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SUMMARY

Harvesting low-grade heat offers a promising strategy for sustainable power generation. However, existing 

thermoacoustic energy harvesters often suffer from low electrical output and limited practical applicability. 

Here, we report a thermoacoustically driven honeycomb-structured triboelectric nanogenerator (TADHS- 

TENG) capable of converting heat into electricity and directly powering wireless sensors. The TADHS- 

TENG integrates a thermoacoustic oscillator with an elastically suspended rolling-ball TENG. It achieves a 

maximum voltage of 124 V, a peak current of 15.82 μA, a maximum charge transfer of 50.54 nC, and a 

peak power of 1.2 mW, outperforming previously reported thermoacoustically driven TENGs. By incorpo

rating a power management circuit and an energy storage module, the TADHS-TENG is capable of continu

ously driving a Bluetooth-enabled temperature sensor that transmits data to the cloud without reliance on 

external power sources. These results demonstrate the feasibility of heat-driven, self-powered, wireless 

monitoring and underscore the significant potential of thermoacoustically driven TENGs for driving low-po

wer electronics in real-world environments.

INTRODUCTION

The increasing global energy demand and escalating environ

mental challenges, such as greenhouse gas emissions and 

climate change, have intensified the pursuit of clean and renew

able energy technologies.1 Thermal energy harvesting offers a 

viable route for converting low-grade heat sources (such as so

lar, geothermal, and industrial waste heat) into mechanical or 

electrical energy. While organic Rankine cycle (ORC) systems 

are widely used for this purpose due to their ability to operate 

with low-boiling-point working fluids, their practical deployment 

is often constrained by issues related to toxic or flammable 

fluids, high manufacturing costs, and limited scalability. Conse

quently, alternative thermal energy harvesting methods, 

including thermoelectric, pyroelectric, thermionic, thermomag

netic, and thermoacoustic technologies, have attracted 

increasing attention (see Figure S1 in the supplemental 

information). Among them, thermoacoustic technology stands 

out because of its simple structure with few or no moving parts, 

low maintenance requirements, environmentally benign working 

fluids, and broad heat source applicability.2–4 The thermoacous

tic technology operates on the thermoacoustic effect, which re

sults from the interaction between an oscillatory working fluid 

and a solid porous material, such as a stack or regenerator.5–7

Based on the thermoacoustic effect, thermoacoustic engines 

(TAEs) or thermoacoustic oscillators (TAOs) can be developed 

to convert heat into acoustic energy.8–10 The TAEs or TAOs 

can be further integrated with acoustic-to-electric transducers, 

thereby forming thermoacoustic power generators (TAPGs) 

that can convert heat into electricity.11–13

Various types of acoustic-to-electric transducers have been 

adopted in developing TAPGs, with the most commonly used be

ing those based on the electromagnetic effect, such as linear al

ternators and loudspeakers.14 While linear alternators offer high 

electrical output, they are very bulky and costly. Conversely, 

loudspeakers are more cost-effective, but their power output 

and efficiency are limited by the fragile cones. In addition to these 

two types of electromagnetic acoustic-to-electric transducers, 
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recent studies have explored the integration of piezoelectric ele

ments into miniaturized thermoacoustic systems.15–17 Wekin 

et al.18 first developed a simplified mathematical model to study 

the influences of piezoelectric transducer parameters on the 

onset temperature difference and natural frequency of a stand

ing-wave TAE. In their study, a piezoelectric transducer was 

placed at the end of the thermoacoustic resonator, leading to a 

thermoacoustic-piezoelectric (TAP) energy harvester. Subse

quently, Smoker et al.19 designed a TAP prototype for thermal en

ergy harvesting. Their experimental results showed that given a 

heat input of 44.82 W, the device produced a root mean square 

(RMS) voltage of 0.9 V and an RMS power of 0.128 mW. Following 

this, Zhao20 developed a convection-driven Rijke-Zhao TAP en

ergy harvester. It achieved an RMS output power of 0.21 mW, 

which was 60% higher than that in the study by Smoker et al.19

While the introduction of piezoelectric transducers has provided 

a possible solution for designing small-scale TAPs, the brittle

ness and poor durability of piezoelectric materials significantly 

limit the lifespan of thermoacoustic systems.

