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SUMMARY

Water-triboelectric nanogenerators, leveraging contact electrifica-
tion between water and solid surfaces, have exhibited significant
potential to harvest energy. Different configurations of triboelectric
nanogenerators offer various functionalities and promising applica-
tion scenarios. This study introduces a four-electrode droplet tribo-
electric nanogenerator (FED-TENG). Different connection formats
among the four electrodes result in multimodal outputs, enhancing
adaptability across diverse applications. The selective generation of
direct current (DC) and alternating current (AC) output enables effi-
cient, direct driving of DC or AC loads. The device also offers dual
outputs distributed evenly or unevenly in power. Evenly distributed
dual output accommodates simultaneous power supply to multiple
similar loads, while unevenly distributed dual output is recommen-
ded for independent sensor applications. Additionally, the charge-
transfer process in FED-TENG is dissected to elucidate the mecha-
nism underlying different output modes. Anticipated findings from
investigating FED-TENG hold promise for developing adaptable
and versatile water-TENGs applicable to droplet energy-harvesting
and sensor technologies.

INTRODUCTION

Utilization of traditional energy, primarily fossil fuels, has resulted in many environ-

mental problems, notably contributing to global warming and pollution. Conse-

quently, extensive research has been dedicated to the exploration of green-energy

alternatives. Among various forms of clean, renewable energy, hydraulic energy has

found widespread applications through hydroelectric stations that harness the po-

tential energy of river water. Beyond hydraulic energy, various natural movements

of water widely observed in nature, such as raindrops, ocean waves, and tides, pre-

sent opportunities for generating electricity.1 The emergence of Internet of Things,

artificial intelligence, and wireless sensor networks, reliant on mobile and wireless

power sources, has spurred technological advancements to harness dispersed en-

ergy sources. Initially devised to harvest energy from contact electrification between

solid and solid,2–7 triboelectric nanogenerators (TENGs) have undergone further

development to scavenge diverse forms of water-based energy by exploiting the

contact electrification between liquid and solid,1,8–33 introducing a new category

of TENG known as water-TENG. This paper will specifically focus on water-TENGs

designed to harvest energy from water droplets.

A large variety of water-TENGs have been extensively studied, with the predomi-

nant electrode configurations encompassing a single electrode13–37 and double

electrodes.38–47 These electrode configurations in water-TENGs could act as either

a sensor or an energy-harvesting device. In comparison with the alternating current
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Figure 1. Structure and circuit diagram of FED-TENG

(A) Schematic illustration of FED-TENG.

(B and C) Circuit diagrams of <UI-LC> series (B) and <UC-LI> series (C).

: glass; : ITO; : PI; : Cu; : PTFE; : steel; and : droplet.
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(AC) output of solid-solid TENGs, water-TENGs employing single or double elec-

trodes typically produce AC output characterized by distinct, sharp peaks and sub-

tle, gradual troughs,1,37–39 termed pseudo direct current (PDC). The efficiency of

water-TENGs tends to diminish when generating AC output due to the less effi-

cient conversion from DC to AC compared with the reverse process in solid-solid

TENGs. Therefore, the development of water-TENGs capable of generating AC

output is crucial for expanding their potential applications. Many reported wa-

ter-TENGs with single or double electrodes could power electronic de-

vices.18,22,23,37,41 However, using a water-TENG solely as a sensor,12,48 despite

its lower power output, is deemed inefficient. To optimize efficiency, particularly

as sensors often necessitate auxiliary circuits, a more pragmatic approach involves

dividing the output into two parts. The minor portion serves as the sensor signal,

while the major portion powers auxiliary circuits. Incorporating dual outputs within

a water-TENG stands as a promising strategy to facilitate this division of electric

output.

To address the identified technological gaps within water-TENGs, this paper intro-

duces a four-electrode droplet TENG (FED-TENG). Employing diverse configura-

tions of the four electrodes, FED-TENG presents multimodal outputs, encompass-

ing PDC output, AC output, evenly distributed dual output, and unevenly

distributed dual output. Additionally, a detailed analysis of the charge-transfer pro-

cess is conducted to elucidate the underlying mechanisms governing the various

output modes. In direct comparison with the prevailing state-of-the-art water-

TENG, FED-TENG shows enhanced flexibility and adaptability.
2 Cell Reports Physical Science 5, 101800, February 21, 2024
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RESULTS AND DISCUSSION

Characterization

Adopting the double-electrode configuration proposed by Xu et al.,38 FED-TENG

was devised (Figure 1). Four electrodes were interwoven to create two pairs of

output ports. The composition of FED-TENG, arranged from bottom to top (left to

right in Figure 1A), comprised glass, indium tin oxide (ITO), polyimide (PI), copper

(Cu), another layer of PI, two steel pieces, and polytetrafluoroethylene (PTFE). Glass

was selected as the substrate material, while PI served as electrical insulation. The

ITO and Cu films functioned as an ITO electrode (ITOE) and a Cu electrode (CuE),

respectively. Steel and ITO are chosen because they are accessible materials in

the lab. Xu et al.38 had shown that the strip electrode does not influence the output

of the TENG. In practical use, a kind of material that is hard to erode will be chosen.

