
Polym. Korea, Vol. 49, No. 2, pp. 253-260 (2025)

https://doi.org/10.7317/pk.2025.49.2.253

ISSN 2234-8077(Online)
고정된 물방울을 이용한 조개 모양의 물방울 기반 전기 발전기

진정현# · 오인혁# · 장석태†

중앙대학교 화학공학과

(2024년 11월 1일 접수, 2024년 11월 14일 수정, 2024년 11월 29일 채택)

Clamshell-shaped Droplet-based Electricity Generator with

a Water Droplet Confined in a Wedge Plate

Jung Hyeon Jin#, In Hyeok Oh#, and Suk Tai Chang†

Department of Chemical Engineering, Chung-Ang University, 84 Heukseok-ro, Dongjak-gu, Seoul 06974, Korea

(Received November 1, 2024; Revised November 14, 2024; Accepted November 29, 2024)

초록: 기존의 많은 연구에서 물방울 기반 전기 발생기(electricity generators, DEG) 및 마찰 전기 나노 발전기(triboelectric              

nanogenerators, TENG)는 주로 낙하하는 물방울을 이용하여 에너지를 생성하였다. 이러한 장치들은 작동 중 외부 환             

경에 노출되어 먼지 등 오염 물질에 취약하며, 내구성 또한 낮다는 단점이 있다. 또한, 높은 전류를 얻기 위해서는 물방울이                 

전극 표면에 최대한 넓게 퍼질 때만 효율적인 전력 생산이 가능하다는 한계가 존재한다. 이러한 문제점을 해결하기 위해               

DEG 및 TENG 기술의 추가적인 개선이 필요하다. 본 연구에서는 폴리테트라플루오로에틸렌(polytetrafluoroethylene,         

PTFE)과 폴리디메틸실록산(polydimethylsiloxane, PDMS) 필름을 이용하여 조개 모양의 간단한 구조를 갖춘 DEG 시스           

템(CS-DEG)을 설계하였다. CS-DEG는 낙하하는 물방울 대신, 표면에 고정된 물방울의 압축과 이완에 의해 전기를 생             

성하는 방식으로 작동한다. 이 설계는 PTFE 표면의 오염을 효과적으로 방지하였으며, 이를 통해 장치는 높은 내구성을              

지닌 에너지 하베스팅 시스템으로서의 가능성을 입증하였다. 본 연구에서 제안된 시스템은 단일 물방울을 사용하여 최             

대 0.9 V의 전압과 711 nA의 전류를 생성할 수 있음을 확인하였다. 이러한 기술은 다양한 환경에서 안정적으로 에너                

지를 생산하는 효율적인 에너지 하베스팅 시스템으로 활용 가능성이 높다고 판단된다.

Abstract: Many previous studies on droplet-based electricity generators (DEGs) and triboelectric nanogenerators 

(TENG) used falling water droplets. These devices featured surfaces that were exposed to the environment, rendering 

them vulnerable to contaminants such as dust. They were also characterized with low durability. In such devices, high 

currents could be achieved only when the water droplets reached the electrode when they were spread out the most. 

Thus, further improvements in DEGs and TENGs must be implemented. In this study, an energy harvesting system 

was fabricated using a simple clamshell-shaped DEG, hereafter referred to as CS-DEG, prepared from polytetraflu-

oroethylene (PTFE) and polydimethylsiloxane films. The CS-DEG designed in this study does not generate electricity 

using falling water droplets; instead, it generates electricity through the compression and relaxation of a water droplet 

fixed to its surface. The developed design effectively prevented the contamination of the PTFE surface, and the result-

ing device demonstrated feasibility as a highly durable energy harvesting system. Specifically, it could generate a volt-

age of up to 0.9 V and a current of up to 711 nA using a single water droplet. The proposed technology has potential 

for further development and application in various fields.

Keywords: droplet-based electricity generator, water droplet, polytetrafluoroethylene film, energy harvesting.

Introduction

Advancements in society have led to increased demands for 

electricity generation, which requires a corresponding increase in 

the consumption of fossil fuels, leading to energy shortages, envi-

ronmental degradation, and increased greenhouse gas emis-

sions. Renewable energy is crucial in addressing these issues. 

