐸𝑠2) 

Substituting the charges at each potential gives, 

𝐸𝑠(𝑥, 𝑄) =
1

2
(𝑄𝛷2 + (𝐴𝜎 − 𝑄)𝛷1) (33) 

Finally, substituting the definition for potentials with respect to the reference point yields, 

𝐸𝑠(𝑥, 𝑄) =
1

2
(𝑄

𝑄

𝐶2
+ (𝐴𝜎 − 𝑄)

𝐴𝜎 − 𝑄

𝐶1(𝑥)
) (34) 

Which is the general expression for electrostatic energy as a function of 𝑥 and 𝑄. 

For the input work 𝑊𝑖𝑛1 at the 1st step, process begins at 𝑥 = 0 and terminates at 𝑥 = 𝑥𝑚𝑎𝑥, 

with the entire process being at open circuit, meaning that 𝑄 = 0. The variation of 

electrostatic energy is just the difference of the potentials at 𝑥 = 𝑥𝑚𝑎𝑥 and 𝑥 = 0, shown 

below as, 
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𝑊𝑖𝑛1 = ∆𝐸𝑠 = 𝐸𝑠(𝑥𝑚𝑎𝑥, 0) − 𝐸𝑠(0,0) =
1

2
((𝐴𝜎)

𝐴𝜎

𝐶1(𝑥𝑚𝑎𝑥)
− (𝐴𝜎)

𝐴𝜎

𝐶1(0)
) 

For a capacitance at zero distance 𝐶1(0) the capacitance approaches infinity. The final 

equation for simplifies to, 

𝑊𝑖𝑛1 =
1

2

(𝐴𝜎)2

𝐶1(𝑥𝑚𝑎𝑥)
(35) 

In the first step of the process which involves separation, the external force does positive 

work and the electrostatic energy of the system increases. During the third step, where the 

VS-TENG is re-engaged, the external force does negative work on the system, decreasing 

the electrostatic energy of the system, meaning it is negative. For this reason, only the work 

input in the first step is considered. The work 𝑊𝑖𝑛3 is shown below using the same steps 

for 𝑊𝑖𝑛1, with the only difference being that a charge 𝑄 is present. 

𝑊𝑖𝑛3 = 𝐸𝑠(0, 𝑄) − 𝐸𝑠(𝑥𝑚𝑎𝑥, 𝑄)

=
1

2
(𝑄

𝑄

𝐶2
+ (𝐴𝜎 − 𝑄)

𝐴𝜎 − 𝑄

𝐶1(0)
) −

1

2
(𝑄

𝑄

𝐶2
+ (𝐴𝜎 − 𝑄)

𝐴𝜎 − 𝑄

𝐶1(𝑥𝑚𝑎𝑥)
) 

Which simplifies to,  

𝑊𝑖𝑛3 = −
1

2

(𝐴𝜎 − 𝑄)2

𝐶1(𝑥𝑚𝑎𝑥)
(36) 

A negative quantity, which means this term can be excluded. 

Substituting all the determined quantities for output and input works, the un-simplified 

equation therefore for the efficiency of a VS-TENG is, 

𝜂𝑜 =

1
2 𝑄𝑠𝑐(𝑉𝑜𝑐 + 𝑉′))

(
1
2

(𝐴𝜎)2

𝐶1(𝑥)
)

 (37) 

From equation 17 in the previous section, solving for 𝑉𝑜𝑐 the open circuit condition gives, 

𝑉𝑜𝑐 =
𝑄𝑠𝑐

𝐶(𝑥)
(38) 



 U N I V E R S I T Y  O F  O T T A W A  –  F A C U L T Y  O F  E N G I N E E R I N G  | 54 

 

In the two-capacitor model, the only capacitance which is dependent on 𝑥 is 𝐶1(𝑥). The 

highest 𝑄𝑠𝑐 that can be achieved in a TENG is when the charge at the electrodes matches 

the charge measured at the dielectrics 𝐴𝜎. This means that, 

𝑉𝑜𝑐 =
𝐴𝜎

𝐶1(𝑥)
(39) 

As the expression for 𝑉𝑜𝑐 in terms of 𝐴, 𝜎, and 𝐶1(𝑥). 

The two-capacitor model features two capacitance values in series, therefore the equivalent 

capacitance can be expressed using Kirchoff’s law as, 

𝐶(𝑥) =
𝐶1(𝑥)𝐶2

𝐶1(𝑥) + 𝐶2

(40) 

The short circuit charge 𝑄𝑠𝑐 can be expressed as, 

𝑄𝑠𝑐 = 𝑉𝑜𝑐𝐶(𝑥) 

Substituting the expressions equations 36 and 37 into the expression for 𝑄𝑠𝑐 gives,  

𝑄𝑠𝑐 =  
𝐴𝜎𝐶2

𝐶1(𝑥) + 𝐶2
 (41) 

Similarly, the expression for 𝑉′  

𝑉′ =
𝑄𝑠𝑐

𝐶2
=

𝐴𝜎𝐶2

(𝐶1(𝑥) + 𝐶2)𝐶2
=

𝐴𝜎

𝐶1(𝑥) + 𝐶2

(42) 

Equations 39, 40, 41, and 42 can be substituted into equation 37, 

𝜂 =

1
2

(
𝐴𝜎𝐶2

𝐶1(𝑥) + 𝐶2
) (

𝐴𝜎
𝐶1(𝑥)

+
𝐴𝜎

𝐶1(𝑥) + 𝐶2
)

(
1
2

(𝐴𝜎)2

𝐶1(𝑥)
)

 

Expanding the terms and cross multiplying to get a common denominator gives, 

𝜂 =
(

𝐴𝜎
𝐶1(𝑥𝑚𝑎𝑥)

)
2

(
𝐶1(𝑥𝑚𝑎𝑥)𝐶2

𝐶1(𝑥𝑚𝑎𝑥) + 𝐶2
) + (

𝐴𝜎
𝐶1(𝑥𝑚𝑎𝑥) + 𝐶2

)
2

𝐶2

(
(𝐴𝜎)2

𝐶1(𝑥𝑚𝑎𝑥)
)
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This simplifies to, 

𝜂 =
𝐶2

𝐶1(𝑥𝑚𝑎𝑥) + 𝐶2
+

𝐶1(𝑥𝑚𝑎𝑥)𝐶2

(𝐶1(𝑥𝑚𝑎𝑥) + 𝐶2)2
=

𝐶2(𝐶1(𝑥𝑚𝑎𝑥) + 𝐶2) + 𝐶1(𝑥𝑚𝑎𝑥)𝐶2

(𝐶1(𝑥𝑚𝑎𝑥) + 𝐶2)2
 

Now adding and subtracting the denominator on the numerator gives, 

𝜂𝑜 =
(𝐶1(𝑥𝑚𝑎𝑥) + 𝐶2)2 − (𝐶1(𝑥𝑚𝑎𝑥) + 𝐶2)2 + 𝐶2(𝐶1(𝑥𝑚𝑎𝑥) + 𝐶2) + 𝐶1(𝑥𝑚𝑎𝑥)𝐶2

(𝐶1(𝑥𝑚𝑎𝑥) + 𝐶2)2
 

To further simplify to, 

𝜂𝑜 = 1 −
(𝐶1(𝑥𝑚𝑎𝑥) + 𝐶2)2 − 𝐶2(𝐶1(𝑥𝑚𝑎𝑥) + 𝐶2) − 𝐶1(𝑥𝑚𝑎𝑥)𝐶2

(𝐶1(𝑥𝑚𝑎𝑥) + 𝐶2)2
 

𝜂𝑜 = 1 − (
𝐶1(𝑥𝑚𝑎𝑥)

𝐶1(𝑥𝑚𝑎𝑥) + 𝐶2
)

2

(43) 

Finally, equations 38 and 40 can be rewritten to solve for 𝐶1(𝑥𝑚𝑎𝑥) and 𝐶1(𝑥𝑚𝑎𝑥) + 𝐶2. 

𝐶1(𝑥𝑚𝑎𝑥) =
𝐴𝜎

𝑉𝑜𝑐
 (44) 

𝐶1(𝑥𝑚𝑎𝑥) + 𝐶2 =
𝐴𝜎

𝑉′
 (45) 

Substituting equations 44 and 45 into equation 43 gives, 

𝜂𝑜 = 1 − (

𝐴𝜎
𝑉𝑜𝑐

𝐴𝜎
𝑉′

)

2

 

Which simplifies into the final equation for the efficiency of a VS-TENG. 

𝜂𝑜 = 1 − (
𝑉′

𝑉𝑜𝑐
)

2

(44) 

The efficiency of a VS-TENG is therefore only dependent on 𝑉′ and 𝑉𝑜𝑐. Equation 44 

indicates that the cycle efficiency is limited by the minimum voltage state 𝑉′ attainable 

during energy extraction. Any non-zero 𝑉′corresponds to residual electrostatic energy 

remaining stored in the system, which cannot be converted into useful electrical work. 
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4 RESEARCH OBJECTIVES 

The research objectives of this document are: 

• To develop and experimentally validate a VS-TENG fabricated using CS 

deposition techniques. 

• To investigate the feasibility of using CS for the fabrication of key TENG 

components, including copper electrodes, a PFA tribonegative layer, and an 

aluminum tribopositive layer. 

• To evaluate and optimize suitable bond coat strategies using Al and Cu feedstock 

for enabling reliable deposition and adhesion of PFA directly onto copper 

substrates. 

• To investigate the potential of nylon as an alternative tribopositive material to 

aluminum, with emphasis on adhesion, triboelectric performance, 

manufacturability, and material sustainability. 

• To characterize the electrical performance of the fabricated TENG by measuring 

open circuit voltage, short circuit current, and short circuit charge. 

• To characterize the operational electrical performance by measuring voltage, 

current, charge, and power output under varying operating conditions. 

• To evaluate energy conversion efficiency and operating feasibility through 

comparison of experimental results with existing literature. 

• To analyze TENG operation using a thermodynamic cycle analogy representing 

energy harvesting through open- and closed-circuit states. 

• To identify key parameters influencing energy harvesting efficiency, including 

material properties, contact area, and separation distance, and to propose design 

recommendations aimed at improving performance and enabling practical energy 

harvesting applications. 

