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Abstract 

Heat-driven acoustic engines (HDAEs) offer a promising approach to energy 

generation without solid moving parts. However, integrating linear alternators for 

acoustic-to-electric conversion introduces moving components, diminishing this 

advantage. To tackle this issue, we investigate using an acoustically-driven liquid-metal 

triboelectric generator (LM-TEG) within HDAEs for acoustic-to-electric conversion. 

Experiments were conducted in three settings: mechanically-driven LM-TEGs under 

atmospheric and pressurized gas conditions, and acoustically-driven LM-TEGs. Results 

from mechanically-driven LM-TEG tests show that using FEP material, increasing LM-

TEG contact area, stacking TEGs in parallel, and using pressurized gas enhance 

performance. Acoustically-driven LM-TEG experiments demonstrate significant 

improvements with pressurized nitrogen, achieving a short-circuit current 

approximately 4.5 times higher than with helium at equivalent pressures. Notably, 

charge and power densities reached 388 μC/m² and 1.7 W/m², respectively, surpassing 

typical values from conventional TEGs. Importantly, these results were obtained with a 

complete, fully integrated acoustically driven LM-TEG system.  This study represents 

the first investigation in the literature of acoustically driven LM-TEGs, offering a 
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distinct power generation system with no solid moving parts. The findings validate the 

feasibility of integrating LM-TEGs with HDAEs and suggest their potential for large-

scale power generation, moving beyond the small-scale applications that have 

dominated prior TEG research.  
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1. Introduction 

The quest for sustainable and efficient power generation systems has driven 

researchers to explore innovative approaches that challenge the limitations of 

traditional technologies. One such promising avenue lies at the intersection of acoustics 

and Triboelectric Generators (TEGs), particularly the liquid metal-based TEGs, where 

the potential for acoustic-to-electric conversion holds the key to a frictionless future of 

power generation. As the global energy demand continues to rise [1], the need for clean, 

reliable, and cost-effective power generation solutions has become increasingly 

pressing [2]. Conventional power generation systems often rely on solid-state 

components and moving parts, which can be susceptible to wear, friction, and 

mechanical failure, limiting their long-term efficiency and sustainability. 

Heat-driven acoustic engine (HDAE or TAHE) presents a promising path for 

sustainable power generation by harnessing clean energy sources like solar, waste heat, 

geothermal, and biomass [3]. These systems leverage the interaction between acoustic 

waves and solid boundaries to drive thermodynamic cycles. HDAE can be broadly 

classified into two main categories: standing wave and traveling wave TAHEs. Standing 

wave engines use a simple stack-based design, providing reliability and ease of 

construction. However, the inherent heat transfer irreversibility limits their thermal 

efficiency to around 20% [4]. On the other hand, traveling wave TAHEs are more 

complex regenerator-based engines known for their high efficiency [5], [6] (efficiency 

above 30%, compatible with Internal Combustion (IC) engines). Recent studies have 

enhanced standing-wave TAHE performance through external velocity perturbations 

[7] and geometric optimizations such as tapered conical resonators [8], improving 

acoustic power output and efficiency. These advancements aim to make standing-wave 

TAHEs more competitive with their traveling wave counterparts. 



 

HDAEs offer a transformative approach to energy conversion, leveraging the 

power of acoustic waves instead of conventional mechanical components [9]. This 

technology harnesses controlled acoustic waves to drive the compression, expansion, 

and displacement of the working gas, eliminating the need for pistons, valves, and seals. 

This innovative design offers a significant advantage over traditional energy generation 

systems - the absence of moving parts. This translates to reduced mechanical friction 

and wear, leading to a longer lifespan and lower maintenance requirements [10], [11]. 

In a typical heat-driven acoustic power generation system (HDAPGS), there are two 

conversion mechanisms: the transformation of thermal energy into acoustic energy, 

followed by the conversion of acoustic energy into electrical energy [12]. While 

effective, the use of resonant linear alternators to convert the generated acoustic power 

into electricity introduces moving parts into the system, compromising one of the key 

benefits of an HDAGS. To fully unlock the potential of this technology and maintain 

its edge over conventional systems, the development of novel acoustic-to-electric 

conversion solutions that eliminate moving parts is crucial. Exploring alternative 

approaches such as piezoelectric transducers, magnetohydrodynamic converters and 

triboelectric generators (TEGs/TENGs) holds significant promise for achieving this 

goal. Piezoelectric transducers are well suited for miniaturized, high-frequency HDAEs 

[13], [14] and are rendered inefficient for large-scale applications [15]. While 

theoretical predictions and performance calculations for MHD generators in Heat-

driven acoustic power generation are promising, there is limited experimental work to 

confirm these calculation results. Besides the use of heavy magnets in the MHD 

prototypes introduces extra design challenges [16], [17], [18]. 

TENGs, on the other hand, offer distinct advantages in terms of simplicity, 

reliability, efficiency, scalability, cost-effectiveness, and environmental impact. 

Recently, considerable gains have been made in the performance enhancement of 

TENGs, with one study showing an exceptionally high instantaneous power density 

reaching up to 10 MW/(m2) [19] and another reporting 85% [20] mechanical to electric 

conversion efficiency. Recent studies have demonstrated significant progress in TENG-

based acoustic energy harvesting. A 3D-printed acoustic TENG with a quarter-

wavelength resonator achieved 4.33 mW output under 100 dB excitation [21]. 