In light of the aforementioned limitations of piezoelectric 

transducers, a growing body of research has focused on using 

triboelectric nanogenerators (TENGs) as a promising alternative 

for converting mechanical energy into electrical energy.21–23

TENGs have garnered significant interest due to their advan

tages, including low material costs,24 lightweight design,25

ease of fabrication,26 high flexibility,27 and exceptional power 

density.28–30 These characteristics make TENGs particularly 

suitable for a wide range of energy harvesting applications, 

including wind energy,31–33 water-wave energy,34–36 acoustic 

energy,37–39 marine energy,40 and low-grade thermal energy uti

lization.41 Generally, TENGs operate in one of the four modes: 

contact-separation,42 lateral sliding,43–45 single-electrode,46

and freestanding triboelectric layer modes.47–49 In 2017, Zhu 

et al.50 developed a thermoacoustically driven triboelectric 

nanogenerator (TA-TENG) for thermal energy harvesting. Their 

TA-TENG integrated a standing-wave TAE with a contact-sepa

ration mode TENG, producing a maximum output voltage of 

10 V and a peak output power of 0.008 μW. Following Zhu’s 

study,50 Ahmed et al.51 conducted numerical and theoretical 

analyses of the dynamic behavior of TA-TENGs. Using finite 

element modeling (FEM) and electrical analogy approaches, 

they optimized the performance of TA-TENGs, resulting in a 

peak voltage and current of 11.2 V and 0.025 μA, which were 

in good agreement with experimental results. More recently, 

Zhu et al.52 proposed a thermoacoustically driven, liquid- 

metal-based TENG that operates without solid moving parts. 

The TENG worked in the contact-separation mode and pro

duced a maximum output voltage of 15 V. Although previous 

studies have demonstrated the feasibility of TA-TENGs for con

verting heat into electricity, most reported designs operate in 

the contact-separation mode, and their performance remains 

substantially lower than that of other TENG configurations 

(such as water-cup TENGs [WC-TENGs],53 all-foam TENGs 

[AF-TENGs], 54 and Faraday-cage-enabled [FC-TENGs]55), 

which limit their practical applications. Consequently, it is 

imperative to explore TENGs employing alternative or hybrid 

working modes to more efficiently harvest the acoustic energy 

generated by thermoacoustic engines.

In this study, we present an innovative TENG, termed TADHS- 

TENG (short for thermoacoustically driven honeycomb-struc

tured triboelectric nanogenerator), for thermal energy 

harvesting. As its name suggests, the TADHS-TENG integrates 

a honeycomb-structured triboelectric nanogenerator (HS- 

TENG) with a TAO through an elastic membrane coupling, 

enabling efficient thermal-to-electric energy conversion. Unlike 

previously reported rigidly coupled thermoacoustic-TENG archi

tectures, the elastic membrane introduces an additional me

chanical degree of freedom and a buffering effect, resulting in 

a tunable dynamic response that actively regulates the rolling 

motion of the ball units within the honeycomb structure. This 

elastic-coupling-enabled regulation allows the rolling amplitude, 

contact frequency, and contact force to be effectively tailored, 

thereby substantially enhancing triboelectric energy-harvesting 

performance. By systematically optimizing key structural and 

mechanical parameters of the TADHS-TENG, including the 

TENG diameter, the tensile strain of the elastic membrane, and 

the thermoacoustic tube length, the electrical output perfor

mance is significantly improved, reaching levels beyond those 

of previous thermoacoustic-driven TENGs. Moreover, the time- 

dependent evolution of the electrical output is investigated and 

directly correlated with microstructural modifications of the elec

trode surface induced by continuous rolling contact. This com

bined electrical and microstructural analysis provides new 

mechanistic insights into the interfacial charge generation and 

transfer processes governing the long-term energy conversion 

behavior of rolling-ball-mode TENGs. Furthermore, to showcase 

the practical potential of our design, we demonstrate the use of 

the developed TADHS-TENG to power a specially designed 

wireless temperature sensing node. In the custom-designed cir

cuit board of this node, the electricity generated by the TADHS- 

TENG is first regulated and stored in a capacitor via a power 

modulation module (PMM), then managed by an energy man

agement module (EMM). Therefore, the developed TADHS- 

TENG enables the wireless temperature sensor to operate 

autonomously, powered solely by the harvested thermal energy. 