• To propose directions for future work, including potential improvements in 

material selection, device architecture, and experimental methodologies for 

enhancing VS-TENG performance. 
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5 EXPERIMENTAL PROCEDURE 

5.1 Powder materials and substrates 

The powders selected for this study were intended to be used as tribopositive and 

tribonegative materials for the VS-TENG. From literature review and the governing 

equations, materials with a high electron affinity and electronegativity demonstrate 

themselves as ideal candidates for tribonegative materials. Perfluoroalkoxy Alkane (PFA) 

is a fluoropolymer commonly used in hydrophobic coating applications and in this study 

as the main tribonegative material. A common issue faced when spraying polymer powders 

are interparticle cohesive forces and Van der Waals forces influenced by their chemical 

structures. If there is cohesive attraction between particles this can result in the formation 

of aggregates prior to powder injection or during flight and influence the particle feeding 

and particle velocity, affecting the overall deposition. The PFA powder used here (PFA) 

(FLUON® EA-2000 PW50, AGC Chemicals America Inc, PA, USA) displays an irregular 

morphology with a flakey geometry with a particle size ranging from 20 to 50 μm. It is 

shown under SEM in Figure 39.  

 

Figure 39: PFA feedstock powder morphology 

It is a highly electronegative fluoropolymer developed as a competitor to the commonly 

available PTFE (Teflon®). The powder itself has an overall irregular morphology with 
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flake like geometries. Unlike other polymer powders such as Nylon 6 that suffer from 

aggregate formation and demonstrate feeding challenges, the PFA feedstock does not 

display this behaviour because of the modifications in the chemical composition of the 

powder, allowing for the powder to be largely unaffected by any cohesion, making it an 

appealing powder to investigate in Cold Spray (CS). 

A commercially available aluminum (Al) feedstock powder (SST-A5001, Centerline 

Limited, Windsor, Canada) with an irregular morphology particle size distribution between 

5 and 45 μm was selected as the positive dielectric material. The CS deposition of Al is 

well documented, and the material is positioned on the donor side of the triboelectric series, 

making it an appealing material selection for a successful proof of concept design. The Al 

feedstock is shown below in Figure 40. 

 

Figure 40: Al feedstock powder morphology 

Along with the use of Al for the positive dielectric layer, a Nylon 6 powder (Goodfellow, 

UK) with a particle size between 15 to 35 µm was also investigated for potential use as a 

tribopositive material. Nylon is positioned above Al on the triboelectric series, meaning 

that if a successful coating of Nylon 6 is deposited and paired with the highly 

electronegative PFA, there would be an increase in electron transfer resulting in a stronger 
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electric field which should theoretically increase the electrical performance. The Nylon 

feedstock is shown below in Figure 41. 

 

Figure 41: Nylon feedstock powder morphology 

A Copper (Cu) 110 plate (Metal Pros, Ottawa, Canada) with a thickness of 0.406 mm was 

selected as the substrate material and subsequent electrode. A thin substrate was necessary 

to minimize internal resistance within the electrodes. Since spraying PFA onto copper had 

not been previously attempted, several surface preparation methods were evaluated to 

ensure adequate adhesion.  

Initial attempts involved grit blasting the copper substrate using ferrosilicate grit (16 mesh 

– 20 grit)  (AG, Ruemelin Manufacturing Company, Milwaukee, WI, USA). However, this 

method caused excessive bowing of the thin Cu plates, compromising their flat geometry. 

This deformation affected coating accuracy and reproducibility and hindered full contact 

between the dielectric layers during TENG operation. Additionally, grit blasting did not 

provide sufficient surface roughness for effective mechanical interlocking of the PFA 

powder. 
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To address these limitations, a copper coating was sprayed onto the as received Cu substrate 

as an alternative surface preparation method. This approach increased the surface 

roughness without deforming the substrate.  

Given that polymer powders such as PFA require mechanical interlock for successful 

deposition, CS coatings of Cu and Al were evaluated as bond coats on the Cu substrate. 

The copper powder used (SST-C5001, CenterLine Ltd., Windsor, Canada) had a particle 

size distribution between 5 to 45 µm and a dendritic morphology. Previous studies have 

demonstrated successful cold spray deposition of PFA on aluminum substrates. Therefore, 

an initial aluminum bond coat was used to establish a proof of concept before transitioning 

to copper as the bond coat material for the PFA layer. Its morphology is shown below in 

Figure 42. 

 

Figure 42: Cu feedstock morphology 

5.2 Cold Spray System 

5.2.1 Gas Heater, Pressure Regulator, and Control Unit 

A commercially available CS system (SST EP, Centerline Ltd, Windsor, On, Canada) was 

used. It uses a 15 kW three coiled three phased AC electric gas heater which can reach an 

operating stagnation temperature and pressure of 650 ℃ and 3.4 MPa respectively. The 

stagnation conditions for CS are found ahead of the converging diverging section of a CS 
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nozzle where the gas can be assumed to be stagnant. The gas heater is mounted on a robotic 

traverse system powered using a series of linear motors and actuators. The stagnation 

temperature is controlled directly on a touch screen which comes with the SST EP, and the 

stagnation pressure is adjusted using a pressure regulator connected to a gas bulk back. The 

control unit and gas heater are shown below in Figure 43a and 43b. 

 

Figure 43: a) CS control unit b) Gas heater with nozzle attached 

5.2.2 Powder Feeding Equipment 

The feedstock powders were fed using a commercially available powder feeder (AT-

1200HP, Thermach Inc., Appleton, Wisconsin, USA) shown in Figure 39a. The feedstock 

is contained inside of a pressurized canister and is fed into a feeding line directed towards 

the spray gun via a rotating wheel with holes perforated around its circumference. The rate 

at which powder is fed can be controlled by changing the rotational speed of the feeding 

wheel or by changing the size of the holes. The feeder along with an example of a feeder 

wheel is shown below in Figure 44a and 44b. 
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Figure 44: a) Powder Feeder b) Feeder wheel 

5.2.3 Spray Chamber and Fan 

The spray chamber houses the robotic traverse system, the gas heater, the spray gun, and a 

moveable stage which can be adjusted in height to satisfy the stand-off distance 

requirements of the spray. The chamber is also equipped with a hinged door with a 

plexiglass window to protect the operator(s) during spraying and provide a line of sight 

during spraying. A fan system provides a suction collecting any excess powder during 

spraying, preventing powder from evacuating the chamber. Both the Spray Chamber and 

Fan systems are showed in Figure 45. 
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Figure 45: Spraying chamber and Fan system 

5.2.4 Substrate Pre-Heater 

For spraying polymers, the mismatch in thermal expansion coefficients between the 

polymer feedstock and the metallic substrate was accommodated through the use of a strip 

heater (Omega Environmental, QC, CA) of dimensions 25.4 mm x 200 mm. Localized 

substrate heating reduces thermal gradients during deposition, thereby limiting differential 

contraction upon cooling. This approach improves coating adhesion by mitigating residual 

thermal stresses and reducing the likelihood of interfacial debonding or microcrack 

formation in the deposited polymer layer. The temperature was controlled by power source 

operating with a relay system control system (Vishay Instruments Inc, Model BAM1, PA, 

USA). Both the strip heater and power source are shown below in Figure 46a and 46b. 
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Figure 46: a) Power source b) Strip heater 

5.2.5 Nozzle Assemblies and Geometries 

Three different nozzles with different geometries were used and are presented in this 

section; a steel nozzle, a polymer nozzle, and a novel straight section nozzle described 

below. Different nozzles were used to accommodate for the differences of the nature of 

different feedstock powders.  

5.2.5.1 Steel Nozzle 

The steel nozzle assembly is constructed from four components. A powder inlet angled at 

45 degrees is built into the diverging area of a converging diverging section, which is mated 

to a 120 mm diverging section with an exit diameter of 6.6 mm using a nozzle holder and 

a collet. It has a throat diameter of 2 mm and it is shown in its full assembly below in Figure 

47. This nozzle is used for the deposition of the Cu feedstock.  
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Figure 47: Steel nozzle assembly 

A steel nozzle was used for copper spraying due to the higher density and erosive behavior 

of copper particles during cold spray processing. The greater mechanical strength and wear 

resistance of steel help maintain nozzle dimensional stability and consistent particle 

acceleration throughout deposition. 

5.2.5.2 Polymer Nozzle 

The polymer nozzle, shown in Figure 48 is used to deposit Al feedstock. As with the steel 

nozzle, the converging diverging sections is one assembly. The main difference is the 

powder injection is connected directly to a hole in the diverging section at 90 degrees and 

is screwed in tightly and held in place using two nuts. The nozzle holder consists of two 

pieces and a spring, which when assembled acts as a fastener keeping the diverging section 

in place. This nozzle has a throat diameter of 2 mm, a diverging section length of 120 mm, 

and an exit diameter of 6.35 mm, respectively.  
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Figure 48: Polymer nozzle assembly 

A polymer nozzle was used for aluminum spraying since aluminum particles are relatively 

soft and ductile, resulting in lower erosive wear during cold spray deposition. Polymer 

nozzles also help reduce particle adhesion and buildup within the nozzle, improving 

powder flow stability and reducing clogging during spraying. 

5.2.5.3 Straight Section Nozzle  

The straight section nozzle is made of stainless steel, and is constructed from three main 

components: the powder injector, the converging gas inlet, and a straight section nozzle 

extension with a 151.5 mm length and a diameter of 4 mm. This nozzle was specifically 

developed using CFD modelling for the deposition of PFA feedstock by Leclerc et al for 

the CS manufacturing of ice phobic coatings [118]. The reasoning for this nozzle is 

explained in section 5.2.6. The powder injection assembly shown in Figure 49 consists of 

a powder inlet connected to the powder feeding line, and a powder outlet which consists of 

a 3.175 mm copper wire angled downward at a 45-degree angle. The powder injector along 

with the full nozzle and injector assembly is shown below in Figure 50. 
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Figure 49: Powder injector 

 

Figure 50: Straight section nozzle with injector attached 

5.2.6 Cold Spray Set-up 

When spraying using a conventional converging diverging (de Laval) nozzle with the SST-

EP system, gas flow from a bulk pack is split into two streams, with one stream directed to 

the powder feeder and the other stream to the spray gun. Before entering the feeder, the gas 

flow enters a flow meter and pressure regulator, which restricts the flow to 40 psi. 

Regulating to higher flow rates by twisting the knob will further reduce the pressure of the 

flow. The Conventional CS system is illustrated below in a schematic in Figure 51.  
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Figure 51: Conventional CS schematic 

The low pressure at the powder injector is not an issue with a de Laval nozzle as the powder 

is injected at the diverging section of the nozzle, where the relative pressure is very low 

because of the high kinetic energy of the flow. When spraying PFA, higher stagnation 

pressures lead to high gas velocities, and introducing PFA particles to this flow excessively 

accelerates them. Using the lowest operating pressure of the SST-EP of 60 psi and making 

use of a straight section nozzle is shown to slow down the particle flow to subsonic speeds. 

The slowed down gas stream also prevents high Mach numbers at the nozzle exit which 

would create large shockwaves ahead of the substrate, considerably slowing down the light 

PFA particles which carry little momentum. A straight section nozzle is therefore used for 

two purposes: 1) decreased particle acceleration compared to a de Laval nozzle preventing 

high Mach numbers at the nozzle exit which create large shockwaves and 2) increased 

travel time allowing the PFA particles to reach a higher temperature.  