Hydropower is a renewable energy source that utilizes the 

kinetic energy of water to generate electricity. Water is a clean 

and inexhaustible resource. However, much of the water energy 

available on Earth remains untapped. In addition, current 
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hydropower systems are limited by high costs and low effi-

ciency, and other forms of water energy, such as waves, tides, 

and river currents, have not been fully developed. Overcoming 

these challenges to improve the efficiency of hydropower uti-

lization could significantly contribute to solving energy short-

ages and environmental issues.1-6

Droplet-based electricity generators (DEGs) are an innova-

tive approach for harvesting energy from water droplets and 

converting the kinetic energy from falling or moving water into 

electrical energy. These devices have a simple structure and 

can be manufactured using inexpensive materials. They require 

no fossil fuels and do not generate harmful emissions. DEGs 

operate via the triboelectric effect, which involves the gener-

ation of electric charges through friction.3,7-13 When a water 

droplet strikes a surface, charge separation is induced if the 

surface is made of or coated with materials that have different 

affinities for electrons. The interaction between the droplet and 

surface induces charge separation owing to the triboelectric 

effect. The induced charges are collected and transferred to an 

electrode, generating a small current. The electricity generated 

can then be stored in a capacitor or battery for later use.14-25

Polymers such as polytetrafluoroethylene (PTFE) and 

polydimethylsiloxane (PDMS) are characterized with high tri-

boelectric performance. Triboelectric nanogenerators (TENGs),

which produce electricity using the mechanical movement of 

rain or falling water droplets, represent an innovative technol-

ogy that is attracting attention for its potential use in various 

fields.26,27 However, the long-term durability of materials used 

in TENGs under varying environmental conditions requires 

improvement. Thus, further research on TENGs to improve 

their efficiency, enhance their durability, and promote their 

applications is necessary.

In this study, we developed a novel clamshell-shaped DEG, 

hereafter referred to as CS-DEG, that can harvest energy through 

the mechanical motion of water droplets. Similar to other 

TENG-based DEGs, our CS-DEG produces electrical energy 

through contact electrification and electrostatic induction. Con-

ventional TENGs based on solid–liquid interfaces are ineffec-

tive in environments without rainfall or droplet impact. Unlike 

these devices, our CS-DEG operates based on the change in 

contact area of fixed water droplets following their compres-

sion. The CS-DEG is designed such that the device is not directly 

exposed to the external environment, thereby addressing the 

issue of contamination, which affects traditional TENG-based 

DEGs. The hydrophobic polymer layer of the CS-DEG ensures 

that water droplets do not easily adhere to the device surface, 

allowing for the smooth compression and decompression of 

the droplets. Charges are induced when a water droplet makes 

contact with a hydrophobic surface. As the droplets are com-

pressed and decompressed, the movement of these charges 

generates electricity. The CS-DEG can stably harvest energy regard-

less of the environmental conditions, overcoming the limitations 

of traditional TENG-based DEGs. Thus, it is potentially useful 

for sustainably generating electricity in various environments.

Experimental

Fabrication of a PTFE Film on an ITO Glass. An ITO     

glass substrate (40 × 40 × 0.7 mm, OMNISCIENCE, Korea) 

was washed with water and acetone and dried with nitrogen gas. 

Next, 3 mL of PTFE (Sigma-Aldrich, USA) was dropped onto the 

dried ITO glass using a pipette and then deposited through spin-

coating at rates of 500, 750, 1000, and 1250 rpm. The coated sub-

strate was then heated in a digital muffle furnace (DAIHAN SCI-

ENTIFIC, Korea) at 350 ℃ for 1 h. Finally, the PTFE-coated ITO     

glass was cooled to room temperature. Field-emission scanning 

electron microscopy (Carl Zeiss, Germany) was used to obtain 

images of the PTFE film surfaces.

Fabrication of a PDMS Layer on a Glass Substrate. A     

glass substrate (76 mm × 52 mm × 1.5 mm, Paul Marienfeld 

GmbH & Co., Germany) was plasma-treated in a plasma 

cleaner (PDC-32gG, Harrick Plasma, USA) for 1.5 min. Ten 

grams of PDMS prepolymer (Sylgard 184 A, Dow Corning, 

USA) was mixed with 2 g of a curing agent (Sylgard 184 B, Dow 

Corning) at a 5:1 ratio, and the resulting compound was mixed 

with toluene at a mass ratio of 1:1. The mixed solution was depos-

ited on the clean glass substrate by spin-coating at 1000 rpm. 

PDMS was cured in a ThermoStableTM OV vacuum oven (DAI-

HAN SCIENTIFIC, Korea) at 100 ℃ for 2 h. Finally, the PDMS-     

coated glass was cooled to room temperature.