The findings of this study highlight the great potential of the 

TADHS-TENG for thermal energy harvesting and underscore 

its prospects for the development of heat-driven self-powered 

wireless sensing systems.

RESULTS

System design and working mechanism of the TADHS- 

TENG

The TADHS-TENG proposed in this study is a sophisticated sys

tem for harvesting thermal energy, capable of converting it into 

mechanical energy and then into electrical energy. Figure 1A il

lustrates various application scenarios for the TADHS-TENG, 

which harnesses heat from diverse sources, such as locomotive 

engines, train braking systems, exhaust gases, steam pipelines, 

and open flames. The generated electricity, in turn, powers on- 

site railway signal lights, monitoring sensors for engines and 

pipeline systems, and low-power electronic devices in daily 

life. As depicted in Figures 1B and S2 in the supplemental 

information, the TADHS-TENG is primarily composed of two 

main components: a TAO and an HS-TENG. The TAO converts 
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thermal energy into acoustic energy. It consists of several key el

ements: (1) a pair of aluminum-alloy heat exchangers (namely, a 

hot heat exchanger [HHE] and a cold heat exchanger [CHE]) 

serving as the heat source and sink, respectively; (2) a porous 

ceramic stack sandwiched between the HHE and CHE to facili

tate thermal-acoustic energy conversion; (3) an acoustic reso

nator with its left end connected to the CHE and right end 

open to the surroundings, functioning as a waveguide for acous

tic wave propagation; and (4) a hot buffer with its right end con

nected to the HHE and left end sealed with an elastic membrane. 

The HS-TENG, affixed to the surface of the elastic membrane, 

converts the acoustic energy generated by the TAO into elec

tricity. It consists of a polylactic acid (PLA) honeycomb frame 

with internal tunnels, polytetrafluoroethylene (PTFE) balls playing 

the role of electronegative triboelectric layers, copper films 

acting as electrode layers, and a pair of PLA substrate plates. 

Each internal tunnel of the honeycomb frame houses a PTFE 

ball. The honeycomb frame is sandwiched between the two 

PLA substrate plates, each affixed with a copper film. The entire 

device is encapsulated with a polyimide (PI) tape to enhance its 

durability and reliability. The detailed geometrical dimensions of 

the TADHS-TENG are provided in Figure S3 and Table S2 in the 

supplemental information.

Figure 2A illustrates the working mechanism of a quarter- 

wavelength standing-wave TAO. Driven by the temperature 

gradient across the parallel plate stack, the near-wall gas parcel 

between the plates contracts and expands while exchanging 

heat with the nearby plates, thereby forming a thermodynamic 

cycle. The thermodynamic processes56 are as follows: (1) As 

the gas parcel moves from the cold end (Tc) to the hot end (Th), 

it absorbs heat from the stack plates. During this process, the 

gas is compressed, resulting in a rise in its temperature. (2) As 

the gas remains in thermal contact with the plates, its tempera

ture continues to increase and reaches its maximum before the 

gas parcel starts to move to the cold end. (3) As the gas parcel 

moves from the hot end to the cold end, it releases heat to the 

stack plates, resulting in a decrease in temperature and an in

crease in volume. (4) The gas temperature continues to decrease 

due to the imperfect thermal contact with the plates and reaches 

a minimum before the parcel begins to move to the hot end. As 

this thermodynamic cycle repeats continuously, thermal energy 

is converted into acoustic energy. As illustrated in Figure 2A, the 

gas pressure and volume change periodically, forming a closed 

elliptical loop on the pressure-volume (p-V) diagram, with the en

closed area representing the acoustic power (ΔW) generated in 

this process.

According to the first law of thermodynamics, ΔW can be ex

pressed as,

ΔW = Qa − Qr; (Equation 1) 

where Qa and Qr stand for the heat absorbed from and released 

to the stack plates, respectively. It is worth noting that this ther

modynamic cycle differs from the Stirling cycle since the period 

of the thermodynamic cycle is determined by the natural fre

quency of the TAO rather than the forced frequency of an 

external drive. This unique feature enables thermoacoustic sys

tems to achieve energy conversion without any moving mechan

ical components, thereby enhancing their reliability and 

durability.