The CS set-up for PFA and Nylon 6 powders requires different considerations compared to 

the commonly sprayed metal powders. As characteristics, polymers have high specific 

heats and low thermal conductivities, therefore a longer nozzle travel time is required to 
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energize the particles to produce a dense coating. Another major challenge with polymers 

in general is how light the powders are. This makes them easily affected by disturbances 

in the flow such shockwaves and are quick to accelerate or decelerate. 

An issue faced when using the straight section nozzle with the conventional setup of the 

SST-EP is that by design, the pressure of the powder injection is much lower than the 

pressure of the main gas stream, making it impossible for powder to be injected into the 

main flow. To remedy this, an additional nitrogen bottle is used and set to the same 

stagnation pressure of the main flow. This arrangement equalizes the pressure differential 

at the injection point, stabilizes powder delivery, and enables reliable feeding of low-

density polymer particles into the primary jet. A pressure regulator is connected to this 

auxiliary nitrogen bottle and set to 60 psi. The flow is then passed through a rotameter flow 

meter as shown in Figure 52a and 52b and this gas stream enters the powder feeder.  

 

Figure 52: a) Auxiliary gas stream b) Rotameter 

 

Once the rotameter is set to a flow rate within the range of 30-40 SCFH, the pressure gauge 

on the canister should read roughly around 43 psi. A schematic of the PFA CS set up is 

shown below in Figure 53. This alteration allows PFA powder to be injected into the main 

gas stream. 
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Figure 53: PFA CS setup 

Substrate preheating is necessary when making CS coatings of polymers as there is a 

significant difference in the thermal expansion coefficients of the polymers and metal 

substrates. Bringing the substrate up to temperature corrects for this difference. The 

coefficient of thermal expansion of copper which of 16 × 10−6 K−1 is an order of 

magnitude lower than that of PFA which is 20 × 10−7 K−1. In polymer CS deposition, this 

mismatch can lead to large residual stresses during cooling, as the polymer contracts more 

rapidly than the metallic substrate. Substrate preheating reduces thermal gradients at the 

coating–substrate interface and decreases the magnitude of differential contraction after 

deposition. As a result, residual stresses are reduced, leading to improved coating integrity 

and adhesion. The strip heater controlled by a thermocouple inserted into a copper support 

is used to preheat the substrate to 200 oC prior to spraying. For copper substrates, a 

temperature of 150 oC can also be used. When using a strip heater, ceramic blocks are used 

as insulation, preventing the stage or clamps from becoming heat sinks, ensuring that 

substrate temperature is maintained. The entire assembly showing the substrate, 

thermocouple support, thermocouple, ceramic isolation, and heating strip along with an 

exploded schematic is shown in Figures 54 and 55. 
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Figure 54: substrate preparation for PFA 

 

Figure 55: Substrate preparation assembly for PFA spray 

5.3 Coating Characterization and Analysis Equipment 

5.3.1 Sample Post-Processing 

The post-processing of samples begins with the use of a thin silicon carbide wheel mounted 

to a precision saw (Secotom-10, Struers, Mississauga, CA) to cut samples to an appropriate 

size for further inspection. This saw was also used to prepare squares which would 

subsequently be used as the positive and negative dielectrics for the VS-TENG. Based on 
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material properties, the samples to be inspected can be mounted using a hot mounting 

system, where plastic pellets melt around the sample in a hot press (LaboPress-3, Struers, 

Mississauga, CA). However, materials with a melting temperature lower than the melting 

temperature of the plastic pellets cannot be placed in the press. As an alternative, they are 

mounted inside an epoxy resin by hand and left to harden overnight. For cross sectional 

coating views, a grinding/polishing procedure using a sample polishing machine (Tegrapol, 

Struers, Mississauga, CA) is used to obtain a scratch free, mirror like finish. The equipment 

used is shown below in Figure 56a and 56b. 

 

Figure 56: a) Saw b) Sample polishing machine 

5.3.2 Scanning Electron Microscope 

A scanning electron microscope (EVO-MA10, Zeiss, Germany) is used to examine the 

particle morphology, sample cross sections, and surface topography of the coatings. A 

secondary electron and back-scattered electron signal can be used to visualize the coating 

characteristics. Samples were gold sputtered in a vacuum (Denton Vacuum, USA) to turn 

a non-conductive surface conductive. Samples were either sputtered after electrical testing 

to view coating degradation, and as-sprayed samples were not used in VS-TENG 

applications. Additionally, coating thicknesses were measured by taking multiple 

measurements along the sample cross sections. A photo of the EVO-MA10 and Denton 

Vacuum are shown below in 57a and 57b. 



 U N I V E R S I T Y  O F  O T T A W A  –  F A C U L T Y  O F  E N G I N E E R I N G  | 73 

 

 

Figure 57: a) Scanning electron microscope b) Gold sputtering machine 

5.3.3 Surface Roughness Measurements 

The surface measurements of coatings were determined with a profilometer (SRG-4000, 

Phase II Plus, NJ, USA) which came equipped with a diamond stylus. The roughness of 

the substrates and coatings were analyzed over a length of 17.5 mm. Surface roughness can 

be measured from 0.005 to 16 μm using the profilometer. 

5.4 Triboelectric Generators and Electrical Testing Equipment 

5.4.1 Triboelectric Generator Configurations 

Two triboelectric nanogenerator (TENG) designs were investigated to explore material 

compatibility and performance. Both designs are illustrated below in Figure 58.  
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Figure 58: VS-TENG design configurations 

The first design utilized a polytetrafluoroethylene (PFA) coating as the negative dielectric 

layer, deposited onto an aluminum coating. The aluminum layer, acting as the positive 

dielectric on one layer and as a bond coat for the PFA, was first sprayed onto a copper 

substrate, which also served as the electrode for the TENG. This configuration was chosen 

as a proof-of-concept because prior work demonstrated the successful deposition of PFA 

onto aluminum surfaces using the cold spray process. The positive dielectric layer for this 

design was fabricated by directly spraying an aluminum coating onto a separate copper 

electrode, which was prepared by spraying Cu powder as a bond coat. This was used as the 

exceptionally thin substrate made conventional surface roughening through grit blasting 

techniques impossible. After spraying, the samples were then cut into 31.75 mm x 31.75 

mm squares for use as VS-TENGs. 

The second design expanded on this approach by replacing the aluminum bond coat with a 

copper coating for the PFA layer. This modification aimed to assess the viability of copper 

as an alternative bond coat material and its influence on the triboelectric properties of the 

TENG, along with eliminating any electrical side effects the Al may have had. The positive 
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dielectric configuration remained unchanged, consisting of an aluminum coating on a 

copper electrode.  

The bond coats and triboelectric coatings were sprayed as thin as possible while 

maintaining complete and dense surface coverage by adjusting the traverse speed and step 

sizes. This is important for VS-TENG performance because increasing the dielectric 

thicknesses 𝑑1 and 𝑑2 reduces the effective electric field and lowers the electrostatic 

induction between the triboelectric surfaces. Thinner dielectric layers help maximize the 

capacitance. Additionally, minimizing the thickness of metallic bond coats (Al and Cu) 

reduces the electrical resistance within the conductive layers. Excessively thick coatings 

may introduce additional voltage drops which reduce the overall electrical performance of 

the VS-TENG. 

Instron Universal Testing Machine 

The mechanical displacement of the TENG was performed using an Instron 8801 Universal 

Testing Machine, shown in Figure 59. 

 

Figure 59: Instron 8801 testing machine 
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 Although commonly used for mechanical property testing such as tensile or compression 

analysis, in this work, this testing equipment was used for its precise control over 

displacement and cyclic loading, enabling repeatable vertical contact-separation motions 

controlling impact speed and frequency. The ability to accurately program oscillation 

frequency and amplitude was necessary for simulating realistic and consistent operating 

conditions over extended cycling periods.  

Each TENG layer was mounted onto custom polyurethane (PU) supports using super glue, 

which were then fixed onto the moving and stationary platforms of the Instron system. The 

machine was programmed to apply periodic vertical oscillations ranging in frequency from 

1 to 10 Hz, enabling controlled contact and separation between the tribonegative and 

tribopositive layers.  To determine a consistent and practical separation distance for voltage 

measurements, the separation distance was gradually increased while monitoring the 

measured open-circuit voltage. Although theoretical models predict that 𝑉𝑜𝑐increases with 

separation distance under ideal open-circuit conditions, the experimentally measured 

voltage reaches a peak and subsequently decreased due to non-ideal measurement effects, 

including finite load resistance and parasitic losses. The separation distance corresponding 

to the maximum measured voltage was therefore selected and used for all subsequent 

experiments to ensure repeatable and reliable measurements. 

This setup ensured uniform contact pressure and displacement across all samples allowing 

for repeatability, thus providing consistent mechanical input during performance testing. 

The automated nature of the Instron 8801 allowed for long-term cycling without user 

intervention, and all TENGs were then subjected to 6,000 continuous contact-separation 

cycles to evaluate coating durability and electrical output over time. A TENG mounted to 

the Instron is shown below in Figure 60. 
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Figure 60: TENG mounted to Instron machine 

5.4.2 Electrical Data Collection 

The electrical characterization of the TENG devices was conducted using a Keithley 6517B 

electrometer, selected for its high input impedance and low current measurement capability, 

which are necessary for accurately capturing the small signals generated during TENG 

operation. The electrometer, shown in Figure 61. was used to quantify the main triboelectric 

performance parameters, including open-circuit voltage (𝑉𝑜𝑐), short-circuit current (𝐼𝑠𝑐), 

and transferred charge (𝑄𝑠𝑐). Data collection took place in a controlled laboratory, where 

humidity levels did not vary between sample collection dates. 
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Figure 61: Kiethley 6517B electrometer 

For measuring 𝑉𝑜𝑐, the TENG was connected directly to the electrometer as shown in 

Figure 62. The high load impedance of the electrometer allowed for an accurate 

measurement of 𝑉𝑜𝑐 under the assumption of 𝑄 = 0. 

 

Figure 62: TENG Testing layout for 𝑉𝑜𝑐  

For determining 𝑄𝑠𝑐 and 𝐼𝑠𝑐, the two electrodes of the TENG were connected through a 

parallel external circuit, as shown in Figure 63, providing a low-impedance path for charge 
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transfer and enforcing the short-circuit condition (𝑉 = 0). The electrometer, configured 

for charge and current measurements, possesses a high input impedance that minimizes 

measurement loading effects while allowing for accurate measurements. 