Fabrication of the CS-DEG. Copper (Cu) tape was attached     

to a corner of the PTFE-coated ITO glass, and Teflon tape was 

wrapped around the edges of the glass. The CS-DEG was then 

covered by the PTFE-coated glass. The electrical energy pro-

duced by the CS-DEG was measured using a digital multimeter

(34401A, Keysight, Korea) with a preamplifier (SR570, Stan-

ford Research Systems, USA).

Results and Discussion

Figure 1(a) illustrates the design and functions of the CS-

DEG. PTFE has a high dielectric constant and can conduct 
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electricity when exposed to moisture. Furthermore, it is supe-

rhydrophobic, effectively preventing water droplets from slid-

ing owing to friction with PDMS. The device features two 

overlapping polymer-covered glass layers such that it can 

change the contact area of water droplets during compression 

and relaxation and harvest electrical energy via contact elec-

trification and electrostatic induction.28 A voltage and current 

are generated by the contact between a water droplet fixed to 

the PTFE-coated ITO glass and a copper wire attached to the 

PDMS-coated glass. PDMS, which has a lower dielectric con-

stant than PTFE, reduces the voltage difference between the 

generated charges. Teflon tape was used to prevent contact 

between the PDMS and PTFE films. In the case of TENGs 

based on solid–liquid interfaces, electricity is generated through

contact electrification, which occurs when water droplets fall. 

However, in environments where insufficient rain or water is 

available, the efficiency of solid–liquid-based TENGs decreases

significantly, and they may not function effectively. Hence, 

solid–liquid-based TENGs are primarily used in environments 

with a continuous supply of water. Owing to the possibility of 

contamination from direct exposure to the environment, devices 

based on solid–liquid interfaces can face stability challenges in 

areas with frequent rain or a constant water supply. Unlike 

these devices, our CS-DEG employs a technique in which a 

small amount of kinetic energy is applied to generate electrical 

energy, instead of actively depending on falling water or rain-

fall. A potential for continuous electricity generation can be 

induced by adjusting the contact area of the fixed water drop-

let. Furthermore, the device minimizes the exposure of the 

active surface to the external environment and provides resis-

tance to contamination. The movement of the PDMS-coated 

glass can be carefully controlled by an attached weight. The 

electrical energy generated by compressing and releasing the 

PDMS-coated glass substrate can be measured based on its 

weight. The PDMS-coated glass was consistently moved by 

hand pressure on the extended part. A voltage and current are 

generated when the PDMS-coated glass is pressed by a weight, 

as shown in Figures 1(b) and (c). The voltage and current were 

generated by the change in form of a 20 μL water droplet 

between the PDMS-coated glass and PTFE-coated ITO glass 

under a 1500 N force. Positive and negative charges were gen-

erated during compression and release, respectively. The device 

generated a maximum voltage of 0.8 V and a current of 200 nA

using a 20 µL water droplet.

Figure 2 shows the electrical energy generated by the device 

according to the thickness of the superhydrophobic PTFE film. 

The PTFE solution was deposited onto the ITO glass using the 

spin-coating method. An image of the PTFE film spin-coated 

Figure 1. (a) Schematic diagram of the design and working principle of the CS-DEG; (b) voltage; (c) current generated by a 5 μm-thick PTFE 

film and 20 µL water droplet.
 Polym. Korea, Vol. 49, No. 2, 2025
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onto the ITO glass at a rate of 1250 rpm is shown in Figure 2(a).