To prevent the film electrodes from contacting any remaining water along the

edges, their dimensions were reduced by 5 mm in both length and width compared

to the substrate. PTFE was employed as the triboelectrification material. Two steel

pieces were utilized as an upper steel electrode (UpSE) and a lower steel electrode

(LoSE). The PTFE film had an average thickness of approximately 6.35 mm, and its

surface exhibited unevenness (Figure S1A), with a maximum peak-to-valley height

of around 2.1 mm. Contact-angle measurements indicate that the PTFE film had a

contact angle of 117.72�, while the steel electrodes exhibited a contact angle of

100.11� (Figure S1B). Both the PTFE film and steel electrodes had contact angles

exceeding 100�, ensuring smooth movement of droplets across the device.

Compared with single- and double-electrode water-TENGs, the incorporation of

additional electrodes in FED-TENG facilitates the provision of various output

modes. In Figures 1B and 1C, two series of modes, denoted as <UI-LC> and

<UC-LI>, are presented, wherein U, L, I, and C represent UpSE, LoSE, ITOE, and

CuE, respectively. Within the <UI-LC> series, closing either switch S1 or S2 leads

to the output mode UI or LC. When a measuring instrument is introduced into the

circuit, these modes are labeled as UI* and LC*, with the asterisk indicating the

measured port. Simultaneous closure of both switches yields the UI-LC output

mode. Notably, the UI-LC mode encompasses two output ports (UI and LC), further

categorized as UI*-LC, UI-LC*, and UI*-LC*, contingent upon the port measured.

Consequently, the <UI-LC> series encompasses five output modes: UI*, LC*,

UI*-LC, UI-LC*, and UI*-LC*. Similarly, the <UC-LI> series includes UC*, LI*,

UC*-LI, UC-LI*, and UC*-LI* modes. In total, 10 output modes were characterized

in this study. Modes such as UI*, LC*, LI*, and UC* are termed singly connected

modes, while their parallelly connected counterparts, including UI*-LC, UI-LC*,

UC*-LI, and UC-LI*, present a single output. Additionally, UI*-LC* and UC*-LI* pro-

vide dual output. A summary detailing the switch state and measured port for each

mode is presented in Table 1. In ideal condition, an ammeter possesses an internal

resistance of zero, while a voltmeter exhibited an infinite internal resistance. During

the measurement of short-circuit current in UI*-LC, UI-LC*, and UI*-LC* modes,

these modes are equivalent. Similarly, the UC*-LI, UC-LI*, and UC*-LI* modes are

equivalent under the same conditions. For themeasurement of open-circuit voltage,

the UI* mode is equivalent to UI*-LC*, and the LC* is equivalent to the UI*-LC*

mode. Similarly, the UC* mode is equivalent to the UC*-LI* mode, and the LI*

mode is equivalent to the UC*-LI* mode under the same conditions.
Polarity

In Figures 2A and S2, FED-TENG was inclined at a 45� angle to the horizontal plane,

and 100-mL tap water droplets were released sequentially from a 15-cm height
Cell Reports Physical Science 5, 101800, February 21, 2024 3



Table 1. Switch state and output modes

Series Mode Switch state Measured port Equivalent modes for current measurement
Equivalent modes for
voltage measurement

<UI-LC> UI* Figure 1B; S1 is on, S2 is off. UI – UI*-LC*

UI*-LC Figure 1B; S1 is on, S2 is on. UI UI-LC*, UI*-LC* –

LC* Figure 1B; S1 is off, S2 is on. LC – UI*-LC*

UI-LC* Figure 1B; S1 is on, S2 is on. LC UI*-LC, UI*-LC* –

UI*-LC* Figure 1B; S1 is on, S2 is on. UI and LC UI-LC*, UI*-LC UI*, LC*

<UC-LI> UC* Figure 1C; S1 is off, S2 is on. UC – UC*-LI*

UC*-LI Figure 1C; S1 is on, S2 is on. UC UC-LI*, UC*-LI* –

LI* Figure 1C; S1 is on, S2 is off. LI – UC*-LI*

UC-LI* Figure 1C; S1 is on, S2 is on. LI UC*-LI, UC*-LI* –

UC*-LI* Figure 1C; S1 is on, S2 is on. UC and LI UC*-LI, UC-LI* UC*, LI*
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above the PTFE surface. The selection of the inclination angle, droplet size, and

dropping height in this study aligns with common and typical parameters in

droplet-TENG research. During experimentation, the electric output was recorded

as the droplets impinged on and slid off the surface. Before measurement, PTFE

film was charged by the dripping droplets. Following the impingement of 2,500

droplets, the open-circuit voltage between the ITOE and UpSE reached a plateau

(Figure 2B), indicating the full charging of the PTFE.