 

Figure 63: TENG testing layout for 𝑄𝑠𝑐 and 𝐼𝑠𝑐 , 

To characterize the voltage 𝑉, and current 𝐼 under more realistic operating conditions, along 

with power and peak power output, external resistors ranging from 10 to 200 Megaohms 

were attached and exchanged to identify the location of peak performance. The 

configuration formed a parallel circuit as shown in Figure 64, with the high load impedance 

from the electrometer ensuring no interference and accurate measurement.  
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Figure 64: TENG testing layout 

Electrical leads were soldered to the copper electrodes of each TENG and connected 

directly to the electrometer. A LabVIEW-based data acquisition program interfaced with 

the electrometer via a dedicated driver, enabling automated, real-time data collection 

throughout the cycling process.  Although the electrometer was not calibrated prior to use, 

it was operated under standard manufacturer settings appropriate for triboelectric 

measurements. 

Data collected corresponded to the contact-separation cycles imposed by the Instron 

machine. These measurements formed the basis for evaluating the electrical performance 

and stability of each TENG configuration over repeated operation. 

6 RESULTS AND DISCUSSION 

This chapter presents the results and discussion for the two TENG designs fabricated. The 

first design utilized a Cu-Al configuration for the tribopositive layer and a Cu-Al-PFA 

configuration for the tribonegative layer. In the second design, the tribopositive layer 

remained unchanged, while the tribonegative layer replaced the aluminum bond coat with 

copper, resulting in a Cu-Cu-PFA structure. The coatings and corresponding electrical 

outputs for both designs are presented and discussed in detail. Additionally, an attempt to 
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deposit a Nylon-based tribonegative layer is included, offering insight into the limitations 

of certain materials in the CS process.  

6.1 Coatings and Characterization 

6.1.1 Al Coating  

Aluminum has well documented favourable cold spray deposition behavior from previous 

results. The coating was deposited onto copper substrates using low pressure CS, under 

parameters optimized for Al adhesion and coating density. Coatings of Al were sprayed for 

use as a bond coat and a positive dielectric (electron donor). The complete list of spray 

parameters for the metal powders used is presented in Table 1. 

Table 1: CS parameters for metal feedstock 

Material Aluminum Copper 

Powder Geometry Irregular Dendritic 

Gas Type Nitrogen Nitrogen 

Stagnation Pressure 500 psi 400 psi 

Stagnation Temperature 500 ºC 375 ºC 

Stand-off Distance 10 mm 10 mm 

Traverse Speed 50 mm/s 150 mm/s 

Step Increment 3 mm 3 mm 

Number of Passes 10 10 

Nozzle Material Polymer Steel 

Throat Diameter 1.8 mm 2 mm 

Nozzle Length 120 mm 120 mm 

Exit Diameter 7 mm 6.5 mm 
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An irregular aluminum powder was deposited using nitrogen as the process gas at a 

stagnation pressure of 500 psi and a stagnation temperature of 500 °C. The high gas 

pressure and temperature were selected to maximize particle acceleration and heating prior 

to impact, ensuring sufficient kinetic energy and deformability of the particles to achieve 

bonding while maintaining good deposition efficiency. Nitrogen was chosen as the carrier 

gas due to its inert nature, preventing oxidation of aluminum during flight. 

A polymer nozzle was used for aluminum spraying to minimize clogging associated with 

metallic nozzles. Aluminum particles are relatively soft and, when accelerated at high 

velocity, can adhere to and clog metallic nozzle surfaces, which may distort the jet profile. 

The use of a polymer nozzle avoids this effect and ensures process stability.  

The stand-off distance of 10 mm, traverse speed of 100 mm/s, step increment of 3 mm, and 

10 total passes were selected to obtain a uniform thin coating, necessary for both dielectric 

and bond coat. This would ensure that the electrical properties of the TENG would be 

maximized while still allowing for thick coatings to be produced. The relatively fast 

traverse speed of 50 mm/s promotes a thin deposition layer per pass, while the 3 mm step 

increment ensures adequate overlap between spray tracks to achieve good coating 

continuity. 

The resulting coating exhibited a uniform silver-gray appearance with no visible 

delamination or discoloration, indicative of good bonding with no oxidation. Cross-

sectional analysis using the SEM shows an average coating thickness of 90± 12 µm. An 

SEM image of the Al coating is shown in Figure 65. The coating was rough across the 

substrate, and from the cross section there appears to be uniform particle deposition and 

effective substrate coverage, with a ragged surface profile. 
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Figure 65: Al Coating on Cu substrate 

Surface roughness was measured at an average Ra value of 9.86 ±0.24 µm. This roughness 

is common for cold-sprayed aluminum and is beneficial for maximizing real contact area 

with the opposing tribonegative layer in the TENG assembly.  

Overall, the Al coating demonstrated the expected quality and microstructural properties 

for use as a tribopositive electrode in a vertical contact-separation TENG. The coating 

serves as a reference baseline for subsequent comparison with the PFA tribonegative 

coating layer. 

6.1.2 Cu Bond Coat 

Also shown in Table 1 is the summary of the spraying parameters for the Cu powder. A 

dendritic copper powder was sprayed using nitrogen as the process gas at a stagnation 

pressure of 400 psi and a stagnation temperature of 375 °C. Compared to aluminum, 

slightly lower gas pressure and temperature were sufficient to accelerate and soften the 

copper particles for impact because Cu’s higher density and ductility promote effective 

plastic deformation during deposition. Nitrogen was again used because of ease of 

availability and helped minimize oxidation in flight, preserving the metallic bonding 

capability of the particles. 

A steel nozzle was selected for copper spraying due to the higher hardness of copper 

relative to aluminum. In this case, a polymer nozzle may have been prone to erosion or 
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deformation when exposed to harder, more abrasive copper particles. The stand-off 

distance was maintained at 10 mm, with a traverse speed of 150 mm/s and a 3 mm step 

increment. The higher traverse speed was chosen to produce a thinner layer per pass, 

reducing the risk of excessive buildup and promoting coating uniformity, as this coating 

was intended to serve as a bond coat and would increase the overall thickness of the Cu 

substrate, potentially causing issues with internal electrical resistance if built up too thick, 

while the 3 mm increment ensured track overlap. As with aluminum, 10 passes were 

applied to gradually build up the coating while maintaining consistency in thickness and 

surface coverage. Figure 66 provides an SEM image showing the Cu coating on the Cu 

substrate. 

 

Figure 66: Cu coating on Cu substrate 

The coating exhibited a common red brown appearance associated with copper with each 

spray pass visible from the high traverse speed and step. Figure 67 shows the Cu coating 

on the Cu substrate.  
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Figure 67: Cu coating on Cu substrate 

There was no delamination, indicative of good adherence. Cross-sectional analysis using 

the SEM shows an average coating thickness of approximately 95±10 µm. The coating 

thickness was non uniform across the substrate, providing a rough surface. Visually from 

the SEM images, no porosity can be seen either.  

Surface roughness yielded an average Ra value of 14.07±0.83 µm. This roughness 

provided a higher average Ra than the traditional grit blasting methods. Several peaks and 

valleys are visible in the coating which can provide enhanced mechanical interlocking for 

the PFA coating to adhere to. Overall, the Cu coating demonstrated the expected quality 

and microstructural properties for use as an electrode in a vertical contact-separation 

TENG.  

The deposition of PFA onto the Al bond coat was successfully carried out using parameters 

developed by Leclerc et al [118]. In the current work, the Al bond coating had a surface 

roughness of 9.40 µm, and as-received PFA powder was deposited directly onto it using a 

straight-section nozzle and substrate preheating. A standoff distance of 15 mm was used. 

The straight-section nozzle accelerates PFA powder to lower velocity than a conventional 

converging-diverging nozzle and prevents debonding upon impact. The parameters used 

for spraying PFA onto Al are summarized in Table 2. 
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Table 2: CS parameters for PFA onto Al bond coat 

Material PFA 

Powder Geometry Irregular 

Gas Type Nitrogen 

Stagnation Pressure 

in bulk pack 
60 psi 

Stagnation 

Temperature 
375 ºC 

Stand-off Distance 15 mm 

Traverse Speed 150 - 200 mm/s 

Step Increment 3 mm 

Nozzle Material Steel 

Throat Diameter 1.8 mm 

Nozzle Length 151.5 mm 

Exit Diameter 7 mm 

Preheater 

Temperature 
150 – 200 °C 

 

In CS, coating adhesion is strongly influenced by the residual stresses within the coating. 

When depositing dissimilar materials such as PFA onto Al, the significant difference in 

their thermal expansion coefficients leads to residual stresses due to thermal mismatch. 

This can cause mechanical bonds at the coating/substrate interface to fail via sliding 

movement. To mitigate this issue, the substrate was preheated to 200 °C. 

Although the gas exiting the nozzle initially has a higher stagnation temperature of 375 °C, 

mixing with ambient air and convective cooling at the substrate surface reduces the 
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effective temperature. The absence of coating delamination indicates that substrate 

preheating successfully minimized residual stresses caused by the thermal expansion 

mismatch.  An image showing the PFA and Al coatings side by side is shown in Figure 68. 

 

Figure 68: PFA and Al coatings side by side 

A coating thickness of 105 ± 4 µm was obtained by spraying single passes of PFA onto the 

Al substrate. While thicker PFA coatings can be achieved through multiple passes, as 

demonstrated in previous works, the decision to use a thinner, single-pass layer in this study 

was driven by functional requirements specific to vertical contact-separation TENGs, as 

shown in equation 16 in Chapter 3.1.5. Excessive coating thickness can interfere with 

charge transfer efficiency and reduce overall device performance, as it alters the dielectric 

thickness. Thus, a minimal and continuous coating was desired to preserve the triboelectric 

properties while also maintaining mechanical stability and decent adhesion. An SEM image 

in Figure 69 shows the PFA on the Al bond coat. 
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Figure 69: PFA on Al bond coat on Cu substrate 

6.1.3 PFA Coating on Cu Bond Coating 

The deposition of PFA directly onto the Cu substrate represented a novel aspect of this 

study and required additional development work, as no established parameters existed for 

this specific material combination within the CS framework. Initial spray trials used grit-

blasted copper substrates with a surface roughness of approximately 4.17 ± 0.27 µm µm 

Ra, prepared using silica grit and blasted at 45° relative to the substrate surface on both 

sides. This approach was intended to minimize substrate bending; however, due to the 

thinness of the samples, bending still occurred. Initial coatings were sprayed on the grit 

blasted copper with substrate preheating to 200 °C implemented, as with the Al trials, to 

reduce residual stresses arising from the thermal expansion mismatch between Cu and PFA. 

However, despite this thermal conditioning, significant coating delamination was observed 

shortly after deposition. This suggested that adhesion failure was driven primarily by 

inadequate mechanical interlocking or interfacial instability, rather than purely by thermal 

stresses.  

