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ABSTRACT 

The triboelectric nanogenerator (TENG) has proved to be an important innovation 

in the field of self-powered sensors. It utilizes triboelectrification and electrostatic 

induction in order to generate power. Multiple types of TENGs exist, but one type 

that uses electrostatic breakdown to generate power is the sliding direct current 

TENG (DC-TENG) that consists of a friction electrode (FE) and a charge collecting 

electrode (CCE). This paper discusses the factors affecting the coefficient of friction 

(COF) between a DC-TENG and the triboelectric layer (TL). The tested DC-TENG 

had a trailing CCE that was allowed to float on the surface of the lubricating oil. 

 

It was found that lubrication via motor oil showed the lowest values of (COF) in most 

cases. But for high sliding velocitys and low normal load conditions, the dry sliding 

condition gave the lowest values of COF. It was revealed that COF also increased with 

normal force in all cases except when lubricated by motor oil. The relationship 

between the COF and the sliding velocity of the DC-TENG was found to follow the 

Stribeck diagram. COF was also found to increase with load resistance due to charge 

accumulation on the FE. 
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INTRODUCTION 

It is well known that charges can occasionally be transferred from one material to 

another if they come into contact with one another. This phenomenon is known as 

triboelectrification or the triboelectric effect, [1 - 3]. This effect is thought to be a 

result of an exchange of ions in the case of polymers and an exchange of electrons in 

the case of metals, [4], the likelihood of materials to obtain a positive charge when 

they touch another material is ranked by the triboelectric series, [5 - 7]. 

 

The triboelectric effect was used in conjunction with electrostatic induction in order 

to generate energy. The device that does that is called a triboelectric nanogenerator 
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(TENG), [8, 9]. TENGs can be used in energy harvesting, [10 - 12] and in making self-

powered sensors, [13 - 16]. It also has many types, such as contact-separation mode 

TENGs, [17 - 19], sliding mode TENGs, [20 - 22], single electrode TENGs, [23 - 26], 

and freestanding mode TENGs, [27 - 29]. 

Sliding mode TENGs can be classified into two types. AC sliding mode TENGs and 

DC sliding mode TENGs (DC-TENG). AC sliding mode TENGs work via electrostatic 

induction and triboelectrification. DC-TENGs work via triboelectrification and 

electrostatic breakdown, [30 - 32]. DC-TENGs consist of a TL on that the DC-TENG 

slides (usually a dielectric material). The DC-TENG consists of a friction electrode 

FE that slides on the TL and a charge-collecting electrode (CCE) that has a small 

vertical distance between itself and the TL and moves with the FE. When the FE slides 

on the TL, the triboelectric effect causes charges to form on the FE and the TL. The 

charges that formed on the TL then cause a potential difference between itself and the 

CCE. This causes air breakdown to occur that causes charges to accumulate on the 

CCE. Those charges later flow to the FE and later to the TL, completing the cycle and 

the moving charges create an electrical current, and thus electric power. 

 

The use of lubrication in DC-TENGs has been proven to improve the electrical output 

of a DC-TENG, [33, 34]. It can also help decrease wear and provide separation 

between the CCE and the TL. This study investigates the effect of the contact force 

between the FE and the TL, the sliding velocity of the DC-TENG, and the electrical 

resistance between the CCE and the FE on COF between a DC-TENG with an 

aluminum foil FE and a Kapton TL. 

 

EXPERIMENTAL 

A DC-TENG was prepared using a 30 × 30 × 3 mm3 polymethylmethacrylate (PMMA) 

substrate. Attached to the bottom of said substrate is an FE made from 0.1 mm thick 

aluminum film on top of a piece of 800 grit sandpaper. Attached vertically to the 

PMMA substrate was a metal rod wrapped in polytetrafluoroethylene (PTFE) film. 

This rod was fastened to the moving part of a power screw-driven device that can 

transport the TENG in a straight line, Fig. 1. Attached to the PMMA substrate via 

Kapton tape was another 30 × 20 mm2 PMMA substrate and 10 mm behind the FE. 

Fastened to this substrate was a CCE made from the same aluminum foil-sandpaper 

structure as the FE. No vertical weight was applied on the CCE. This DC-TENG was 

tested on a 0.1 mm thick Kapton TL attached to a wooden substrate. Lubricant was 

also applied to the TL, Fig. 2.  