Similar to the double-electrode water-TENG, the functionality of the FED-TENG is

confined to specific regions on the PTFE surface. During the experiment, droplets

were directed to impinge either on the left side (Figure 2C) or the right side (Fig-

ure 2D) of the device. In both figures, the blue dash-line circle signifies the moment

of droplet contact or departure from UpSE, while the yellow dash line denotes the

moment of droplet contact or departure from LoSE. The red point marks the contact
Figure 2. Electric output measurement of FED-TENG

(A) Schematic of electric output measurement system. DM stands for digital multimeter, and HRM is

the abbreviation for high-resistance meter.

(B) Open-circuit voltage of UI* when PTFE was being charged. Error bars are the standard

deviations for more than ten measurements of each point.

(C and D) Schematic diagrams of a droplet impinging on the left side (C) and the right side (D).
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point. When a droplet impinges on the left side, it contacts UpSE first and leaves

UpSE last, whereas when impinging on right side, it contacts UpSE first and leaves

LoSE last. The impinging and sliding processes are detailed in Figure S3. Upon

impingement on the left, the timing for contacting UpSE (blue dash line), contacting

LoSE (yellow dash line), leaving LoSE (yellow dash line), and leaving UpSE (blue dash

line) are 0, 2.86, 22.14, and 25 ms, respectively. Upon impingement on the right, the

timings for contacting UpSE (blue circle), contacting LoSE (yellow circle), leaving

UpSE (blue line), and leaving LoSE (yellow line) are 0, 1.43, 23.57, and 36.43 ms,

respectively. The two maximum spreading areas are observed to be 2.37 cm2 (on

the left, at 6.43 ms) and 2.35 cm2 (on the right, at 7.16 ms), respectively.

For clarity, only the positive (red circles) and negative (black circles) peak values of

the short-circuit current and open-circuit voltage are depicted in Figures 3A–3D,

while the maximum quantity of transferred charge is detailed in Figures 3E and

3F. With the exception of UI*-LC and UC-LI*, all other modes exhibited significant

positive output but negligible negative output, categorized as PDC output. Notably,

UI*-LC demonstrated prominent and comparable positive and negative outputs,

showcasing AC output rarely observed in existing water-TENGs. Conversely, UC-

LI* generated only weak outputs. Interestingly, UI* yielded PDC output, while its par-

allelly connected counterpart, UI*-LC, generated AC output. Figure S4 presents the

outputs of a FED-TENG with a Cu film in place of an ITO film. The outputs were

higher compared to those of the FED-TENG employing an ITOE and a CuE,

although the waveforms exhibited no difference. The different materials could pro-

vide similar output current and voltage despite the amplitude with a gap. However,

this research primarily focuses on elucidating the multiple output and mechanism of

the FED-TENG rather than optimizing its performance; hence, there is limited anal-

ysis regarding the FED-TENG with two Cu film electrodes.

The PDC output of UI* and the AC output of UI*-LC were analyzed across a broad

range of load resistance. As the load resistance increased from 10 to 109 U, the

output voltage consistently rose, with instantaneous power peaking at 105 U

(Figures 3G and 3H). Notably, UI* yielded a peak power (P) of 2.30 mW, nearly equiv-

alent to the combined positive P (+P; 1.87 mW) and negative P (�P; 0.4 mW) of

UI*-LC. In essence, compared to UI*, UI*-LC efficiently divided the output power

into two opposing phases. This capability allows the FED-TENG to directly power

PDC or AC loads without necessitating a power converter, thereby mitigating en-

ergy conversion loss and enhancing energy utilization efficiency. It is to be noted

that the output of the FED-TENG with two Cu film electrodes is higher than that

of the FED-TENG with an ITO film electrode and a Cu film electrode, indicating

that the electrode components have an impact on the outputs of such a four-elec-

trode generator. In addition, the output power of 2.3 mW is not optimal, so no

comparability with other water-TENGs is conducted.

The electric outputs corresponding to the two droplet-impinging positions are de-

picted in Figures 4 and S5, and the transferred charges are outlined in Figure S6.