To improve bonding, the blasting parameters were then modified by increasing the grit 

blasting pressure which raised the surface roughness to approximately 4.39 ± 0.19  µm Ra. 

This adjustment aimed to create deeper anchor points for the relatively soft PFA particles 

to embed into. However, delamination persisted across the coated area, indicating that 

further roughness alone could not resolve the underlying adhesion issue. A delaminated 

PFA coating on the grit blasted substrate is shown in Figure 70. 
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Figure 70: Delaminated PFA coating on grit blasted Cu substrate 

It is also worth noting that any bending induced in the substrate during grit blasting may 

have reduced heat transfer from the strip heater. The resulting air gap between the heater 

and the substrate increases thermal resistance, thereby limiting effective heat conduction 

to the substrate. 

A new approach was then developed: a cold-sprayed copper bond coat was applied directly 

onto as received Cu substrate prior to PFA deposition. This bond coat raised the effective 

surface roughness to Ra= 14.07±0.83  µm and introduced an intermediate layer with higher 

surface complexity than grit blasted surfaces. Following the application of the bond coat, 

a uniform and adherent PFA layer was successfully deposited. A PFA coating thickness of 

107 ± 6 µm was reached. This multi-layer approach improved not only the mechanical 

anchoring but may have also helped distribute interfacial stresses more uniformly. There 

was a discoloration of the Cu bond coat and substrate when preheating was performed at 

200 °C. This is from oxidation which is accelerated at higher temperatures. Decreasing the 

preheating temperature to 150 °C showed no discoloration of the Cu coating and did not 

lead to delamination of the PFA to the Cu bond coat. A successful coating of PFA onto Cu 

is showed in Figure 71, along with SEM photos at 100x and 250x magnifications shown in 

Figures 72a and 72b, respectively. 
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Figure 71: Successful coating of PFA onto Cu bond coat 

 

Figure 72: a) PFA on Cu bond coat at 100x mag b) PFA on Cu bond coat at 250x mag 

In parallel, the step size used during spraying was increased from 3 mm to 5 mm. This 

modification improved the overall uniformity of the deposited layer by minimizing 

localized heat buildup and reducing the potential for stress concentration at overlap regions 

and delamination. The combined adjustments of enhanced surface preparation, substrate 

preheating, the use of a bond coat, and using the existing optimized spraying parameters 

were critical in achieving a PFA coating on Cu. The results provide a useful baseline for 

future studies involving polymer-metal CS interfaces. The gas temperature used was 375 

°C, and a stagnation pressure of 60 psi was used. A summary of coating deposition by 
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varying the substrate preheating temperature, step, and traverse speeds is shown below in 

Table 3. 

Table 3: Spraying Trials for PFA directly onto Cu 

Substrate 

Type 

 

Substrate 

Preheater 

Temperature 

(°C) 

Step Size 

(mm) 

Traverse 

Speed 

(mm/s) 

Coating Success 

(Yes/No) 

Grit 

Blasted 

Cu 

200 3 150 No 

Grit 

Blasted 

Cu 

200 5 150 No 

Nitrogen 

Grit blast 

Cu 

200 3 150 No 

Nitrogen 

Grit blast 

Cu 

150 3 200 No 

Nitrogen 

Grit blast 

Cu 

150 5 200 No 

Cold 

sprayed 

Cu 

150 3 150 No 

Cold 

sprayed 

Cu 

150 3 200 Yes 
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6.2 Electrical Characterization 

6.2.1 Open Circuit Voltage 

Following the successful depositions of the Al, Cu, and PFA coatings the TENG layers 

were constructed and mounted for electrical characterization. They were then connected 

directly to the Kiethley 6517B electrometer with a load impedance 200 MΩ where 𝑉𝑜𝑐 

could be determined.  

𝑉𝑜𝑐 for a TENG is the representation of the maximum potential difference generated 

between the electrodes when no current flows between them, shown in Figure 30 from 

Chapter 3.1.5. This is known as the open circuit condition. To measure this, the high 

resistance provided by the electrometer is necessary to assume the circuit is open circuit, 

as resistance is infinite in this case. For a TENG operating in vertical contact separation, 

𝑉𝑜𝑐 is determined by the amount of charge transferred during contact and how this charge 

interacts with the electric field as the electric field separates. While infinite plates were 

assumed for developing the general model governing the electrical characteristics of 

TENGs, 𝑉𝑜𝑐 does not actually increase indefinitely with separation distance. It reaches a 

maximum at an optimal gap and then decreases. 

This arises as competing effects act simultaneously. As the electrodes separate, the effective 

capacitance between them decreases, increasing the potential difference and increasing 𝑉𝑜𝑐. 

However, the actual charge on the surface can begin to decrease because of current leakage 

along the surface, and dielectric relaxation especially on the polymer surface. As polymers 

are not perfect insulators and have finite conductivity, over time the charges located in them 

can reorient, move through the material, reducing the surface net charge available for 

generating voltage. 

The maximum 𝑉𝑜𝑐 occurs when the rate of voltage increase from decreasing capacitance is 

balanced by the rate of voltage decrease caused by charge loss or redistribution. Beyond 

this separation distance, further separation reduces the strength of the electric field which 

leads to a drop in measured voltage. 

To account for this, the separation distance was varied experimentally to identify the point 

of maximum 𝑉𝑜𝑐. The optimal distance was found this way and was then used for all 
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subsequent measurements. Figure 73 shows the voltage increase and subsequent decrease 

as a function of separation distance for both Designs 1 and 2.  

 

Figure 73: Open circuit voltage vs. separation distance 

Both designs showed a gradual rise in 𝑉𝑜𝑐, peaking in each case at approximately 2.50 mm 

before decreasing again. As the separation distances are the same, this indicates that the 

difference in voltage generated is not because of the operating distance, rather factors 

relating to the configurations and material choices of the TENGs and charge transferred 

upon contact. The voltage for Design 1 started at 59.55 ± 0.098 V at a separation distance 

of 1 mm and gradually increased to 63.42 ± 0.01 V before beginning to drop after 2.50 

mm. Similarly for Design 2, a reading of 68.71 ± 0.01 V was recorded at 1.00 mm and 

increased until reaching 71.32 ± 0.01 V, which as Design 1 also occurred at 2.50 mm. The 

full waveforms for 𝑉𝑜𝑐 for both Design 1 and Design 2 are shown in Figure 74 at the 

separation distance which generated the highest 𝑉𝑜𝑐, and at a frequency of 8 Hz.  A 

screenshot of one full waveform, showing all the steps of voltage generation upon 

separation, a drop to zero after full separation, and voltage generation upon re-engaging is 

shown in Figure 75. 
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Figure 74: Open Circuit Voltage a) Design 1 b) Design 2 
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Figure 75: One cycle for a VS-TENG, showing voltage generation at 2. 

Triboelectrification, 3. Separating. 4. Separated, and 5. Re-engaging 

A calculation was not made to determine the theoretical 𝑉𝑜𝑐, which is consistent with 

current reporting literature. The accurate determination of the parameter 𝜎 is difficult as it 

depends on the material pair of both dielectric surfaces. For PFA and Al, no universally 

accepted 𝜎 exist, which means no reliable theoretical calculation of 𝑉𝑜𝑐 could be performed. 

Experimentally however, because the electrometer used possesses a high load impedance 

of 200 MΩ, current flows between the electrodes of the VS-TENG can be assumed to be 

zero, which allows the system to be reasonably assumed to be in the open-circuit condition. 

The higher 𝑉𝑜𝑐 observed in Design 2 can be attributed to the direct deposition of PFA onto 

a Cu bond coat. Design 1 used an Al bond coat as Al had already been established as a 

successful substrate material for PFA. However, Al is a tribopositive material and would 

have allowed for an additional electric field to be generated which opposes the direction of 

the electric field direction of the air gap which is what induces 𝑉𝑜𝑐. This is illustrated in a 

diagram in Figure 76. 
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Figure 76: TENG diagram showing potential electric field generated at coating interface 

This does interestingly bring an additional reason however for the better adherence of PFA 

onto Al as opposed to Cu. As PFA is negative on the triboelectric series and Al is positive, 

the local electric field generated at the interface of these two materials creates an electric 

field which could allow for additional attractive forces, complementing the mechanical 

interlocking and Van der Waals interactions that normally govern bonding between 

polymers and metals. Here, the interface of Al and PFA provides an electric field which 

opposes the electric field in the air gap, 𝐸𝑎𝑖𝑟. Because these two electric fields are opposite 

in direction, it could potentially reduce the total 𝑉𝑂𝐶. This may help explain why 𝑉𝑂𝐶 is 

smaller for Design 1, the VS-TENG using an Al bond coat, compared to design 2, which 

sprays PFA directly on a Cu bond coat. 

While this mechanism does offer a plausible theoretical explanation for why there is less 

available voltage in design 1 and better bonding, an actual contribution to adhesion is not 

quantified. Validation could be performed through controlled experiments comparing 

adhesion strengths such as peel tests or nanoindentation of PFA on Al vs. PFA on Cu. 

Studies could examine the effect of charging the interface to measure the difference in 

polarities at the interface. These investigations could help determine whether the 

triboelectric effect plays a measurable role in enhancing polymer-metal adhesion. 

6.2.2 Short Circuit Current 

The 𝐼𝑠𝑐 of a TENG represents the instantaneous current that flows between the electrodes 

when the external circuit is closed, reflecting the rate at which charge is transferred during 
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each contact–separation cycle. It is expressed in equation 14 in Chapter 3.1.3. Unlike 𝑉𝑜𝑐, 

which represents the maximum potential difference when no current flows, 𝐼𝑠𝑐 provides 

insight into the dynamic behavior of charge flow under short-circuit conditions.  

For 𝑉𝑜𝑐 measurements, the TENG electrodes were connected directly to the electrometer, 

which has a very high input resistance, ensuring that no current flows and that the measured 

voltage corresponds to the open-circuit potential. In contrast, measuring 𝐼𝑠𝑐 requires a zero-

resistance path between the electrodes. To achieve this, a parallel circuit with negligible 

resistance was created, effectively shorting the electrodes while allowing current to flow 

freely. The high input resistance of the 6517B ensured that there were no parasitic current 

leaks toward the instrument, and its independent power supply did not impose additional 

loads on the TENG. This configuration ensures that the measured current corresponds to 

the true short-circuit current. 

In a VS-TENG, 𝐼𝑠𝑐 depends strongly on the speed of contact and separation as 

demonstrated in equation 14. Faster motion induces a larger rate of current. To study this, 

the frequency of the Instron actuator was varied from 1 to 10 Hz, with the oscillation 

following a sine wave pattern. The separation distance was kept at 2.50 mm. Both designs 

showed steadily increasing currents up to around 6 and 8 Hz, with there being no significant 

difference in 𝐼𝑠𝑐 between 8 and 10 Hz. The increase in current does demonstrate that 𝐼𝑠𝑐 is 

directly related to mechanical excitation rate. The 𝐼𝑠𝑐 waveforms from 2-10 Hz in 

increments of 2 Hz are shown below in Figures 77 to 81. The average values per frequency 

measurement is shown in Table 4. 