The acoustic power W can also be described as follows3:

W =
ω
2π

∮

pdV =
1

2
|p1||U1|cos θ; (Equation 2) 

where U1 = dV/dt denotes the volume flow rate, ω is the angular 

frequency, and θ represents the phase difference. The subscript 

1 denotes first-order fluctuations of acoustic pressure and 
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Figure 1. Application scenarios and structural configuration of the proposed TADHS-TENG 

(A) Illustration of the TADHS-TENG applied to harvest various heat sources, including railway trains (e.g., engine blocks and braking systems), exhaust gas outlets 

from ships or vehicles, industrial steam pipelines, and open flames (e.g., from campfires or industrial burners) to power traffic signal lights, monitoring sensors, 

and low-power electronics. 

(B) Structural configuration of the TADHS-TENG, comprising a thermoacoustic oscillator (TAO) and a honeycomb-structured TENG (HS-TENG).
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volume flow rate oscillations. Figure S4 in the supplemental 

information illustrates the axial distributions of acoustic pressure 

and velocity amplitudes within a standing-wave TAO. A standing 

wave pattern is observed, marked by a pressure antinode (veloc

ity node) at the closed end and a pressure node (velocity anti

node) at the open end. Notably, the acoustic power output is 

strongly influenced by the phase difference θ between p1 and 

U1. Specifically, the acoustic power W becomes zero when θ is 

90◦, indicating that a purely standing wave does not produce 

net acoustic power. In practical standing-wave TAOs, θ typically 

ranges from 85◦ to 95◦. A non-zero acoustic power is primarily 

attributed to the traveling wave component (although not 

dominant).

Since a pressure antinode is located at the closed end, we 

directly couple the HS-TENG to the left end of the hot buffer 

through an elastic membrane. This elastic membrane deforms in 

response to pressure oscillations, thereby driving the HS-TENG 

attached to its surface. As shown in Figure 2B, the diameter of 

the elastic membrane in its relaxed state is D0. It is stretched to a 

diameter of D to seal the left end of the hot buffer. Therefore, the 

tensile strain ε of the membrane can be expressed as,

ε =
D − D0

D0

: (Equation 3) 

A larger ε indicates an increased membrane stiffness and a 

reduced deformation in response to the same pressure 

oscillations.

Figure 2C illustrates the material composition and operating 

mechanism of the HS-TENG. The external structure of the 

TENG is fabricated from PLA using additive manufacturing 

techniques. PTFE microspheres are selected as the 
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Figure 2. Working mechanism of the TADHS-TENG 

(A) The thermodynamic cycle experienced by the gas parcel within the stack of the thermoacoustic oscillator. 

(B) Schematic of the elastic membrane under different tensile strains, where D0 and D denote the original and stretched diameters, respectively, and ε represents 

the corresponding tensile strain. 

(C) Conceptual illustration of the working principle of the HS-TENG. 

(D) Simulated electrostatic field distribution of the HS-TENG at different operation stages using COMSOL Multiphysics.
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triboelectric material owing to their strong charge affinity, 

good availability, and long-term durability. Copper functions 

both as the electropositive triboelectric layer and as the elec

trode in the HS-TENG. The cycle begins when the PTFE ball 

contacts the left copper electrode, as shown in 

Figure 2C<i>. At this moment, charge separation occurs due 

to triboelectrification and electrostatic induction,48 resulting 

in the accumulation of negative charges on the PTFE ball 

and positive charges on the left copper electrode. As the 

PTFE ball moves away from the left copper electrode, a po

tential difference is formed between the left and right copper 

electrodes. Consequently, electrons move from the right elec

trode to the left electrode via the external circuit, generating 

an electric current, as illustrated in Figure 2C<ii>. As the cycle 

continues, the PTFE ball strikes the right copper electrode, 

leading to the accumulation of positive charges on the right 

copper electrode, as shown in Figure 2C<iii>. When the 

PTFE ball subsequently detaches from the right copper elec

trode, a new potential difference is established between the 

two electrodes, driving electrons from the left electrode to 

the right electrode and generating a current in the opposite di

rection, as depicted in Figure 2C<iv>. Driven by the TAO, the 

PTFE ball continuously reciprocates between the two elec

trodes, enabling repeated charge transfer and sustaining an 

alternating current (AC) within the external circuit.