The electric outputs of singly connected modes (UI*, LC*, LI*, and UC*) were inde-

pendent of the two droplet-impinging positions (Figures S5A–S5H). These modes

displayed no charge transfer between the disconnected electrodes during droplet

impingement, allowing the disregarding of the disconnected electrodes to simplify

the FED-TENG to double-electrode water-TENGs. Similarly, the electric output of

the parallelly connected mode UC*-LI was not notably affected by the two

droplet-impinging positions (Figures S5I and S5J). In contrast, other parallelly con-

nected modes such as UI-LC*, UC-LI*, and UI*-LC, exhibited variation with changes
Cell Reports Physical Science 5, 101800, February 21, 2024 5



Figure 3. Electric output measurement results of different modes of FED-TENG

(A and B) Peak values of short-circuit current impinged on the left side (A) and on the right side (B).

(C and D) Peak values of open-circuit voltage impinged on the left side (C) and on the right side (D).

(E and F) Charge transferred when droplets impinge on the left side (E) and on the right side (F).

(G) Peak values of open-circuit voltage and power of UI* (G) or UI*-LC (H).

Error bars are the standard deviations for more than ten measurements of each point.
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in droplet-impinging position (Figure 4). Specifically, UI-LC* and UC-LI* produced

lower electric output when droplets were impinged on the left side (Figures 4A–

4D). Concerning UI*-LC, while the peak values of the electric output were not prom-

inently impacted by the two droplet-impinging positions, substantial waveform dis-

parities were observed between the left and right cases.
6 Cell Reports Physical Science 5, 101800, February 21, 2024



Figure 4. The electric outputs of FED-TENG when the droplet impinges on the two positions

(A, C, and E) Short-circuit current of UI-LC* (A), UC-LI* (C), and UI*-LC (E).

(B, D, and F) Open-circuit voltage of UI-LC* (B), UC-LI* (D), and UI*-LC (F).
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Given that UI*-LC generated AC output, both positive and negative peaks were

evident in the output waveforms (Figures 4E and 4F). The interval between these

peaks, termed the PN interval henceforth, was notably shorter when droplets

impinged on the right side (1.05 ms) compared with the left side (2.60 ms). The au-

thors hypothesized that the PN interval is determined by the interval between the

moments when the droplet contacted UpSE and LoSE, termed the UL interval here-

after. Electron transfer occurs from UpSE to ITOE upon the droplet reaching UpSE,

leading to a positive output. Conversely, when the droplet contacts LoSE, the

charge transfer is reversed, resulting in a negative output. A more detailed discus-

sion on charge transfer will follow later.

To test this hypothesis, the droplet impinging process was analyzed by high-speed

imaging (Figure S3). The moment the droplet contacted UpSE was defined as t = 0 s.

It was observed that the droplet impinged on the right side exhibited a shorter UL

interval (1.43 ms) compared with the droplet impinging on the left side (2.86 ms),

consistent with the shorter PN interval for the right-side condition. This observation

validated the correlation between the PN interval (electric output) and the UL
Cell Reports Physical Science 5, 101800, February 21, 2024 7



Figure 5. The dropping droplets charge the capacitance

(A) Schematic of charging capacitor. Inset shows the open-circuit voltage before charging.

(B) The voltage of the capacitor when charging.
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interval (droplet motion). Notably, there was difference between the PN interval

(2.60 ms) and the UL interval (2.86 ms) of the left-side condition, as well as between

the PN interval (1.05 ms) and the UL interval (1.43 ms) of the right-side condition.

These discrepancies were attributed to the limited sampling interval of the high-

speed camera, which was 0.71 ms.

From Figure 4, it can be observed that current decays much faster than the voltage

under the same mode. This can be understood from following considerations. The

time constant of a circuit is proportional to the resistance.49 When measuring the

short-circuit current, the resistance is very small, which leads to a short discharge

time. The current decays fast. When measuring the open-circuit voltage, the resis-

tance is very high, which leads to a long discharge time.

Here, as many as possible motion states of the droplets are presented. For the UI*

mode, the ITO film electrode and UpSE are connected. For the UC* mode, the Cu

film electrode and UpSE are connected. According to the shape of the output cur-

rent and voltage, the FED-TENG working in the two modes is similar to the reported

two-electrode droplet-TENG. From Figure S5, it can be seen that the outputs have

little difference.When FED-TENGworks in LI* and LC* modes, it is also equivalent to

the TENG with two electrodes, and the motion state is just that the droplet only

comes into contact with the LoSE. The electric output of UI*-LC is linked to the length

and arrangement of the two strip electrodes. However, the waveform of the output

remains consistent as long as the droplet can contact the two strip electrodes. Apart

from UI-LC* and UC-LI*, the electric outputs of other modes are not significantly

affected by the two droplet-impinging positions. Subsequent study will focus on

the left position.