Additionally, a micro triboelectric ultrasonic device with a 50 μm-sized diaphragm 

enabled operation at megahertz frequencies [22]. These advancements highlight the 



 

potential of TENGs for efficient acoustic energy conversion across various scales and 

frequencies, from low-frequency ambient noise to ultrasonic applications. 

Invented in 2012, TENGs work by combining contact electrification and 

electrostatic induction [23] to convert mechanical energy into electric power  [24], [25], 

[26]. Due to electron transfer, the triboelectric effect involves two materials becoming 

charged when separated after contact. Maxwell's displacement current drives the 

process [27].  Typically, TENGs operate in four modes: contact-separation mode [28], 

sliding mode [29], free-standing mode [30], and single-electrode mode [31]. TENGs 

are excellent at converting irregular, low-frequency, and low-amplitude mechanical 

energy into electric power, making them ideal for harvesting acoustic energy from 

HDAEs. The underlying concept is that a HDAE first converts thermal energy into 

acoustic power which is then intercepted by a triboelectric generator to convert directly 

into electricity [32], [33].  

Typically, the solid-solid contact TENGs are used for various applications. 

However, the roughness of the two surfaces and their mutual roughness matching 

significantly influences the contact effect. Additionally, solid-to-solid contact generates 

friction and dissipates heat. These factors considerably restrict the efficiency and output 

power of the solid-solid contact TENG. According to a prominent experimental 

investigation by Tang et al. [34], replacing a traditional solid material with a liquid 

metal results in a liquid-solid contact TENG. This innovation offers advantages such as 

an enlarged liquid-solid contact area, a closely bound contact, and a smaller friction 

coefficient than a conventional solid-solid contact TENG. Thus, this innovation enables 

breakthroughs in high charge density and conversion efficiency. Experimental results 

indicated a maximum charge density of 430 µC/m², significantly surpassing the low 

[35], [36], [37], [38], [39], [40] ( ̴ 100 µC/m²) charge density observed in traditional 

solid-solid contact TENGs. Furthermore, the instantaneous energy conversion 

efficiency reached an impressive 70.6%. 

Introducing a liquid column into a pure gas HDAPGS to form a gas-liquid coupled 

oscillating system can fully utilize the gas-working medium's compressibility and the 

liquid-working medium's inertia [41]. This approach effectively enhances acoustic 

oscillation and simultaneously reduces the system's resonant frequency [42]. Inspired 

by this concept, to further improve the reliability and output performance of the HDAE-

driven LM-TEG, this work proposes and investigates a new coupling configuration 

between a sliding liquid-metal-based TEG and an acoustically-driven gas-liquid 



 

resonance system. Based on thermal and acoustic theory, we systematically calculated 

the operational characteristics of the acoustically driven gas-liquid resonance system 

and the theoretical output characteristics of the sliding LM-TEG. Building upon 

theoretical calculations, we also conducted experimental research to examine the effects 

of introducing the LM-TEG and the acoustically driven gas-liquid resonance system on 

improving the coupled system’s output. 

In summary, while existing research in the fields of HDAPGS and TENG has made 

significant strides in energy conversion, a gap remains in exploring the intersection of 

these disciplines. This research investigates the feasibility of integrating acoustically-

driven liquid metal triboelectric generators (LM-TEG) into HDAPGS for acoustic-to-

electric conversion. The experimental results have demonstrated that an acoustic wave, 

exhibiting a frequency as low as 1 Hz, can be converted into an electric current of 7 μA 

when intercepted by an LM-TEG setup with a contact area of 30 cm². Furthermore, the 

acoustically-driven LM-TEG was able to achieve a remarkably high charge density of 

388 μC/m². These findings highlight the significant potential of LM-TEGs to 

outperform conventional solid-solid contact TENG. By examining the operational 

characteristics of LM-TEG in different settings, this study seeks to contribute to the 

development of an innovative power generation system with no solid moving parts. 

1.1 Working principle of a liquid metal triboelectric generator (LM-TEG) 

The LM-TEG consists of two main parts: a liquid metal component and a TEG 

component, as shown in Fig. 1(a). The most commonly used liquid metals for LM-TEG 

are Mercury (Hg), Gallium (Ga), and Galinstan (an alloy of gallium, indium, and tin). 

However, both Ga and Galinstan are prone to instant oxidation, which adversely affects 

the performance of LM-TEG. Therefore, mercury was chosen as the liquid metal 

because it does not readily oxidize in the atmosphere, unlike Ga and Galinstan. The 

TEG component consists of two different materials: an electrode and a friction (also 

known as dielectric) material. In Fig. 1(a), fluorinated ethylene propylene (FEP) acts as 

the friction material while copper (Cu) as the electrode material. 

The working principle of a single liquid metal-based TEG is illustrated in Fig. 

1(b). When a dielectric material (FEP in this case) is fully submerged in liquid metal, 

the difference in electron affinity between the dielectric material and the liquid metal 

leads to the transfer of electrons from the liquid metal to the outer surface of the 

dielectric material, resulting in a negative charge on the dielectric material's outer 



 

surface. The interface between the liquid metal and the dielectric material in contact 

becomes positively charged, as shown in Fig. 1b(i). 