The electrostatic field distribution of the HS-TENG is simulated 

by COMSOL Multiphysics, as shown in Figure 2D. The variations 

in potential observed during the four stages are in good agree

ment with the conceptual working mechanism illustrated in 

Figure 2C, thereby validating the explained charge transfer pro

cess. Based on the theory of freestanding contact-separation 

mode TENGs,49 the governing equation for the HS-TENG can 

be written as,

V = −
Q

C
+ VOC = −

(d0+g)

ε0S
Q +

2σx

ε0

; (Equation 4) 

where Q, C, VOC, d0, g, ε0, S, σ, and x are the transferred charge, 

the capacitance, the open-circuit voltage, the effective dielectric 

medium thickness, the total air gap between the two electrodes, 

the dielectric constant in vacuum, the effective contact area of 

the copper electrode layer, the charge density on the PTFE ball 

surface, and the separation distance between the electrode layer 

and the PTFE ball surface, respectively.

Thermal-to-acoustic energy conversion via TAO

To evaluate the performance of the proposed TADHS-TENG, the 

thermal-to-acoustic energy conversion characteristics of the 

TAO are first analyzed. When the temperature difference (ΔT) 

across the stack is above a critical value, the working gas (air) 

within the TAO transitions from a stationary state to self-excited 

oscillations, a phenomenon commonly referred to as thermoa

coustic instability. In this work, a heat input of 48.4 W is applied 

to the HHE, while the CHE is cooled by circulating water, thereby 

establishing a significant temperature gradient along the stack. 

Figure S5A in the supplemental information illustrates the tempo

ral evolution of the hot-end temperature (Th), cold-end tempera

ture (Tc), and their temperature difference ΔT (=Th-Tc) when the 

left end of the TAO is sealed with only an elastic membrane under 

a tensile strain of ε = 0.4. At around 75 s, thermoacoustic insta

bility occurs, corresponding to an onset temperature difference 

ΔTOnset of 48◦C. This results in a sudden increase in acoustic 

pressure amplitude, as shown in Figure S5B. It can be seen 

that the amplification of acoustic oscillations can be divided 

into three distinct phases: (1) the start-up phase, characterized 

by an exponential increase in pressure amplitude; (2) the satura

tion phase, where the growth of pressure amplitude slows down; 

and (3) the steady-state phase, exhibiting limit-cycle sinusoidal 

pressure oscillations with an amplitude pA0 of 26 Pa while the 

temperature difference ΔTSteady stabilizes at 110◦C. When the 

TAO is integrated with the HS-TENG, ΔTOnset increases from 

48◦C to 80◦C, and pA0 decreases from 26 to 10 Pa, as shown in 

Figures 3A and 3B. The changes in onset temperature and pres

sure amplitude are attributed to the increased effective acoustic 

mass, which brings about a larger equivalent acoustic resistance. 

Figure 3C further presents the frequency spectra of the time-his

tory acoustic pressures shown in Figure 3B. Since the introduc

tion of the HS-TENG increases the tensile strain of the membrane, 

the oscillation frequency of the TAO with the HS-TENG rises to 

80.77 Hz, compared to 63.55 Hz without the HS-TENG.

To investigate the impact of the HS-TENG size on the 

performance of the TAO, HS-TENGs with different diameters 

d are fabricated. Figure 3D illustrates the effect of d on the onset 

temperature difference ΔTOnset and oscillation frequency f. As 

d increases from 30 to 90 mm in increments of 10 mm, ΔTOnset 

declines from 80◦C to 49◦C. Meanwhile, f decreases from 80.77 

to 72.83 Hz due to the increased mass of the HS-TENG at larger 

diameters (refer to Figure S6 in the supplemental information), 

leading to a larger equivalent acoustic mass. The influence of 

d on the amplitudes of open-end pressure and membrane 

displacement is shown in Figure 3E. It is found that the pressure 

amplitude increases with increasing d, whereas the displacement 

amplitude shows an opposite trend. It could be inferred that the 

elastic membrane becomes stiffer as the HS-TENG diameter in

creases. Figures S7–S9 in the supplemental information further 

compare the open-circuit voltage, short-circuit current, and 

short-circuit charge of the TADHS-TENG with different diame

ters. The results indicate that the HS-TENG with a diameter d of 

80 mm yields the highest electrical outputs. Therefore, d of 

80 mm is chosen in the subsequent investigations on the influ

ences of tensile strain ε and tube length L.

Figure 3F shows the influence of tensile strain ε on ΔTOnset and f. 