The FED-TENG has potential applications in harvesting energy from raindrops.

While a rain collector is commonly utilized for this purpose, we experimentally em-

ployed an injection syringe instead. As shown in Figure 5A, droplets are extruded

one by one from the injection syringe, and the open-circuit voltage in UC* mode

is recorded. When the droplet impacts the PTFE surface, the capacitor starts

charging. Figure 5B demonstrates that the voltage of the capacitor steadily in-

creases with the total volume of the water droplets. This result substantiates the

capability of the FED-TENG to harness energy effectively from raindrops.

Considering a constant capacitance, the voltage directly correlates with the amount

of electric charge. The voltage across a 22-mF capacitor should theoretically be
8 Cell Reports Physical Science 5, 101800, February 21, 2024
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approximately 4.5 times that of a 100-mF capacitor. However, capacitors usually un-

dergo self-discharge after charging. This phenomenon is more pronounced in small

capacitors or those charged with a substantial amount of charge. Themeasured volt-

ages of the two capacitors do not entirely conform to this scaling law.

In a FED-TENG, the film electrode is isolated by PI, PTFE, and substrate. The strip

electrode can be replaced by a new one or some other corrosion-resistant conduc-

tive material. After 15 months, the FED-TENG was baked at 120�C for 30 min before

being tested. Figure S7 displays the outputs of the LC* mode at two time points:

immediately after fabrication and after 15 months of storage. Remarkably, the

open-circuit voltage did not decrease after being stored for 15 months, indicating

a considerable shelf-life.

Dual outputs

Distinguishing itself from conventional water-TENGs that offer a single output, FED-

TENG operating in UI*-LC* or UC*-LI* mode can provide dual output through two

output ports. The characterization of dual output was performed by concurrently

measuring the electric outputs from two output ports using a digital multimeter

(DM) and a high-resistance meter (HRM), respectively. These instruments were inter-

changeably used for electric output measurement (Figure S8). The singly connected

modes, UI* and LC*, demonstrated outputs of around 50 V (Figure 6A, left). Under

the UI*-LC* mode, both output ports showed an open-circuit voltage of 25–30 V

(Figure 6A, right), approximately half of the voltage produced by the singly con-

nected modes. UI*-LC* evenly distributed the total output between the two output

ports, suitable for supplying power to multiple similar loads.

On the other hand, the singly connected modes, UC* and LI*, exhibited open-circuit

voltages of approximately 50 and 40 V, respectively (Figure 6B, left). In the case of

UC*-LI*, the UC port and the LI port generated open-circuit voltages of about 30

and 10 V, respectively (Figure 6B, right). UC*-LI* distributed the major output to

the UC port and the minor output to the LI port, providing uneven dual output.

This configuration is ideal for operating as a self-powered sensor system, with the

lower output serving as a sensor signal and the higher output available to power

ancillary function circuits. As previously demonstrated,50 the FED-TENG holds po-

tential as a candidate for monitoring liquid leakages in pipes. Additionally, the

FED-TENG could serve as a self-diagnostic energy harvester. When functioning out-

doors, the FED-TENG could transmit a signal (the lower output) to the receiver when

adequate power is available. Based on the magnitude of the signal, it becomes

possible to assess the proper functioning of the energy harvester.

Two distinct dual-output configurations were easily discernible during LED-lighting

tests (Figure 6C and 6D). Each pair of output ports was connected to two LEDs ar-

ranged in parallel with opposite polarity. The LED connected with its positive termi-

nal to CuE or ITOE was designated as a positive LED (pLED), while the other LED was

termed as a negative LED (nLED). A combination of a pLED and an nLED represented

an AC load, whereas an individual pLED or nLED signified a DC load. LEDs encircled

in blue were consistently connected to ITOE, while those encircled in white were

consistently connected to CuE.

Under the UI*-LC* mode, evenly distributed dual output illuminated LEDs con-

nected to both UI and LC ports. In contrast, UC*-LI* exhibited unevenly distributed

dual output, lighting only LEDs connected to the high-output UC port and leaving

LEDs linked to the low-output LI port unlit. Within UI*-LC*, the UI port lit both
Cell Reports Physical Science 5, 101800, February 21, 2024 9



Figure 6. Dual output of FED-TENG

Outputs shown in red line and black line were measured by DM and HRM, respectively.

(A and B) Open-circuit voltage of UI* and LC* (A) and of UC* and LI* (B).