As the liquid level of the liquid metal column decreases, frictional charges are 

separated at the interface region, causing the potential of the liquid metal to be higher 

than that of the induced electrode. This leads to electrons flowing from the copper foil 

into the liquid metal through an external load, creating a reverse current, as depicted in 

Fig. 1b(ii). This process continues until the liquid metal column's liquid level is wholly 

separated from the dielectric material. At this point, the induced potential difference 

and transferred charge between the copper foil and the liquid metal reach their 

maximum values, as shown in Fig. 1b(iii). 

When the liquid level of the liquid metal column begins to rise, the potential 

difference between the copper foil and the liquid metal decreases as the wetting area of 

the dielectric material increases. Consequently, electrons flow in the opposite direction 

from the liquid metal back to the copper foil, generating a current pattern as illustrated 

in Fig. 1b(iv). When the dielectric material is fully submerged in the liquid metal, the 

potential difference between the copper foil and the liquid metal disappears entirely, 

resulting in no charge transfer between them, as shown in Fig. 1b(i). 

Thus, as the liquid metal column's liquid level undergoes reciprocating motion 

driven by acoustic waves, the LM-TEG generates a stable alternating current (AC) 

pulse output. 

Fig.  1: Schematic of the working principle of liquid metal triboelectric generator 

(LM-TEG). 

 

(a), (b) Schematic illustrating the working principle of a liquid metal triboelectric 

generator (LM-TEG). 



 

2. Methods 

2.1 Modeling methodology of the Standalone LM-TEG  

In Fig. 1a, b, the Triboelectric Generator (TEG) operates in an electrode-dielectric 

sliding mode. This system utilizes FEP as the dielectric material and mercury (Hg) 

liquid metal, which serves the dual purpose of electrode and triboelectric surface. The 

charge density on the Hg surface is determined by the net difference between the 

triboelectric charges (σS) and the charges that are transferred (±Q), effectively making 

it σS±Q. The dielectric layer has a thickness denoted by td and possesses a specific 

dielectric constant represented by ɛr. The mechanical motion modifies the gap (x) 

between the dielectrics, generating an electrical potential difference between the 

electrodes. This variation occurs as the active FEP layer slides in and out of the Hg, in 

accordance with the principles of the Gauss theorem. This theorem establishes that the 

total electric flux through a closed surface equals the enclosed charge over the 

permittivity. Consequently, the open circuit voltage equation for the sliding mode TEG 

is given as follows [29], 

 
𝑉𝑜𝑐 =

𝜎𝑑0𝑥(𝑡)

ɛ0(𝑙 − 𝑥)
 

(1) 

A TEG operates similarly to a capacitor. In an electrode-dielectric sliding mode, a 

dielectric layer (FEP) is placed amongst the electrodes. This layer serves to insulate the 

electrodes (Hg and Cu), preventing direct contact between them. The presence of the 

dielectric layer increases the overall capacitance of the triboelectric generator (TEG), 

consequently lowering the intensity of the electric field and generating the necessary 

voltage for charging. The capacitance of the TEG, is calculated by: 

 
𝐶𝑇𝐸𝑁𝐺 =

ε0𝑤(𝑙 − 𝑥(𝑡))

𝑑0
 

(2) 

d0 is determined as follows, 

 
𝑑0 =

𝑡𝑑
𝜀𝑟

 
(3) 

Here, 𝜀0 is the free space and 𝜀𝑟 is relative permittivity, td is dielectric thickness, 

and w is width, while x(t) is the time-dependent sliding distance. Finally, the modified 

charge equation which is implemented in the circuit model as follows,  

 

𝑄 = 𝑥 ∗ {
ε0𝑤(𝑙 − 𝑉(𝑥(𝑡))

(
𝑡𝑑

ɛ𝑟⁄ )
} 

(4) 



 

Further details on the equivalent circuit model and FEM model implementations 

are provided in the supplementary information. 

2.2 Experimental measurement methodology of LM-TEG’s characteristics 

The output charge, current, and voltage signals of the LM-TEG are measured using 

the Keithley 6517B electrometer/high-resistance meter. (See Fig. S4 in supplementary 

information). It is a sophisticated electrical measurement instrument designed for high-

precision and low-current measurements in various scientific and industrial 

applications. The output signal from the Keithley 6517B is read and displayed on the 

computer in the LabVIEW (Laboratory Virtual Instrument Engineering Workbench) 

software by a National Instruments NI PXI-1033 chassis. The chassis hosts a PS PXI-

3342 module, which contains eight analog input channels, each with a 24-bit resolution. 

The 6517B device is connected to one of the module’s eight input channels to read the 

signal. In the initial stage of our experiment, we first devised a standalone system 

wherein a 24 V DC motor, with a maximum of 1000 rpm, is used to generate a 

reciprocating motion for the TEG to immerse in and separate from the mercury. 