As the most electronegative material in the triboelectric series, 

a porous PTFE layer with an average pore size of 200 nm was 

created on the ITO glass. The PTFE film was formed by heat-

ing the coated ITO glass in a furnace and cooling to room tem-

perature. The thicknesses of PTFE layers deposited by spin-

coating at rates of 500, 750, 1000, and 1250 rpm are shown in 

Figure 2(b). We measured the contact angles of 20 μL water 

droplets on PTFE substrates with thicknesses of 55, 38, 7, and 

5 µm and obtained values of 136.7°, 136.7°, 136.9°, and 

136.8°, respectively (Figure 2(c)). Electrical energy variations 

were analyzed based on the contact area of water droplets of 

different sizes as a function of PTFE layer thickness, as shown 

in Figure 2(d). The average voltage was then determined in 

relation to the PTFE thickness. A 20 μL water droplet gener-

ated average voltages of 0.6 V with a 5 μm-thick PTFE layer 

and 0.52 V with a 55 μm-thick PTFE layer. The voltage decreased 

as the PTFE thickness increased. However, the average voltage 

generated with a 10 μL water droplet and PTFE layers of dif-

ferent thicknesses showed no remarkable differences, measur-

ing 0.37 V for a 5 μm-thick PTFE layer and 0.4 V for a 55 μm-

thick PTFE layer. These results indicate that the PTFE thick-

ness does not significantly affect the voltage generated over 

multiple contacts. However, the maximum voltage increased 

with the volume of the water droplet, indicating that more elec-

trical energy is generated by larger droplets because they have 

larger contact surfaces. Smaller droplets tend to have a higher 

charge density because their surface area is larger than their 

volume; by contrast, larger droplets have a lower charge den-

sity.29 Therefore, the size of a droplet can significantly influence its 

electrical properties. The voltage generated as a function of the 

volume of a water droplet was measured by compressing and 

releasing the droplets five times and repeating this process 

three times with a 55 μm-thick PTFE film (Figure 2(e)). The 

change in electrical energy depending on the droplet volume 

increased as the droplet volume increased, resulting in higher 

voltages and currents regardless of the thickness of the PTFE 

film. Voltages of 0.3 and 0.48 V were generated by 5 and 20 μL 

water droplets, respectively, with 55 μm-thick PTFE film.

Figure 3(a) shows a schematic of the working principle of 

the CS-DEG. The device employed a technology similar to that 

in TENGs. A TENG generates electricity through friction and 

contact between different materials. When a water droplet 

comes into contact with the PTFE film, electrons are trans-

ferred from the droplet to PTFE, leaving the water droplet with 

a net negative charge. However, a water droplet can exhibit an 

asymmetrical charge distribution. Generally, the bottom part of 

the droplet in direct contact with the PTFE film becomes pos-

itively charged, whereas the top part of the droplet remains 

negatively charged, because of charge redistribution on the 

droplet surface after contact electrification. When a Cu wire 

comes into contact with the tip of a water droplet, electrical 

Figure 2. Characterization of the PTFE-coated ITO glass: (a) FE-SEM images of the surface of a 5 μm-thick PTFE film; (b) PTFE thick-

ness as a function of spin-coating speed; (c) contact angle of a 20 µL water droplet as a function of PTFE thickness; (d) voltage generated 

as a function of PTFE thickness for water droplets of different volumes; (e) voltage generated as a function of droplet size on the surface 

of a 55 μm-thick PTFE film.
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energy is generated on the PTFE film deposited on the ITO 

glass. Charge transfer occurs between the Cu wire and nega-

tively charged upper portion of the water droplet. The contact 

area of the water droplet expands as it is forced onto the 

PDMS glass. Thus, a more negative charge reaches the PTFE 

surface and positive charges are generated on the ITO surface. 

These charges then flow to the Cu wire through the circuit, and 

a current is generated. When the Cu wire is released, the con-

tact area between the PTFE and water droplet decreases, 

resulting in a decrease in charge. An opposing current flow 

forms as a result of the positive charge on the Cu wire moving 

back to the ITO substrate. Figures 3(b) and (c) show the cur-

rents generated according to the change in contact area 

between a water droplet and 55 μm-thick PTFE film. The area 

change of a water droplet with a diameter of 10 mm under a 

force of 1500 N was 1867 mm²/s, resulting in a current of 193 nA.

When relaxed, the area change rate was -1408 mm²/s, with a 

corresponding current of -71 nA. Figure 3(d) shows the change 

in contact area of water droplets as a function of their volume 

under the same conditions. The application of the same force 

resulted in an increase in contact area, with droplets measuring 

5, 10, 15, and 20 μL in volume having contact areas of approx-

imately 28, 154, 572, and 962 mm2, respectively; the corre-

sponding currents were 80, 95, 130, and 170 nA, respectively. 

Under the same applied force, the contact area changed pro-

portionally to the size of the water droplet. Larger droplets 

have larger surface areas; therefore, applying the same force 

can cause more substantial changes in their contact area owing 

to the proportional relationship between the volume and sur-

face area of a droplet. Therefore, the change in contact area of 

a water droplet is proportional to its size, and the resulting cur-

rent increases proportionally, as shown in Figure 3(e).