(C and D) Captured image of LED lightening by UI*-LC* (C) and by UC*-LI* (D).
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pLED and nLED due to AC output, while the LC port only lit pLED due to DC output

(Figure 6C; Videos S1 and S2). Concerning UC*-LI*, the UC port exclusively lit pLED

owing to DC output, whereas the LC port did not illuminate any LED due to its low

output. Singly connected modes, UI*, LC*, UC*, and LI*, only illuminated pLED due

to DC output (Videos S3 and S4).
10 Cell Reports Physical Science 5, 101800, February 21, 2024
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Mechanism analysis

In the process of liquid-solid contact electrification, both electron transfer and ion

transfer occur. The ‘‘two-step’’ model proposed by Wang et al.51,52 provides a

detailed illustration of this phenomenon. In the first step, when a droplet impinges

on the solid surface, water molecules and impurity ions collide with the surface

due to the impulsive force from the droplet. As a result of the overlap between

the electron clouds of the solid atoms and water molecules, electrons are transferred

between them.53 Simultaneously, ionization reactions may also occur on the solid

surface.51 In the second step, electrostatic interactions attract opposite ions in the

liquid toward the charged surface, forming an electric double layer (EDL).51 Howev-

er, it is likely that electron transfer plays a dominant role in the liquid-solid electrifi-

cation process.10

At the outset, the PTFE surface is neutral. Upon impinging, electrons from the

droplet are adsorbed onto the PTFE surface,10,51,54–56 and these electrons persist

even after the droplet departs, with accumulation reaching its saturation point

when the surface charge is maximized.22 Friction-induced charge is minimal as the

droplet slides off the PTFE surface.28,31,57 Interestingly, a large output is observed

when the droplet falls from a greater height,47 owing to the fixed position of the

top electrode, maintaining the droplet’s area upon contacting it. Current and

voltage peak values occur when the droplet first contacts the top electrode, while

the spreading area continues to increase. It could be concluded that the charge

transferred from droplets to the PTFE surface is mainly from impinging. In other

words, the impinging will promote the overlap of the electron, making the electrons

transfer more easily.

Xu et al.38 demonstrated that the output voltage remains constant regardless of the

electrode’s spatial location, indicating that the functional charge exists within a min-

imal area. As long as the functional-charge area is covered by the droplet, the output

remains constant. This charge-concentration area, precisely the impinging area, is

challenging to discern and is hypothetically illustrated by the yellow circle in

Figure S9A.

Following contact with the PTFE surface, the droplet spreads out due to momentum

and gravity, with the upper edge initially rising and then descending. The highest

position attained by the upper edge is indicated by a yellow line in Figure S9A. To

optimize output, the charge-concentration area should be above both strip elec-

trodes. When contacting LoSE, this area should intersect the droplet-PTFE interface.

Horizontally moving the FED-TENG to alter the impinging position of the droplet

would create a set of yellow circles forming a zone enclosed by the red line in Fig-

ure S9B, a designated steel-electrode function zone. Though changes in the length

of the strip electrodes would alter this zone, the droplet will contact each of two strip

electrodes in sequence. The two tested impinging positions lie inside this zone,

hence yielding similar outputs.

The adsorbed electrons on the PTFE surface induce an electric field. Considering

the total thickness of the four-layer film (ITO, PI, Cu, and PTFE) is less than 50 mm,

the electric field within the film can be considered uniform and perpendicular

to the PTFE surface. Electrostatic induction prompts charge redistribution within

CuE and ITOE (Figure S10A). Upon a droplet’s impingement on the PTFE surface,

the cations within the droplet are attracted by the electrons on the PTFE surface,

creating an EDL. The presence of these cations screens the electrons on the PTFE

surface, thereby partially mitigating the electric field imposed on ITOE and CuE
Cell Reports Physical Science 5, 101800, February 21, 2024 11
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(Figure S10B). Consequently, induced charges within these electrodes are partially

neutralized.

Subsequently, when the droplet slides off, the electric field is restored, causing the

induced charges within the electrodes to return. However, the electrostatic induc-

tion within ITOE and CuE has minimal impact on the electric output. This deduction

is further supported by the test results of the single-electrode model of this FED-

TENG, illustrated in Figure S11. The tests show significant outputs between UpSE

or LoSE and the ground in the test (Figures S11A–S11D). In contrast, the open-circuit

voltage and short-circuit current between ITOE and ground are negligible and over-

whelmed by noise (Figures S11E and S11F). Similarly, the voltage and current be-

tween CuE and the ground are also minimal (Figures S11G and S11H). These find-

ings affirm the limited charge transfer between ITOE or CuE and the ground.

The electric output results from electron transfer between strip electrodes and film

electrodes, where the electron source is the strip electrodes. This analysis starts

with the examination of UI*-LC*, serving as a representative example applicable

to the analysis of other modes later on. Figures 7 and 8 present a lateral view, vertical

view, and an equivalent circuit of FED-TENG for different stages of droplet motion.