3. Results and discussion 

We conducted three sets of experiments involving LM-TEG to achieve specific 

research goals. The first experiment examined a standalone, mechanically driven LM-

TEG in a standard atmosphere to understand the characteristics of LM-TEG and 

optimize its performance. Secondly, we investigated the performance of LM-TEG in a 

pressurized gas environment to understand the influence of gas type and gas pressure 

on LM-TEG performance. This research is crucial as our ultimate goal is to integrate 

LM-TEG into a heat driven acoustic power generator, which operates in a high-pressure 

gas environment. Understanding the effects of gas type and pressure on LM-TEG 

performance is essential for this integration. Lastly, we conducted experiments 

involving an acoustically driven LM-TEG. In these experiments, acoustic waves were 

generated in a pressurized gas environment using a dual-opposed linear motor. The 

generated acoustic waves were intercepted by an LM-TEG set up in the system and 

converted to electrical energy. This experiment aimed to fully understand the acoustic-

to-electric conversion mechanism for potential application in heat-driven acoustic 

power generators, where acoustic waves play a central role in energy conversion. 



 

3.1 Modeling results of the Standalone LM-TEG  

To estimate the electrical output performance of the LM-TEG, an equivalent 

circuit model of the LM-TEG was developed, as shown in Fig. 2a. The implementation 

methodology is enunciated in the methods section. The LM-TEG's electrical 

characteristics were evaluated at a sliding velocity of 0.25 m/s. For TEG, FEP (with a 

thickness of 50 μm) was employed as the dielectric material, copper served as the 

induction electrode, and mercury was used as the liquid metal. The results of this 

evaluation, encompassing the open-circuit voltage (Voc), and short-circuit current (Isc) 

are shown in Fig. 2b. The output current was monitored with different resistances 

connected in the load, exhibiting stability below 10 MΩ and gradually declining as 

resistance values increased. The peak output power reaches 2.2 mW at a resistance of 

100 MΩ, equivalent to a power density of 1.5 W/m². Whereas the open circuit voltage 

peaked at 730 V, as illustrated in Fig. 2b. 

Fig. 2c provides an estimate of the energy and charge produced by the LM-TEG. 

A maximum electrical energy of 1.15 mJ is produced at an optimal resistance of 100 

MΩ. While a total of 425 nC charge is produced. Considering the 15 cm² contacting 

area of LM-TEG, the output charge density reached a substantial 283 μC/m², 

significantly surpassing the charge density typically achieved through solid-to-solid 

contact methods, which averages around 100 μC/(m²) [35], [36].   

In order to compare the outcomes of the equivalent circuit model with those of the 

Finite Element Method (FEM) model, we utilized the COMSOL tool for modeling the 

LM-TEG. Specifically, we employed COMSOL's electrostatic module to execute the 

FEM simulation in the sliding mode. The results, as illustrated in Fig. 2d, unveil that 

the LM-TEG produced a maximum open circuit voltage of 800 V, resulting from the 

sliding motion of the TEG within the mercury medium. This is in good agreement with 

the 730 V prediction of the equivalent circuit model. The minor discrepancy between 

the two models’ open circuit voltages is due to the presence of the load resistance in the 

circuit model and is therefore, unlike the FEM model, not fully an open circuit. 

 

  



 

Fig.  2: Modeling results of standalone Liquid metal triboelectric generator (LM-

TEG) 

 

(a) Schematic of LM-TEG’s equivalent circuit model. (b) Current, voltage, and power 

output of the LM-TEG at varying resistances. (c) LM-TEG’s charge transfer and 

electrical energy output as predicted by the equivalent circuit model. (d) COMSOL 

FEM simulation of the TEG sliding in the mercury liquid metal. 

3.2 Experimental results of the LM-TEG characteristics 

In the initial stage of our experiment, we first devised a standalone system wherein 

a DC motor drives an LM-TEG to assess and optimize the performance of the LM-

TEG. Fig. 3a demonstrates the experimental setup of the standalone LM-TEG driven 

by a DC motor.  The Cu (electrode)- FEP (dielectric) films together make up the TEG 

part, which is driven by a DC motor, creating a reciprocating motion for the TEG to 

continuously immerse in and separate from the mercury (i.e., a liquid metal). Thus, an 

electric current is produced using the working principle explained in the previous 

section. 



 

The electrical characteristics of the LM-TEG were assessed at a sliding velocity 

of 0.5 m/s. The dielectric material, induction electrode, and liquid metal are represented 

by FEP (with a thickness of 50 μm), copper (0.20 mm thick), and mercury, respectively. 

The outcomes of this measurement, including the short-circuit (SC) current as well as 

currents at 100 MΩ, and 1 GΩ resistances, are presented in Fig. 3b. Notably, the LM-

TEG generated a maximum current amplitude of 17.6 μA in short circuit condition and 

5.05 μA and 0.8 μA at 100 MΩ and 1 GΩ resistances, respectively. As illustrated in Fig. 

3c, a total of 1.2 μC charge is produced in the SC condition, considering the contact 

area of 30 cm² (3×5 cm² each side), the output charge density reached an impressive 

400 μC/m², significantly surpassing the charge density achieved by previous solid-to-

solid contact methods, which typically hovered around 100 μC/m². Furthermore, the 

output current was examined under various load resistances, revealing stability when 

resistance remained below 100 MΩ. However, beyond that current gradually decreased 

indicating an optimal resistance value. The highest output power of approx. 5 mW 

(equivalent to a power density of 1.7 W/m²) was achieved at a resistance of 100 MΩ 

and 1m/s velocity. In contrast, the equivalent circuit model we discussed earlier 

predicted a power density of 1.5 W/m². This is when the contact area is half its size (15 

cm²) and the velocity is a quarter of its maximum speed (0.25 m/s). 