Table 4: Average Isc per frequency measurement 

Frequency 2 Hz 4 Hz 6 Hz 8 Hz 10 Hz 

Design 1 𝑰𝒔𝒄 

(μA) 

1.170 1.213 1.291 1.314 1.322 

Design 2 𝑰𝒔𝒄 

(μA) 

1.384 1.421 1.472 1.477 1.480 
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Figure 77: Short circuit current at 2 Hz a) Design 1b) Design 2 
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Figure 78: Short circuit current at 4 Hz a) Design 1b) Design 2 
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Figure 79: Short circuit current at 6 Hz a) Design 1b) Design 2 
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Figure 80: Short circuit current at 8 Hz a) Design 1b) Design 2 
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Figure 81: Short circuit current at 10 Hz a) Design 1b) Design 2 

The plateaus of 𝐼𝑠𝑐 in the 6 – 10 Hz range arises as the contact time between the triboelectric 

layers decreasing as frequency increases. First, the contact time between the triboelectric 

layers decreases as frequency increases. When the electrodes separate too quickly, there is 

insufficient time for the surface charges to fully transfer during contact, limiting the 
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maximum achievable electron transfer between dielectrics, and decreasing the surface 

charge density 𝜎. Second, instrumentation limitations impose additional constraints. 

Electrometers and data acquisition systems have finite response times, rise times, and 

sampling rates; if the mechanical excitation becomes faster than the instrument can 

accurately follow, the measured current may underestimate the true instantaneous 𝐼𝑠𝑐. 

Together, these factors explain why the measured current plateaus around 8 Hz, and why 

no significant differences were observed up to 10 Hz.  

Design 2 consistently produced higher peak currents than Design 1 across all frequencies, 

reaching a maximum of 1.480 μA compared to 1.322 μA for Design 1. This behavior is 

consistent with trends observed in 𝑉𝑜𝑐 measurements. The improved current output in 

Design 2 can be attributed to the direct deposition of PFA onto a Cu bond coat. The higher 

available voltage in Design 2 allows more current to flow through a minimal-resistance 

path, whereas the Al bond coat in Design 1 introduces an opposing field that reduces charge 

transfer as discussed in 6.2.1. 

Both designs exhibited repeatable current waveforms over multiple cycles which indicates 

consistent operation and no loss of surface charge from any dielectric relaxation or leakage. 

6.2.3 Short Circuit Charge 

The short-circuit charge (𝑄𝑠𝑐), appears on the electrodes after being connected. It represents 

the total electrical charge transferred between the electrodes during a single cycle and is 

shown on the electrodes in Figure 25 in Chapter 3.1.3. It is expressed by isolating for  𝑄𝑠𝑐 

when 𝑉 = 0 from the condition that 𝑉𝑎𝑖𝑟 =  𝑉1 + 𝑉2 , where 𝑉1 and 𝑉2 are the voltages 

present in dielectrics 𝑑1 and 𝑑2, respectively. It is expressed in Chapter 3.1.3 in equation 

13. 𝑄𝑠𝑐 is a fundamental parameter in TENG characterization because it reflects the 

maximum charge that can be mobilized between the electrodes and, therefore, the charge 

available on the dielectric surfaces. When measured, 𝑄𝑠𝑐 corresponds to the point at which 

the charges on the electrodes and dielectrics are equalized, representing the maximum 

allowable charge that can be transferred in a single cycle. This makes 𝑄𝑠𝑐 an important 

parameter in understanding the efficiency and performance of the TENG in converting 

mechanical energy into electrical energy. 
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Experimentally, 𝑄𝑠𝑐 was measured using the Kiethley 6517B electrometer in charge-

measurement mode. In this configuration, the electrodes were connected directly to the 

electrometer, with a circuit in parallel used to allow the free movement in electrons. The 

set up is shown in Figure 60 in Chapter 5.4.3.  The electrometer is equipped by design with 

a feedback capacitor with high stability and low leakage located in the input stage of its 

current/voltage converter. When charges flow into the input terminal, it accumulates on the 

feedback capacitor. As the voltage across the capacitor can also be measured, the charge 

can therefore be calculated and then displayed as the product of capacitance and voltage, 

𝑄𝑠𝑐 =  𝐶𝑓𝑉𝑓 

 Where 𝐶𝑓 and 𝑉𝑓 are respectively, the capacitance and voltages across the capacitor. 

𝑄𝑠𝑐 is dependent on the separation distance x(t), seen in equation 13. Although faster 

contact separation cycles increase the current and enables more rapid charge redistribution, 

it does not affect how much charge can transfer. This is dictated by the triboelectric pairing 

from the dielectric materials selected and the electric field strength between dielectrics 

quantified by 𝑉𝑜𝑐. If, however, the contact time is too short, charge transfer may be 

incomplete, limiting 𝑄𝑠𝑐 and showing lower readings. In the experiments conducted, both 

designs displayed stable and repeatable 𝑄𝑠𝑐 measurements. The values selected were taken 

at the 2.5 mm separation distance determined when finding 𝑉𝑜𝑐. The frequency was varied 

again from 2-6 Hz. The 𝑄𝑠𝑐 waveforms are shown below in Figure 82 and 83. 
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Figure 82: Short circuit charge at 2 Hz a) Design 1 b) Design 2 
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Figure 83: Short circuit charge at 6 Hz a) Design 1 b) Design 2 

Design 2 consistently exhibited higher 𝑄𝑠𝑐 values than Design 1, reaching 2.800 nC 

compared to 2.344 nC for Design 1. This observation is consistent with the trends in 𝑉𝑜𝑐 

and 𝐼𝑠𝑐. The superior performance of Design 2 can be attributed to the direct deposition of 

PFA onto a Cu bond coat, which facilitates more efficient charge accumulation and transfer. 
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In contrast, the Al bond coat in Design 1 introduces a partial opposing field relative to PFA, 

reducing net charge transfer and resulting in lower 𝑄𝑠𝑐. 

Both designs showed repeatable 𝑄𝑠𝑐 values over multiple cycles, indicating minimal loss 

of surface charge due to dielectric relaxation or leakage. These results demonstrate that the 

combination of Cu and PFA in Design 2 not only produces higher voltage and current but 

also maximizes the total charge transferred per cycle, confirming its improved overall 

electrical performance. 

6.2.4 Operational Output Voltage (V) 

The operational output voltage represents the potential difference measured across an 

external load when the TENG is operating under practical electrical conditions, rather than 

in the open-circuit state. For these measurements, a 10 MΩ resistive load was connected 

across the electrodes, as this was where peak power was determined to be. The electrometer 

was connected in parallel, shown in Figure 61 in Chapter 5.4.3. The separation distance 

was kept at the optimal 2.50 mm determined from the 𝑉𝑜𝑐 experiments. Measuring the 

output under load provides insight into the actual voltage the TENG can deliver to an 

external circuit, which is necessary for evaluating its usability in real-world applications. 

The output voltage depends on both the intrinsic charge generated by the triboelectric layers 

and the voltage division between the TENG internal capacitance and the external load 

resistance. As expected, the output voltage under the 10 MΩ load is lower than the open-

circuit voltage, because a portion of the voltage is dropped across the internal impedance 

of the TENG as current flows. The waveforms at a frequency of 8 Hz for both designs is 

shown in Figure 84. 
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Figure 84: Operating voltage at 10 MΩ load a) Design 1 b) Design 2 
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Design 2 consistently produced higher output voltages than Design 1, reaching a maximum 

of 36.83 V compared to 31.28 V for Design 1. This behavior aligns with the higher 𝑉𝑜𝑐 and 

𝑄𝑠𝑐 observed previously and reflects the more efficient charge generation and transfer 

enabled by the Cu bond coat. Both designs displayed stable and repeatable voltage 

waveforms over multiple cycles as shown in the figures. 

6.2.5 Operational Output Current (I) 

Similarly to the operational output voltage, the operational output current represents the 

current flowing through the external resistive load during typical TENG operations. With 

the 10 MΩ external resistor in place and the electrometer connected in parallel with 

separation distance maintained at 2.5 mm (Figure 61), current measurements were taken. 

The waveforms for both designs are shown for 2 Hz and 8 Hz in Figures 85 and 86.  
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Figure 85: Operating current at 10 MΩ and 2 Hz a) Design 1 b) Design 2 
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Figure 86: Operating current at 10 MΩ and 8 Hz a) Design 1 b) Design 2 
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Similar to 𝐼𝑠𝑐, the output current is influenced by both the charge accumulated on the 

triboelectric layers and the rate of mechanical excitation. Design 2 produced higher output 

currents than Design 1 across all frequencies, consistent with its higher 𝑉𝑜𝑐, 𝐼𝑠𝑐, and 𝑄𝑠𝑐. 

The improved performance can again be attributed to the Cu bond coat, which promotes 

more efficient charge accumulation on the PFA layer and minimizes opposing electric field 

effects.  

Both designs showed repeatable current waveforms over multiple cycles, indicating 

minimal influence of dielectric relaxation or leakage under the selected load and operating 

conditions. These measurements confirm that the enhanced electrical performance of 

Design 2 observed in 𝑉𝑜𝑐, 𝐼𝑠𝑐, and 𝑄𝑠𝑐 translates directly into higher practical output under 

typical circuit loading conditions. 

6.2.6 Power Output 

The power output of a TENG represents the electrical power generated that can be 

delivered to a system during operation.  

Experimentally, the output voltage and current were measured by using a circuit and 

attaching external loads by substituting resistors from 100 kΩ being the lowest to the load 

of the electrometer of 200 MΩ, all while keeping the separation distance at 2.50 mm and 

using an operating frequency of 6 Hz. The instantaneous power was calculated at each 

point, defined using Ohm’s law, 

𝑃 =
𝑉2

𝑅
 

 and the external load where maximum power output occurred was identified. This allows 

determination of the load condition under which the TENG can deliver its highest power, 

necessary for practical applications and operational conditions for use as an energy 

harvesting or powering low frequency electric devices. The relationships between voltage, 

current, external resistance, and power for both designs are shown in Figure 87 and Figure 

88. 
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Figure 87: Design 1 a) voltage, current, vs external resistance b) power vs external 

resistance 

 

Figure 88: Design 2 a) voltage, current, vs external resistance b) power vs external 

resistance 

Design 2 was consistently producing higher maximum power than Design 1, reaching 137 

μW compared to 98 μW. Both peak powers occurred at an external load resistance of 10 

MΩ. The observation on power is consistent with the trends observed in 𝑉𝑜𝑐, 𝐼𝑠𝑐, and 𝑄𝑠𝑐, 

and reflects the enhanced charge transfer facilitated by the Cu bond coat. The combination 

of higher voltage and higher current in Design 2 results in a combined effect on power. 