When the droplet contacts UpSE, the anions in the droplet repel the electrons

of UpSE toward the ITOE electrode, thereby generating a positive current (+IUI)

(Figure 7A). The charge transfer between strip and film electrode is indicated by

red positive and negative signs in lateral and vertical views. This process resembles

the charging of the capacitor CUI by the EDL. The maximum charging current of +IUI
can be estimated using UEDL/R, where UEDL represents the EDL voltage and R sym-

bolizes the resistance of wires and measurement meter (refer to equivalent circuit

analysis in the Supplemental information).

Subsequently, when the droplet contacts LoSE, the anions in the droplet drive the

electrons of LoSE toward CuE, creating a positive current (+ILC) (Figure 7B). This pro-

cess is proposed as EDL and CUI charging the capacitor CLC. During the charging of

CLC by CUI, the charges of CUI diminish, generating a negative discharging current

(�IUI). As CLC is charged by both EDL and CUI, the charging current (+ILC) of CLC re-

sults from the discharging currents from both EDL (�IEDL) and CUI (�IUI). It is antici-

pated that +ILC > �IUI (where + and � indicate only the current polarity, not the

value’s sign), a confirmation obtained through electric output measurements

(Figures 4A and 4E). It is noteworthy that�IUI contributes significantly to +ILC. There-

fore, for simplicity, this process can be approximated by CUI charging CLC. The

maximum discharging current of �IUI (or charging current +ILC) is estimated using

Q/(R,CUI), where Q represents the sum of charges induced in CUI and CLC (refer to

equivalent circuit analysis in supporting Information).

As the droplet continues to slide, the overlapping area between the droplet and the

charge-concentration area diminishes, reducing the charging capacity of the EDL.

Consequently, both CUI and CLC discharge to the EDL, leading to negative discharg-

ing currents (�IUI and�ILC) (Figure 7C). It is important to note that these discharging

currents are minimal due to the relatively slow change of EDL and the quasi-equilib-

rium state of capacitors CUI and CLC, and the EDL. CUI and CLC continue to discharge

until the droplet leaves UpSE and LoSE. The electron-transfer process of UC*-LI* is

delineated in Figure 8.

The difference in output polarity between UI*-LC and other modes (Figure 3) can

be elucidated by analyzing the discharging process of the measured ports. In
12 Cell Reports Physical Science 5, 101800, February 21, 2024



Figure 7. Schematic mechanism and equivalent circuits of FED-TENG for UI*-LC*

Droplet contacts UpSE (A), contacts LoSE (B), and continues to slide on UpSE and LoSE (C).

: glass; : ITO; : PI; : Cu; : PTFE; : steel; : droplet. +, positive charge; �, negative charge; e�, electron.
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UI*-LC, during discharging, the capacitor CUI charges the capacitor CLC (Figure 7B).

The maximum discharging current of �IUI is estimated by Q/(R,CUI). Similarly, for

UC*-LI, during discharging, the capacitor CUC charges the capacitor CLI (Figure 8B),

with the maximum discharging current �IUC estimated by Q/(R,CUC). Notably,

the capacitance of CUC is significantly larger than that of CUI due to the smaller dis-

tance between UpSE and CuE compared with that between UpSE and ITOE.

Consequently, the discharging current �IUC is significantly smaller than �IUI.

In practice, �IUC was negligible (Figure S5I), whereas �IUI was noticeably large

(Figure 4E).

For other parallelly connected modes (UI-LC* and UC-LI*), the capacitor of the

measured ports (CLC of UI-LC* or CLI of UC-LI*) only discharges to the EDL, without

charging the other capacitor (Figures 7C and 8C). Since the discharge process to the

EDL is a gradual process, the discharging current remains small. In the case of singly

connectedmodes (UI*, LC*, LI*, and UC*), the capacitor of themeasured ports solely

discharges to the EDL, resulting in a relatively minor discharging current.
Cell Reports Physical Science 5, 101800, February 21, 2024 13



Figure 8. Schematic mechanism and equivalent circuits of FED-TENG for UC*-LI*

Droplet contacts UpSE (A), contacts LoSE (B), and continues to slide on UpSE and LoSE (C).

: glass; : ITO; : PI; : Cu; : PTFE; : steel; : droplet. +, positive charge; �, negative charge; e�, electron.
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In summary, only UI*-LC generates a significant discharging current, thereby leading

to the AC electric output.

The divergence in output between UI*-LC* and UC*-LI* (Figure 6) can be traced to

the capacitors formed by the film electrode (ITOE or CuE) and the strip electrode

(UpSE or LoSE). When the droplet contacts UpSE, the EDL charges the capacitor

CUI in UI*-LC* (Figure 7A) (orCUC in UC*-LI* [Figure 8A]). Themaximum charging cur-

rent is estimated by UEDL/R, which remains unaffected by the capacitance.