TEG’s theory implicitly suggests that a larger contact area between mercury and 

TEG guarantees a higher performance. Intuitively, it is understood that a larger contact 

area involves a high charge transfer between the TEG and liquid metal interfaces. To 

validate this, we conducted experiments with varying widths of TEG plates in LM-

TEG.  Fig. 3d shows the current output of the 3 cm and 6 cm wide TEG plates at varying 

load resistances. By doubling the width from 3 cm to 6 cm, the contact area doubles 

while the length of the plate is kept the same. Fig. 3d confirms that the output current 

nearly doubles from 8.25 μA to 16.25 μA as the contact area of LM-TEG is doubled. 

Thus, it is verified that increasing contact area proportionally increases the performance 

of LM-TEG. Notice also the influence of dielectric film thickness on the LM-TEG 

performance indicating that the 80 μm thick FEP film performed best for the 3 cm wide 

TEG plate, whereas 50 μm thick FEP film performed optimally for the 6 cm wide TEG 

plate; all, at the short circuit condition (i.e., resistances, R=0), 100 MΩ, and 1 GΩ 

resistances. 

Recall that the TEG part in LM-TEG includes two different materials, including 

an electrode (usually copper) and a friction (dielectric) material. A wide range of 



 

materials can be used as a dielectric material for the TEG part; the most common 

include Kapton, FEP, and PET (Polyethylene terephthalate). Subsequently, we tested 

the three materials to assess and compare their performances. Fig. 3e illustrates the 

current output with different thicknesses of the Kapton, FEP, and PET dielectric films. 

All TEG plates are (3×10) cm2 in area, and each plate's contact area (with the mercury) 

is set to half the plate length (3×5 cm2 contact area on each side) at 30 cm2. Fig. 3e 

shows that in all conditions, including short circuit condition (i.e., R=0), 100MΩ, and 

1GΩ, FEP material exhibits a better performance than the Kapton and PET. 

Furthermore, it can be observed that the thickness of the dielectric materials 

significantly influences the TEG performance, indicating that the 80μm FEP film 

showed the overall best performance. We also tested the same dielectric materials with 

higher thickness, and it was observed that the performance decreased proportionally 

with the increase in the dielectric materials’ thickness. This is because the induction 

distance increases with the increase in material thickness, negatively affecting the 

charge density. Finally, it was concluded that the FEP material is most suitable for LM-

TEG and was thereupon chosen as an optimal material for all the experiments. 

Note that in several experiments, we observed that both 50μm and 80μm 

demonstrated an overall better and stable performance. Realizing this, most 

experiments were conducted with either of these thicknesses. It is important to mention 

that literature on TEG research suggests that the thinner the dielectric material, the 

better the performance [43]. However, in our exhaustive and repeated LM-TEG 

experiments, after testing a range of thicknesses as low as 10 μm, we noticed that the 

performance of LM-TEG became unstable (i.e., ephemeral performance) for dielectric 

thicknesses below 50 μm. This instability was attributed to the mechanical limitations 

of extremely thin dielectric materials when immersed in dense mercury, leading to 

susceptibility to deformation, wear, or damage during operation. Additionally, thin 

dielectric materials' sensitivity to environmental conditions and non-uniform electric 

field distribution may have led to fluctuations in LM-TEG performance, affecting 

output power stability. 

LM-TEG operates on the triboelectric effect, which involves the transfer of electric 

charges between the liquid metal and TEG when they come into contact and then 

separate. The rate at which the two surfaces separate (i.e., the velocity of relative 

motion) plays a crucial role. When the surfaces separate faster, the contact time is 

reduced, causing less charge recombination and more efficient charge transfer. This 



 

results in a higher density of separated charges and an increased potential difference 

between the surfaces. In an acoustically driven system, velocity/frequency is critical for 

the system’s performance; thus, it is imperative to experimentally investigate the 

velocity influence on LM-TEG’s performance. Fig. 3f, g, h, respectively show the 

output current, power, and voltage at the varying velocity of LM-TEG with a 30 cm2
 

contact area. It can be observed that in a short circuit (i.e., R=0) condition, the current 

increases proportionally with the increase in velocity, reaching a maximum value of 30 

μA at a velocity of 2.4 m/s. However, in the presence of 100 MΩ and 1 GΩ load 

resistances, both current and power output increase correspondingly until an optimal 

velocity value of approx. 1m/s therein power reaches an optimal (saturation) value of 

approx. 5 mW (equivalent to a power density of 1.7 W/m²). Conversely, further 

increasing the velocity beyond optimal value reduces both current and power. A similar 

trend is observed in the output voltage of the LM-TEG wherein, initially increases 

linearly with the velocity, reaching a maximum value of 759 V. The voltage output then 

decreases as the load resistance is further increased. This is conceivably, because, at 

velocities beyond optimal value, the mercury droplets at a high (separation and contact) 

rate don’t have enough time to fully separate from the TEG surface and thus get built 

up at TEG’s surface, negatively affecting the charge transfer between the two interfaces. 