We evaluated the stability of our CS-DEG by performing 

500 press–release cycles on a 20 μL water droplet. As shown 

in Figure 4(a), the voltage generated consistently remained 

between 0.2 and 0.4 V. Similarly, as shown in Figure 4(b), a 

current of up to 711 nA was generated, and the current was 

maintained above 200 nA. The performance of the CS-DEG 

was evaluated over a five-day period while cycling 100 times 

daily. Figure 4(c) shows that the PDMS-coated glass layer of 

the CS-DEG protected it from external contamination. Through-

out the 5 days of cycling, a current of above 200 nA was con-

Figure 3. Analysis of the mechanism of the CS-DEG: (a) schematic of the working mechanism of the CS-DEG; (b) measurements of the 

change in contact area of the water droplets and the resulting current; (c) images of the change in contact area of a water droplet; (d) changes 

in contact area as a function of water droplet size; (e) correlation between the change in contact area and resulting current as a function of 

water droplet volume.
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sistently generated.

The electrical energy generated by a DEG can be influenced 

by the solution pH. Thus, the solution pH must be considered 

when evaluating and enhancing the performance of the CS-

DEG. The increase in current generation at higher pH values is 

primarily due to the increased electrical conductivity of the 

solution.

Figures 5(a) and (b) indicate that as the pH concentration 

increases, the amount of electrical energy generated increases. 

At a higher pH, ions can move freely, facilitating more active 

charge transfer and leading to an increase the current generated 

by the DEG.30 When a water droplet makes contact with the 

PTFE surface, the PTFE surface becomes negatively charged. 

At this point, the Na+ and Cl− ions in the NaCl solution move 

because of the electrical interaction between the water droplet 

and PTFE surface, partially or fully neutralizing the negative 

charge on the latter. As the ion concentration increases with 

increasing NaCl concentration, more of these interactions 

occur, leading to a greater degree of neutralization of the neg-

ative charge on the PTFE surface. This neutralization of the 

negative charge on the PTFE surface can reduce the potential 

difference between the PTFE surface and Cu electrode or ITO 

layer, leading to a decrease in current.31 As the concentration of 

the electrolyte increases, these interactions increase, resulting 

in a decrease in electrical energy production. As shown in Figures

5(c) and (d), as the concentration of the NaCl solution increases, 

the electrical energy produced by the DEG decreases. These 

results support the working mechanism of the CS-DEG and 

demonstrate its applicability to different liquids. The findings 

in this study should be carefully considered when designing 

solid–liquid TENGs for both energy harvesting and sensing 

devices.

Conclusions

We designed a CS-DEG based on the compression and 

relaxation of water droplets between hydrophobic (PDMS) and 

superhydrophobic (PTFE) surfaces with varying dielectric 

constants to harvest energy from the contact area of a water 

droplet. Various PTFE thicknesses and water droplet sizes 

were investigated. Although the PTFE thickness did not sig-

nificantly affect the electrical energy generated by the DEG, 

Figure 4. Stability evaluation of the CS-DEG: (a) voltage; (b) current generated with a 20 µL water droplet over 500 cycles; (c) current vari-

ation over 5 days at 100 cycles per day.

Figure 5. Evaluation of the electricity generation performance of 

the CS-DEG as function of the solution pH and electrolyte concen-

tration of water droplets. Measured (a) voltage; (b) current as a 

function of pH. Measured (c) voltage; (d) current as a function of 

NaCl concentration.
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larger water droplets led to increased energy production. For 

instance, a 20 μL water droplet compressed under a force of 

1500 N yielded a contact area of 962 mm2 and generated a cur-

rent of 170 nA. The stability of the CS-DEG was evaluated 

over 500 press–release cycles, and currents of up to 711 nA 

were consistently produced. Moreover, the generated currents 

were generally maintained above 200 nA. Variations in elec-

trical energy production owing to changes in solution pH and 

electrolyte concentration were analyzed to assess the stability 

and characteristics of the device. The PDMS-coated layer pre-

vented contamination from external sources and maintained 

the contact area of the substrate to maximize energy produc-

tion. The CS-DEG operates by utilizing kinetic energy to gen-

erate electrical energy, rather than relying on falling water or 

rainfall. Thus, the device is an innovative electricity generator 

that can overcome the limitations of previous devices by har-

vesting energy from fixed water droplets and addressing con-

tamination issues using a hydrophobic polymer layer. This 

technology has the potential for further development and appli-

cation in various fields.
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