Therefore, +IUI z +IUC. When the droplet contacts LoSE, the EDL charges CLC in

UI*-LC* (Figure 7B) (or CLI in UC*-LI* [Figure 8B]). The maximum charging current

is estimated by Q/(R,CUI) (or Q/(R,CUC)). Considering the distance between UpSE

and ITOE being larger than that between UpSE and CuE, the capacitance of CUI is

smaller than that of CUC. Thus, +ILC > +ILI. As UEDL > Q/CUI > Q/CUC, +IUI z +IUC
> +ILC > +ILI. Given the output voltage generally aligns with the output current, it

is inferred that UUI z UUC > ULC > ULI, which concurs with measurement results

(Figure 6).
14 Cell Reports Physical Science 5, 101800, February 21, 2024
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In this research, a multimodal FED-TENG was introduced, offering an array of

output modes compared with the existing water-TENG. This advancement

broadens the spectrum of potential applications. The FED-TENG allows selective

generation of DC or AC output, directly accommodating various types of loads.

Moreover, it facilitates the production of even or uneven parallel power output,

as exemplified through LED demonstrations. Even parallel power output is suitable

for supplying power to multiple similar loads, while uneven parallel power output

could serve as a self-powered sensor system. In this system, the lower power

output functions as a sensor signal, while the higher power output could be stored

for auxiliary circuits. The study of FED-TENG is expected to offer crucial insights for

enhancing the flexibility and adaptability of water-TENGs, catering to diverse prac-

tical applications such as energy scavenging and environment monitoring of rain,

rivers, and oceans.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to, and will be ful-

filled by, the lead contact, Wen-Quan Tao (wqtao@mail.xjtu.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

Any additional information required to reanalyze the data reported in this article is

available from the lead contact upon request.

Fabrication of the FED-TENG

After cleaning the ITO glass (measuring 40 3 40 3 1.1 mm, with a 260-nm ITO

thickness) using acetone and ethanol in an ultrasonicator for 5 min, it was dried

with compressed air and then baked at 150�C for 5 min. Next, photoresist

AZ5214 (Clariant) was spin coated onto the ITO glass at 4,000 rpm for 40 s and

baked at 110�C for 90 s. Following this, the glass was covered by a mask and

exposed to UV light at a dose of 140 mJ cm�2. The glass was then immersed in

developer NMD-3 until the exposed photoresist was removed. After rinsing, the

marginal ITO (5-mm width) was etched off using aqua regia (HNO3:HCl:H2O =

1:3:6). Subsequently, a 50-mm-wide and 40-mm-thick piece of PI tape was applied

onto the ITO glass. A 200-nm-thick layer of Cu film was evaporated onto the PI

tape. Another piece of PI tape, 10-mm wide and 40-mm thick, was applied onto

the Cu film. Following this, two steel strips (1.5-mm width and 50-mm thickness)

were placed onto the PI tape. The top surface except for the two steel strips

(the glass was at the bottom) was covered by dripping 0.5 mL 2 wt % Teflon

AF1600X (DuPont) dispersed in FC-40 (3M). The device was placed horizontally

in a chemical hood for 5 h to allow the solvent to evaporate completely. Finally,

the device underwent subsequent baking on a hotplate at 60�C, 90�C, and

120�C (5 min each), followed by baking at 150�C for 30 min.

Measurement

The detailed droplet impinging process in Figures S3 and S9 was captured by high-

speed imaging equipment (Phantom, Micro R111). Contact-angle measurements

were conducted using a contact-angle meter (Attension, Theta T200). The surface

morphology of the PTFE was observed through a probe-type profilometer (Bruker,

Contour GT-K). Output current or voltage was measured using a DM (National
Cell Reports Physical Science 5, 101800, February 21, 2024 15
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Instruments, PXI-4072) equipped with a terminal block (TB-2606) and a multiplexer

switch module (PXI-2503) or an HRM (Keithley 6517B). When measuring current, the

internal resistances of DM and HRM were 0 MU. For voltage measurements, the in-

ternal resistances of DM and HRM were 2 MU and infinitely large, respectively.

Charge measurements were performed using the HRM. Throughout the experiment,

the relative humidity and the environmental temperature were maintained at

62.0% G 5.0% and 29.0% G 2.0 �C, respectively. The experiments were conducted

in the MEMS laboratory of the Thermo-Fluid Science and Engineering Department

of Xi’an Jiaotong University, in which the required room relative humidity and tem-

perature can be maintained by accurate air conditioning and humidifying

equipment.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.

2024.101800.
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