Another possible reason may have to do with the rapid loss of charges with resistance 

due to voltage breakdown in air at higher velocities.  

The output voltage and current of LM-TEG are influenced by the total resistance 

in its circuit. According to Ohm's law (V = IR), higher resistance can lead to a drop in 

output voltage for a given current or limit the current that can flow through the circuit 

for a given voltage. Likewise, power generated by an LM-TEG is the product of its 

voltage and current (P = VI). Higher resistance not only reduces current but also affects 

the voltage across the load, leading to a significant reduction in power output. To 

maximize power output, an optimal resistance value should be chosen. Hence, 

resistance plays a vital role in the performance of an LM-TEG by affecting the 

generated current, power output, and overall efficiency. Fig. 3i shows the influence of 

resistance on the current and power output of the LM-TEG at a velocity of 0.33 m/s. A 

maximum of 9 μA current is produced in short circuit conditions (i.e., R=0), which 

decreases as the resistance is increased. Moreover, the output power initially rises 

linearly as the resistance is increased, reaching an optimal value of approx. 2 mW at a 

200 MΩ resistance, further increasing the resistance decreased the power output. 



 

Hence, finding an optimal resistance is crucial to LM-TEG’s output power and 

efficiency. 

So far, the experiments have been conducted with a standalone TEG. One potential 

way to improve the performance of LM-TEG is by parallel stacking of multiple TEG 

plates. Tests were conducted by stacking multiple numbers of TEG plates in a 3D-

printed Teflon holder (see Fig. S2 in the supplementary information file). Each plate 

has a contact area of 30 cm2 and uses FEP dielectric material of 50 μm thickness and 

Cu electrode of 0.20 mm thickness. Fig. 3j shows the power output of the 10, 5, 4, 3, 

and 2 plate stacks at varying load resistance, indicating that power output increases 

corresponding with the increase in plate numbers. Notice that ten plates stack produced 

a maximum current of 95 μA at a resistance of 1 MΩ and power of approx. 35 mW at 

10 MΩ optimal resistance. One significance of the results in Fig. 3j is that it provides 

an estimate of the current and power contributed by each plate in the stack, at a velocity 

of approx. 0.65m/s, each plate in the stack adds at least 10 μA and 3mW of current and 

power output, respectively. Considering a contact area of 30 cm2, power and current 

densities of 1 W/m2 and 3.3 mA/m2 are deduced. Whereas, at 1m/s velocity, LM-TEG 

is estimated to provide a power density of 1.7 W/m2. These results affirm a significant 

improvement over the typical milliwatt-scale power densities reported for conventional 

solid-solid contact TEGs. Importantly, the modular and scalable nature of the LM-TEG 

design allows for parallel stacking of multiple TEG plates to enable large-scale power 

production in heat-driven acoustic power generators.  



 

Fig.  3: Experimental results of standalone Liquid metal triboelectric generator 

(LM-TEG) 

 

(a) Experimental Setup of standalone DC-motor driven LM-TEG. (b) TEG charge 

transfer over a cycle. (c) Time-varied current outputs at R=0 (short circuit), 100MΩ, 



 

and 1GΩ of standalone DC-motor driven LM-TEG. (d) Influence of contact area on 

LM-TEG current at varying resistances. (e) Influence of dielectric material selection on 

LM-TEG’s current at varying resistances. (f)-(h) Influence of velocity on LM-TEG (f) 

current, (g) power, and (h) voltage at varying resistances. (i) Effect of external 

resistance on LM-TEG’s current and power. (j) Output power of parallelly stacked 

TEGs at varying resistances. 

3.3 Experimenting with the LM-TEG in a high-pressure gas chamber 

Until now, the LM-TEG experiments have been conducted in atmospheric 

conditions. In an acoustically driven LM-TEG setup, the system operates in a high-

pressurized gas environment. Commonly used gases are helium, nitrogen, CO2, etc. 

Subsequently, a high-pressure chamber was designed and built, as shown in Fig. 4a, to 

investigate the influence of gas type and gas pressure on the performance of LM-TEG. 

The DC motor-driven LM-TEG setup, illustrated in Fig. 3a in the previous section, is 

affixed inside a high-pressure chamber as shown in Fig. 4a, b. Illustrated in Fig. 4c is 

the influence of velocity on LM-TEG’s performance when the chamber is filled with 

distinct gases at 1.5 MPa mean pressure. The LM-TEG setup uses a TEG plate of 

3×5×(2sides) cm2
 contact area with FEP and Cu materials thicknesses of 80 μm and 

0.20 mm, respectively. Results show that by merely switching from Helium to CO2
 gas, 

the LM-TEG’s output current approximately doubled from 8.5 μA to 18 μA, indicating 

a significant influence of gas type on the LM-TEG’s performance. Similarly, with CO2 

gas, the output current increased by approximately 1.5 times compared with air (under 

atmospheric conditions). Moreover, the LM-TEG’s output current with CO2 is 

marginally higher than in the SF6 environment.  