Both designs also exhibited repeatable power output over multiple cycles, indicating stable 

operation and minimal losses over the typical periods exposed to.  
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6.2.7 Conversion Efficiencies 

The energy conversion efficiencies for the ideal TENG cycle were derived in Chapter 3.1.6 

and can now be used as the values of 𝑉𝑜𝑐 and V’ have been determined experimentally.  

Using equation 44, the efficiency of Design 1 and Design 2 are 96.13% and 96.24%, 

respectively. These values although appearing high are expected for VS-TENGs as they 

have high rates of conversion efficiency.  

VS-TENGs are known for their remarkably high energy conversion efficiency, often 

reaching values above 90% under ideal conditions. The high efficiency comes from how 

mechanical work is converted directly into electrical energy through the triboelectric effect.  

A key point in understanding the efficiency of VS-TENGs is distinguishing between the 

total mechanical work applied to the system and the work that is harvested as electricity. 

Not all the mechanical input contributes to current generation. Some energy is lost to 

material deformation, surface vibrations, and damping in the air, while a fraction remains 

stored temporarily as electrostatic potential without immediately being converted to 

current. Despite these losses, most of the work done in the separation phase is captured as 

electrical energy because the electrostatic forces scale with the surface charge density and 

separation distance. The TENG coupled with the triboelectric effect is designed to 

maximize the proportion of input work that directly produces a voltage difference and 

drives charge flow in the external load. 

Another factor contributing to VS-TENG efficiency is their design for low-frequency, 

small-amplitude mechanical inputs. Unlike conventional generators or turbines, which are 

designed to extract energy from high-speed, high-force sources, VS-TENGs are optimized 

to harvest ambient energy from sources such as human motion, footsteps, vehicle 

vibrations, or passing trains. The energy available in these scenarios is relatively small, and 

the TENG can operate effectively because it does not require large-scale mechanical 

infrastructure. Its simplicity in converting localized mechanical deformation into electricity 

allows the device to function efficiently even when forces are intermittent and low in 

magnitude. 
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The vertical contact-separation mode additionally reduces losses associated with lateral 

motion or friction. This contrasts with lateral sliding TENGs, where some input energy is 

dissipated as heat through frictional sliding, the vertical mode ensures that the energy spent 

on moving the surfaces apart is mostly recovered as electrical energy. The efficiency can 

thus be interpreted as the ratio of harvested electrical work to the mechanical work required 

to charge and discharge the TENG surfaces, rather than to the total mechanical force 

applied. 

6.2.8 Comparative Performances Between Designs 

While individual measurements of 𝑉𝑜𝑐, 𝐼𝑠𝑐, 𝑄𝑠𝑐, and power output provide insight into the 

operating characteristics of each TENG, the most meaningful evaluation comes from 

comparing these parameters together. Design 2 consistently outperformed Design 1 across 

all metrics, demonstrating higher 𝑉𝑜𝑐, greater 𝐼𝑠𝑐, larger 𝑄𝑠𝑐, and better power density under 

identical testing conditions. This suggests that the modifications incorporated into Design 

2, mainly from the direct CS deposition of PFA on the Cu bondcoat allowed for significant 

electrical performance enhancements. 

The consistent trends observed across 𝑄𝑠𝑐, 𝑉𝑜𝑐, and 𝐼𝑠𝑐 further validate that Design 2 can 

reach a higher steady-state charge balance, which translates into improved charge transfer 

dynamics and thus greater usable output. Moreover, the superior power output measured 

under matched load resistance confirms that Design 2 not only generates more charge but 

also converts it into usable electrical energy more efficiently. In practice, this comparative 

advantage makes Design 2 a more robust and scalable design for future applications, where 

both maximized energy harvesting and reliable electrical performance are essential. 

6.3 Durability and Wear 

To evaluate both the durability of the TENG devices and the wear resistance of the 

deposited coatings, the samples were subjected to 6000 consecutive cycles of vertical 

contact-separation motion. This cycling procedure not only simulates sustained operational 

use of the TENGs but also provides a measure of how well the PFA and aluminum layers 

withstand repeated mechanical contact without significant degradation. After cycling, the 

electrical performance of the TENGs was re-tested and compared with the initial 

measurements to assess changes in output. By linking device performance with coating 
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integrity, this analysis highlights the importance of material robustness and interfacial 

stability in ensuring long-term reliability. All the re-tested electrical properties including 

𝑉𝑜𝑐, 𝑄𝑠𝑐, 𝐼𝑠𝑐, operating voltage 𝑉, and operating current 𝐼,are shown from Figures 89 to 93. 

Table 5 summarizes all the average values of the measured properties. 
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Figure 89: Open circuit voltage after 6000 cycles a) Design 1 b) Design 2 
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Figure 90: Short circuit current after 6000 cycles a) Design 1 b) Design 2 
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Figure 91: Short circuit charge after 6000 cycles a) Design 1 b) Design 2 
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Figure 92: Operating voltage after 6000 cycles a) Design 1 b) Design 2 
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Figure 93: Operating current after 6000 cycles a) Design 1 b) Design 2 
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Table 5: Measured electrical properties before and after cycling 

Property Measured Value 

Before Testing 

Measured Value 

After 6000 

Cycles 

Percent Drop 

Design 

1 

Design 

2 

Design 

1 

Design 

2 

Design 

1 

Design 

2 

𝑽𝒐𝒄 (V) 63.42 71.32 56.98 65.87 10.15% 7.64% 

𝑸𝒔𝒄 (nC) 2.34 2.80 1.87 2.06 20.09% 26.43% 

𝑰𝒔𝒄 (μA) 1.31 1.48 1.05 1.11 19.85% 25.00% 

𝑽 (V) 31.27 36.83 25.36 27.44 18.90% 29.35% 

𝑽′(V) -6.15 -7.14 -4.95 -5.42 19.51% 26.86% 

𝜼(%) 96.13 96.24 96.20 96.01 0.07% 0.25% 

𝑰 (μA) 0.691 0.971 0.544 0.686 21.27% 29.35% 

𝑷 (μW) 95.48 135.60 64.31 75.295 32.66% 44.47% 

 

The results presented in Table 5 provide a direct comparison between the two TENG 

designs before testing and after 6000 operation cycles. Design 2 initially exhibits higher 

performance across all measured parameters, including open-circuit voltage, transferred 

charge, short-circuit current, load current, and power output. Before testing, Design 2 

delivers a maximum power of 135.6 μW compared to 95.5 μW for Design 1. This shows 

that Design 2 benefits from a more favourable charge transfer process and more efficient 

electrode interactions in its initial state, which enhances its energy conversion efficiency. 

However, durability testing reveals that Design 1 maintains a greater portion of its 

performance after extended cycling. While both designs undergo degradation, the percent 

drop for Design 1 remains consistently lower than that of Design 2.  

These differences can be attributed to the choice of bond coat materials for the PFA coating, 

as Al was used as the tribopositive material sprayed directly onto a Cu coating. Al was used 

as the bond coat for Design 1, providing strong adhesion for the PFA layer and improving 

long-term durability, whereas Copper served as the bond coat for Design 2, which offered 

less robust bonding but better initial electrical performance. The decrease in 𝑉𝑜𝑐 is 10.15% 

for Design 1 compared to 7.64% for Design 2, but for more critical output parameters such 
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as transferred charge, current, and power, Design 1 retains 67–80% of its original values, 

whereas Design 2 retains only 55–75%. The most pronounced difference appears in the 

maximum power output, where Design 1 shows a 32.7% decline, while Design 2 

experiences a substantially larger 44.5% drop. After 6000 cycles, the power outputs of both 

designs become almost comparable, underscoring the superior durability of Design 1. 

In addition to the previously reported parameters, the voltage on the negative, V’, along 

with the conversion efficiency were also evaluated. While both V’ and the conventional 

voltage measurements show the expected degradation over 6000 cycles, being 19.51% for 

Design 1 and 26.86% for Design 2, the energy conversion efficiency remains remarkably 

stable at approximately 96% for both designs, with no observable drop. This suggests that 

the mechanisms responsible for energy loss in these TENG such as charge leakage, or 

incomplete charge transfer are minimal and largely unaffected by surface wear or material 

fatigue. The consistency of the efficiency indicates that, despite a reduction in the major 

output values from degradation of the electrodes or triboelectric layers, the proportion of 

input mechanical energy converted into electrical energy remains effectively unchanged.  

SEM analysis of the deposited coatings revealed the presence of microcracks at the 

interface between the triboelectric layer and the substrate. These are shown for each coating 

in Figure 94 to Figure 96.  

 

 

Figure 94: PFA coating on Cu bond coat after 6000 cycles 
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Figure 95: PFA coating on Al bond coat after 6000 cycles 

 

Figure 96: Al coating on Cu substrate after 6000 cycles 

After 6000 cycles, heavy flaking and cracks were observed on PFA coatings for both Cu 

and Al and delamination in areas of the coating were observed under SEM. The Al and Cu 

coatings show no changes in their structures, and this is likely due to the much higher 

hardness of the metal coatings compared to the polymer PFA. 

These cracks likely play a role in the observed voltage drops during TENG operation. 

Mechanically, cracks reduce the effective contact area between the triboelectric layer and 

the opposing electrode, which limits the charge transfer during the contact-separation 

cycle. Electrically, cracks can introduce localized regions of poor capacitance or 

incomplete charge transfer, effectively acting as micro-scale barriers that dissipate, do not 

withhold, or redistribute surface charges. Over repeated cycles, the formation and 

propagation of these cracks may worsen, further reducing the TENG’s output voltage and 

overall efficiency. This observation shows that durability is not just about layer adhesion 
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or bulk mechanical stability but also about maintaining a continuous, crack-free interface 

which ensures consistent electrical performance over the lifetime of the device. 

These results highlight an important trade-off between initial performance and long-term 

reliability. Design 2 is more efficient at the outset, but its material selection renders it more 

susceptible to fatigue, surface degradation, or charge trapping effects over repeated 

contact–separation cycles. In contrast, Design 1 may be less optimized for initial peak 

performance but demonstrates greater resilience because of the aluminum bond coat, 

making it more suitable for long-term applications where consistent power delivery is 

critical. This durability advantage suggests that Design 1 could provide more stable output 

in practical scenarios, especially for devices requiring prolonged reliability without 

frequent replacement.  