 

The device shown in Fig. 1 has a load cell attached to its moving part. This load cell 

can be used to measure the friction force as the DC-TENG moves. The load cell was 

attached to an HX711 chip attached to an Arduino Nano that was used to monitor the 

friction force. The effect of three different parameters on the coefficient of friction 

between the TL and the DC-TENG was investigated. The first parameter was the 

normal force applied on the DC-TENG, the second was the sliding velocity and the 

third was the electrical resistance between the CCE and the FE. Each test was 

repeated for three different lubrication conditions: lubrication by paraffin oil, motor 

oil, and dry sliding. The normal force range tested was from 4 N to 12 N (with open-
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circuit (OC) condition and a sliding velocity of 2.5 cm/s), the sliding velocity range 

was from 1.27 to 2.5 cm/s under OC condition and a normal force of 4 N, and the 

resistance range was from 1 Ω to 10 MΩ (with a sliding velocity of 2.5 cm/s and a 

normal force of 4 N). 

 
Fig. 1 The power screw-driven test device. 

 

 
Fig. 2 The tested DC-TENG. 

 

RESULTS AND DISCUSSION 

Data of friction force versus time were collected for every test condition. The COF 

between the TENG and the TL can be obtained when the friction force is divided by 

the normal force. The nature of the COF versus time relationship for each test can be 

seen in the example shown in Fig. 3. COF rises quickly until it reaches the static COF 

value for the system. Once the TENG starts moving, the COF starts to decrease due 

to the dynamic COF being lower than the static COF value. 
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The values of the COF versus contact force showed that COF decreased with load 

only in the case of the motor oil condition, while increasing with load in the case of 

both the paraffin and the dry conditions as shown in fig. 4. The dry condition showed 

the lowest values of COF at normal loads lower than 8 N, while lubricating the FS 

with the motor oil showed the lowest values of COF at higher normal loads. The 

reason the COF increased with the load could be due to the interlocking of asperities 

on both the FE and the TL causing an increase in the friction force at higher normal 

loads. The decrease in COF with load in the case of motor oil is probably due to anti-

wear additives that were added to the oil causing the friction force to stay relatively 

stable at different loads. Thus, decreasing the COF.  

 

The COF also decreased with an increase in sliding velocity as shown in Fig. 5. Being 

the lowest in the case of lubrication by motor oil. This is thought to be due to the 

hydrodynamic effect causing more separation between the TL and the FE as the 

sliding velocity increases. This follows the expected relationship between COF and 

sliding velocity (Stribeck diagram). Where due to the hydrodynamic effect, the 

lubrication mode changes from boundary all the way up to hydrodynamic 

lubrication. In this relationship, COF decreases with sliding velocity until the 

lubrication mode reaches elasto-hydrodynamic lubrication. 

 

 
Fig. 3 Example of a COF measurement curve under 4 N normal force and oil 

lubrication. 
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Fig. 4 COF versus contact force for each test condition. 

 

 
Fig. 5 COF versus sliding velocity for each test condition. 
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Fig. 6 COF vs load resistance for each test condition (logarithmic scale). 

 

a) 

 

b) 

 

 

Fig. 7. Charge accumulation on the CCE in different cases: a) High resistance case. 

b) Low resistance case. 

 

COF seemed to increase as the load resistance increased in all the three lubrication 

conditions as shown in Fig. 6. The lowest values were observed in the case of 

lubrication via motor oil as well. A possible explanation for this phenomenon can be 

an accumulation of charges on the CCE as the DC-TENG moves. Since TENGs are 

usually equated to capacitors in electric circuits, this means that an increase in the 

load resistance increases the time constant of the circuit. This causes charges to 

accumulate on the FE at high resistances as the TENG moves on the TL rather than 

moving on the CCE and going back to the TL. This accumulated charge can cause an 

increased attraction force between the FE and the TL that increases the COF, Fig. 7.  
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CONCLUSIONS 

1. Motor oil provided the lowest values of COF in most cases. 

2. At high velocities and low normal loads, dry sliding gave the lowest values of COF. 

3. COF mostly increased with normal load, except in the case of motor oil where it 

decreased with normal load. Probably due to anti-wear additives. 

4. The relationship between COF and sliding velocity followed the Stribeck behavior. 

5. Increasing the load resistance increases the COF, due to charges accumulated on 

the FE causing an increased attraction between it and the TL. 
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