Owing to the maximum performance of CO2 gas, experiments were also conducted 

at varying velocities and mean pressure to investigate their influence on the LM-TEG 

performance. Fig. 4d demonstrated the effect of velocity in a high-pressure environment 

(i.e., 1 MPa). In the short-circuit condition (i.e., R=0), the current increases linearly 

with velocity, reaching a maximum value of 18 μA at a velocity of 0.83 m/s. When 

subjected to load resistances of 100 MΩ and 1 GΩ, the current also increases linearly 

with velocity reaching a maximum value of 7.5 μA (at 100 MΩ) corresponding to a 

power output of 5.7 mW. Fig. 4e, f, respectively, display the current and power output 

produced at varying mean pressure and resistance. At a CO2 charge pressure of 1 MPa 



 

and a velocity of 0.43 m/s, the LM-TEG had a maximum short-circuit current of 13.25 

μA and a power of 3.2 mW at a resistance of 100 MΩ. 

These results signify the influence of gas type, pressure, and velocity on the 

performance of LM-TEG operating in a high-pressure environment. The notable 

increase in output current under CO2 suggests its potential as a preferred gas medium 

for optimizing LM-TEG performance in practical applications. Furthermore, it can be 

deduced with caution that compared to the air, LM-TEG performed better in heavier 

gas environments. Higher gas densities and pressures can result in more frequent 

collisions and interactions, potentially enhancing charge generation and transfer 

mechanisms within the LM-TEG. Additionally, the difference is also due to the 

differences in the dielectric strength of different gases. Dielectric strength (E/P)critical is 

the ratio of electric field strength (E) and gas pressure (P). A higher dielectric strength 

is desirable, indicating ionization is less likely to occur (i.e., the ionization potential of 

a gas refers to the energy required to remove an electron from an atom or molecule, 

thereby forming ions. Gases with lower ionization potentials may facilitate electron 

transfer processes more readily, leading to increased charge generation and output 

current in the LM-TEG). Since CO2 and SF6 have higher dielectric strength and lower 

ionization potential, their performance is better than air, which, in the case of helium, 

are opposite compared to air; hence, the performance is lacking. Note that based on our 

explanation, LM-TEG in the SF6 gas environment should have performed better than 

CO2. Our understanding is that despite SF6 gas’s high density and excellent dielectric 

strength, its high susceptibility to react with moisture may have compromised its 

dielectric strength [44], [45] resulting in deteriorating LM-TEG’s performance.   

Similar experiments were also conducted with the nitrogen and argon gases. These 

experiments conclude that the performance of LM-TEG is enhanced in a high-pressure 

environment. Furthermore, compared to the air, LM-TEG performed better in N2 

environments. However, in the Argon environment, the LM-TEG’s performance was 

less than in the atmospheric conditions (air). 

 

 

 

 

 

  



 

Fig.  4: Experimental results of the standalone LM-TEG in a high-pressure 

chamber. 

 

(a), (b) DC-motor driven LM-TEG setup fastened inside the high-pressure chamber. (c) 

Effect of gas selection at high pressure on LMTEG’s performance. (d) Influence of 

velocity on LM-TEG current at 1MPa pressure of CO2 gas. (e), (f) Effect of mean 

pressure on current and power output at varying resistance 



 

3.4 Acoustically driven Liquid Metal-Triboelectric Generator (LM-TEG) 

The standalone LM-TEG and high-pressure chamber experiments provided 

valuable understanding and insight into the LM-TEG operation and characteristics. 

Following this, a logical forward step was to experiment with the acoustically driven 

LM-TEG. Subsequently, an LM-TEG driven by a linear motor is fabricated, as shown 

in Fig. 5a. The setup was first designed and optimized using the Sage [46] modeling 

software; later, a physical model of the system was developed in SolidWorks. (See Fig. 

S3 in the supplementary information file). The experimental setup in Fig. 5a has three 

distinct sections: a driving system including a dual-opposed linear motor, a resonator 

section, and an LM-TEG section including a U-shaped pipe, a vertical duct housing a 

TEG plate, and a gas backflow chamber. Notice in Fig. 5a that a combination of two 

distinct materials, steel and polyether ether ketone (aka peek-beige-colored parts), are 

used in the system to make it lightweight and cost-effective. The U-shaped part contains 

approx. 4 kg of mercury and exhibits a 30 cm2 contact area with the TEG plate. The 

TEG plate itself measures 3x5 cm2 with FEP and Cu materials thicknesses of 80 μm 

and 0.20 mm, respectively, and is housed in the vertical peek section. Pressurized gas 

was charged from two sides of mercury; notice the two gas valve locations in Fig. 5a. 

The current and voltage output of the LM-TEG were measured using the methodology 

described in the methods section. At first, helium gas at 1MPa pressure was charged 

into the acoustically driven system, and the resonance of the system was achieved at 

1.5Hz.  

Fig. 5b shows that at a pressure of 1 MPa with helium as the working gas, the 

system produced approx. 1.5 μA current in short circuit condition. In Fig. 5b, the blue 

highlighted area represents the part when the mercury in a U-shaped tube is sliding up 

and in contact with the TEG plate. In contrast, the grey area highlights the part of the 

cycle when the mercury slides back to the U-shaped tube due to the effect of gravity 

and gas backflow. The mercury in the system essentially operates akin to an 

unconstrained piston. 