6.4 Limitations in Nylon Spray 

During attempts to spray Nylon 6 powder, reliable feeding proved nearly impossible 

despite extensive parameter adjustments. The powder, with a particle size distribution of 

15 – 35 μm, exhibited highly cohesive behavior and resisted all attempts to assimilate into 

the gas stream. This can be attributed to several fundamental factors. Initial tests using the 

conventional CS setup led to no feeding, even when toggling pressure and temperature 

values. Because of the low melting point of Nylon 6 of 220 °C, temperature could not have 

been adjusted such that the stagnation temperature exceeded the melting temperature. 

Adjusting the pressure additionally led to no feeding. The polymer CS setup was employed 

as an alternative method, but the feeding pressure now was limited to a maximum of 60 psi 

and a minimum of 40 psi from how the equipment was designed prior. The attempted spray 

parameters are shown in Table 6. 
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Table 6: Nylon 6 spray parameters 

Temperature 

(°C) 

Stagnation 

Pressure 

(psi) 

Nozzle Type 

 

Substrate 

Preheater 

Temperature 

(°C) 

Spray 

Success 

(Yes/No) 

200 100 Converging-

diverging 

N/A No 

200 200 Converging-

diverging  

150 No 

220 200 Converging-

diverging 

150 No 

220 60 Straight 

Section 

150 No 

240 60 Straight 

Section 

150 No 

 

Nylon is hygroscopic and readily absorbs ambient moisture, which makes the particles 

sticky and prone to agglomeration. When heated near its melting point, the material can 

begin to soften and sinter, further encouraging bridging within the feed system. The particle 

size range itself is problematic, as it lies in a regime where van der Waals forces, 

electrostatic charging, and acquiring condensation, makes the powder difficult to fluidize. 

In addition, Nylon particles are light and charge easily, adhering to canister walls and 

tubing surfaces even when switching from rubber to steel hoses. From a flow standpoint, 

flow assimilation was further limited by pressure mismatches: the injector gas stream 
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required higher momentum to achieve the 30 scfh feed rate experimentally determined to 

fluidize polymers, yet this flow was not sustained because of the sticky nature of the 

powder. This may have caused pressure drops and local flow disturbances at the injection 

point. 

Based on these challenges, several initial recommendations can be made from a fluid 

dynamics perspective. First, proper drying of Nylon powder is essential, but the drying 

should occur externally in a controlled oven or desiccant system at moderate temperatures 

(80–100 °C) to avoid approaching the softening point. After heating, cooling and storage 

under dry nitrogen or a moisture free environment to minimize reabsorption. Drying at 

temperatures approaching the melting point should be avoided, as it promotes sintering and 

exacerbates sticking. 

Additionally, careful attention should be given to electrostatic effects by grounding all 

metallic components. The use of a surfactant can be applied here if possible. Flow path 

optimization by shortening and straightening tubing and increasing its diameter would 

further reduce frictional and electrostatic losses that hindered powder transport. From a 

material perspective, adjusting the particle size distribution to remove excess fines or 

employing minor flow aids could improve cohesion, though this would require evaluation 

for compatibility with the intended coating application. For example, in TENGs this may 

not be beneficial, as the addition of foreign material may hinder electric predictions and 

characterization. Using vibration at the feeder and around the hose to further agitate the 

powder could also be beneficial to powder flowing. 

If possible, the powder feeder itself should be reconsidered for cohesive polymers. A 

mechanism incorporating a porous distributor to introduce carrier gas evenly beneath the 

powder, would help disrupt agglomerates and maintain a stable, aerated bed. This approach 

is commonly applied in pneumatic conveying of fine and cohesive powders and is more 

reliable than relying solely on mechanical vibration or feed-wheel modifications. 

Electrostatic charging is another factor that must be eliminated or mitigated. Nylon readily 

accumulates charge through frictional contact, which leads to adhesion on feeder walls and 

hoses. Grounding all metallic components, replacing insulating connections with 

conductive alternatives, and potentially incorporating ionizing devices at both the powder 
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injection point in the hose and the nozzle inlet would help neutralize charge buildup. 

Additionally, simplifying the feed pathway using short, straight, and wider-diameter tubing 

would reduce frictional resistance and particle-wall interactions, improving transport 

efficiency. 

Finally, materials-based modifications may offer longer term solutions. Adjusting the 

particle size distribution, such as removing excessive fines or using powders with slightly 

larger mean diameters, could improve flowability by reducing cohesive forces. 

Alternatively, the use of flow aids or surface treatments such as adding hard additives such 

as silica or alumina particles, or treatment by means of a surfactant might mitigate sticking 

and improve fluidity, mechanically and physically. This would pose design challenges as 

additives would need to be carefully evaluated prior for compatibility with coating 

adhesion and final desired material properties. For example, in the case of TENGs this may 

not be beneficial, as the addition of foreign materials may make electric predictions and 

characterization more difficult.  Using vibration at the feeder and around the hose to further 

agitate the powder could also be beneficial to powder flowing. 

In summary, the difficulties encountered in feeding Nylon 6 powders are consistent with 

known challenges of handling cohesive, hygroscopic polymers. Addressing these issues 

will likely require a combination of powder pre-conditioning, modifications to the feeder 

design, improved feeding strategies, and consideration of electrostatic and particle-size 

effects. Future work should focus on systematically testing these approaches, beginning 

with controlled powder drying and fluidized-bed feeding, before progressing to injector 

redesign and mechanical assistance. These issues should be addressed prior to beginning 

any additional feeding or spray work. The nylon powder clogging the canister after a spray 

trial is shown in Figure 97. 
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Figure 97: Nylon 6 powder sticking to the canister liner 
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7 CONCLUSIONS AND FUTURE WORK 

This thesis presented the design, fabrication, and performance evaluation of vertical 

contact-separation triboelectric nanogenerators (VS-TENGs) using CS as the 

manufacturing process. The study demonstrates that CS can successfully produce 

triboelectric layers, enabling high energy conversion efficiencies of up to 96%. By 

selecting PFA as the tribonegative layer, Al as the tribopositive layer, and Cu as the 

electrode and substrate materials, the VS-TENGs could effectively convert nearly all work 

associated with surface charging and discharging into electrical energy, minimizing 

mechanical losses and showing good electrical output. Initial readings of 𝑉𝑜𝑐 were high, 

but current output was still low, and the subsequent power was below average of those 

found in the literature. At best, these devices could power a self powered switch or charge 

a capacitor for use in a charging circuit. The governing principles of charge transfer, electric 

field variation, and current generation were analyzed to understand and optimize each stage 

of the TENG operating cycle and experimental results agreed with the foundational 

principles of the underlying theories. 

CS allowed for successful deposition of PFA on Al and Cu substrates as the primary 

novelty, with good initial adhesion and minimal surface damage. Wear testing by repeatedly 

engaging the TENG layers showed a significant drop of electrical performance as the 

adhesion of PFA directly to Cu was poor. Durability testing revealed that both material 

choice and deposition parameters significantly influence long term performance under 

repeated mechanical cycling, emphasizing the importance of stable triboelectric interfaces 

for reliable operation. Attempts to replace Al with Nylon 6 were unsuccessful due to poor 

powder flow and the presence of cohesiveness in the feedstock. This highlights current 

limitations in polymer CS for TENG fabrication and points to opportunities for improved 

deposition strategies. 

Future work should focus on enhancing both adhesion and long term viability of the 

triboelectric layers. Techniques such as surface texturing, masked deposition to increase 

contact area, or optimized CS parameters for polymers could improve energy harvesting 

performance. The effect of surface area should also be analyzed, as an overall rough area 

does increase the available surface area, it does not necessarily directly increase the true 
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contact area because of potential inconsistencies in surface roughness and morphology. As 

the PFA coating performed better mechanically than electrically when sprayed on the Al 

bond coat than on the Cu bond coat, an investigation should be made to determine if charge 

transfer and the triboelectric effect is present as a viable bonding mechanism. Additionally, 

exploring alternative triboelectric material pairings with superior electrical and mechanical 

properties may yield higher output and improved stability. Addressing these challenges will 

be essential for advancing VS-TENGs from laboratory prototypes to practical, long-lasting 

energy harvesting devices suitable for self-powered sensors and electronics. 
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Appendix – A 

For the case of two conducting plates with opposite charge and a dielectric separating the 

two, an electric field 𝐸0 is generated on the positively charged plate. This can be described 

using Gauss’ law. Figure 98 shows the oppositely charged plates and generated electric 

field 𝐸0. 

 

Figure 98: Two oppositely charged plates in between a dielectric 

∮ 𝐸0 · 𝑑𝐴 =
𝑄

𝜀0
 

Assuming a Gaussian surface, such that 𝐸0 is constant everywhere, and assuming the area 

element is a flat square surface means that the above equation simplifies to, 

𝐸0 =
𝑄

𝐴𝜀0

(1) 

Because of the electric field 𝐸0, a resultant electric field 𝐸 will appear on the dielectric, 

opposing the direction of the external electric field 𝐸0, and inducing charges −𝑄𝑖 and 

+𝑄𝑖, as shown in Figure 99. 
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Figure 99: Induced electric field on dielectric 

If 𝐸 is the resultant electric field, the net charge on the interface of the conducting plate 

and dielectric will be the difference of the charges 𝑄 − 𝑄𝑖, seen in Figure 100. 

 

Figure 100: Surface of interest 

Rearranging Gauss’ law for the resultant electric field 𝐸 means Equation 1 becomes, 

𝐸 =
𝑄 − 𝑄𝑖

𝐴𝜀0

(2) 

The dielectric constant of a material is defined as the ratio of the charge stored in an 

insulating material placed between two metallic plates to the charge that can be stored when 

the insulating material is replaced by vacuum or air. It is known as relative permittivity and 

is mathematically defined as the ratio of the electric field of the dielectric and the electric 

field of the conductor. 
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𝜀𝑟 ≡
𝐸0

𝐸
(3) 

Substituting equation 3 into equation 2, 

𝐸0

𝜀𝑟
=

𝑄 − 𝑄𝑖

𝐴𝜀0
=

𝑄

𝐴𝜀0
−

𝑄𝑖

𝐴𝜀0
 

𝑄

𝜀𝑟
= 𝑄 − 𝑄𝑖 

This simplifies to, 

𝑄𝑖 = 𝑄 (1 −
1

𝜀𝑟
) (4) 

Now that there is a relationship between 𝑄𝑖 and 𝑄, equation 4 be substituted into the 

expression for 𝐸. 

𝐸𝐴 =
𝑄

𝜀0
−

𝑄

𝜀0
(1 −

1

𝜀𝑟
) 

𝐸𝐴 =
𝑄

𝜀0
−

𝑄

𝜀0
+

𝑄

𝜀0𝜀𝑟
 

Isolating for the resultant electric field 𝐸 gives, 

𝐸 =
𝑄

𝐴𝜀0𝜀𝑟

(5) 

Which is the final equation for an electric field of a dielectric. 

 