The high-pressure experiments in the previous section concluded that the LM-

TEG’s performance improves in heavier gas environments. Specifically, the CO2 gas 

enabled the highest performance. However, in the acoustically driven LM-TEG 

experiments, the high density of CO2 gas caused the system's resonance frequency to 

drop significantly (>1 Hz), making it impractical. Consequently, the system was instead 

tested using N2 gas, which was found to be the next best option. Nitrogen has a higher 



 

dielectric strength value compared to helium, and while not quite as effective as CO2 at 

suppressing breakdown, the N2 gas environment still enabled significant performance 

improvements. 

To validate this, the acoustically driven system was charged with N2 gas at a mean 

pressure of 1 MPa. Fig. 5c shows the pressure variation and the short circuit current 

produced by the system with N2 as the working gas. A maximum current of 7 μA is 

produced, which is 4.5 times higher than the current generated with the helium gas.  

To further substantiate the charge density capabilities of the LM-TEG compared 

to its solid-solid counterpart, a charge production assessment was conducted within the 

acoustically driven system. Fig. 5d, e respectively, capture the temporal analysis of the 

LM-TEG's performance in the He and N2 gas environment. This graph visualizes time 

on the x-axis and presents two parameters on the y-axis. The left y-axis shows charge 

amplitude while the right y-axis demonstrates the corresponding pressure variations 

experienced within the (He and N2-filled) acoustic system, charged at a pressure of 1 

MPa. During the experiment, the LM-TEG achieved a peak charge production of 0.12 

μC in He and 1.165 μC in the N2 gas environment. Considering the LM-TEG's contact 

area of 30 cm² (i.e., with a single TEG plate) and 1.165 μC of charge in an N2 gas 

environment translates to a charge density of approximately 388 μC/m². This charge 

density surpasses the typical 100 μC/m² threshold observed in conventional solid-solid 

contact TEGs [35], [36]. The difference in charge density highlights the LM-TEG's 

superiority in generating and accumulating electrical charge for energy harvesting 

applications.  

Preliminary experimental results show that LM-TEG has considerably less power 

density than the traditionally used alternators (<100W/m2) for acoustic-to-electric 

conversion in heat-driven acoustic power generators. However, LM-TEGs offer an 

innovative approach to energy harvesting, addressing specific challenges and 

complementing traditional generators in scenarios where conventional solutions fall 

short. Choosing an LM-TEG for acoustic-to-electric conversion within a HDAE 

provides several distinct advantages. LM-TEGs efficiently convert low-frequency 

vibrations, which align with the typical acoustic wave frequencies generated by heat-

driven acoustic power generators. Unlike alternators, LM-TEGs operate without the 

need for rotational motion. This unique characteristic allows the coupling of a heat-

driven acoustic power generator and TEG to yield an engine without any mechanical   



 

Fig.  5: Experimental setup and results of the Acoustically driven Liquid Metal-

Triboelectric Generator (LM-TEG). 

 

(a) Experimental setup of the acoustically driven LM-TEG driven by dual opposed 

piston linear motor. (b), (c) Pressure variations and current produced by the acoustically 



 

driven system with Helium and N2 at 1 MPa pressure. (d), (e) Electric charge produced 

by the acoustically driven LM-TEG system with Helium and N2 at 1 MPa pressure. 

components. TEGs exhibit heightened sensitivity to low-frequency and low-amplitude 

vibrations, capturing energy from even the subtle waves produced by the engine. 

Additionally, TEGs offer a simpler design, which can be beneficial in terms of ease of 

implementation and contrast with alternators that involve mechanical components 

requiring high cost and maintenance. Overall, LM-TEG is a promising choice for 

various niche applications in a heat-driven acoustic power generator for converting 

acoustic energy into electricity. 

4. Discussion and Conclusions 

This paper introduced a groundbreaking concept for an acoustic-to-electrical 

power generator devoid of any solid moving components, presenting a prototype as 

proof of its feasibility. This innovative generator holds the promise of an extended 

operational lifespan and boasts a high theoretical acoustic-to-electric conversion 

efficiency. Three distinct sets of experiments were conducted, involving the 

experiments of mechanically driven LM-TEG in an atmospheric environment, LM-

TEG in a pressurized gas chamber, and an acoustically driven LM-TEG. The findings 

from the experiments involving mechanically driven Liquid Metal Triboelectric 

Generators (LM-TEGs) suggest that the utilization of FEP material, a large contact area 

between the LM-TEGs, parallel arrangement of multiple TEGs, and a pressurized gas 

environment all contribute to improved power generation. LM-TEG with mercury 

liquid metal, FEP as dielectric, and Cu electrode materials with thicknesses of 80 μm 

and 0.2 mm, respectively exhibited a maximum power density of 1.7 W/m2. 

Furthermore, preliminary experiments with the acoustically driven LM-TEG prototype 

have successfully demonstrated the concept, achieving a short-circuit current of 7 μA 

and 388 μC/m² charge density.  

To conclude, the heat-driven acoustic generator driven liquid metal TEG 

represents an innovative thermal power generator that distinguishes itself by its capacity 

to transform thermal energy into electrical power without relying on any solid moving 

components.  
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