An increase in ε gives rise to a larger effective stiffness, resulting in 

a lower ΔTOnset and a higher f. The effect of ε on the amplitudes of 

open-end pressure and membrane displacement is illustrated in 

Figure 3G. As ε increases, the open-end pressure amplitude also 

rises due to the increased stiffness. However, the membrane 

displacement amplitude first increases and then decreases, reach

ing a peak value of 3.3 mm at ε = 0.4. The observed behavior is due 

to two contrasting effects: while a larger pressure amplitude pro

motes membrane deformation, a higher tensile strain makes the 

membrane stiffer and limits the deformation. As a result, a trade- 

off exists between the effects of increased pressure amplitude 

and tensile strain on membrane displacement.

Figure 3H illustrates the impact of tube length L on ΔTOnset and 

f. As L increases, both ΔTOnset and f decrease. The natural fre

quency f can be approximated by
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f≈ a

4Leff

; (Equation 5) 

where a is the sound speed. It can be seen that f is inversely pro

portional to the effective length Leff. Swift3 provided a rough es

timate of the onset temperature gradient as follows:

ΔTOnset =
ωA|p1|

ρmcp|U1|
; (Equation 6) 

where A, ρm, and cp are the cross-section area, density, and 

isobaric heat capacity, respectively. Thus, a lower f often results 

in a smaller ΔTOnset. Figure 3I shows the dependence of both 

open-end pressure amplitude and membrane displacement 

amplitude on L. It is found that both amplitudes increase with ris

ing L. The increase in pressure amplitude is related to the 

reduced onset temperature difference, while the rise in displace

ment amplitude is attributed to both increased pressure ampli

tude and decreased oscillation frequency.

Acoustic-to-electric energy conversion via HS-TENG

Following the characterization of the TAO performance, the 

acoustic-to-electric energy conversion behavior of the HS- 

TENG is examined. The HS-TENG is designed to operate in 

0f =63.55 Hz

1f =80.77 Hz

A0pA1p

3.3 mm
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Figure 3. Performance evaluation of the thermoacoustic oscillator 

(A) The time history of the temperature difference across the stack ends. 

(B) The time history of the pressure at the open end of the resonator. 

(C) Fast Fourier transform of the steady-state acoustic pressure. 

(D) The effect of the HS-TENG diameter on the onset temperature difference and oscillation frequency. 

(E) The effect of the HS-TENG diameter on the pressure amplitude and displacement amplitude. 

(F) The effect of tensile strain on the onset temperature difference and oscillation frequency. 

(G) The effect of tensile strain on the pressure amplitude and displacement amplitude. 

(H) The effect of the tube length on the onset temperature difference and oscillation frequency. 

(I) The effect of the tube length on the pressure amplitude and displacement amplitude.
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the freestanding contact-separation mode between the two 

triboelectric layers. Therefore, its electrical output is influ

enced by the effective contact area and the contact force be

tween the triboelectric layers. First, from the scanning electron 

microscopy (SEM) images in Figure S10 (supplemental 

information), we can see that there is no obvious abrasion 

on the PTFE balls before (sub-image i) and after (sub-image 

ii) usage. The unused copper film exhibits a smooth surface 

(sub-image iii), whereas a small area of abrasion appears af

ter use for a while (sub-image iv). Moreover, the degree of 

abrasion varies with the operating time, resulting in different 

output performances. Figure 4A shows the open-circuit 

voltage output (VOC) of the TADHS-TENG over time, with 

d fixed at 80 mm. In the first 80 min, the voltage output in

creases from 90 to 125 V and then remains almost constant. 

Figure 4B presents the SEM images of the copper film surface 

at different time intervals. Slight interface abrasion on the cop

per is visible in the first 60 min (sub-images i, ii, and iii), and 

after that, the abrasion becomes significant (sub-images iv, 

v, and vi). Combined with the results in Figure 4A, it can be 

inferred that the interface abrasion might increase the contact 

area between the PTFE balls and the copper film. Therefore, 

to determine their optimal output performance, the HS- 

TENG samples are operated for more than 80 min before 

<vi>

<i> <ii> <iii>

<iv> <v> <vi>
500 μm 500 μm 500 μm

500 μm 500 μm 500 μm

20 mins 40 mins 60 mins

80 mins 100 mins 120 mins

A B

C D E

F G H

Figure 4. Performance evaluation of the TADHS-TENG 

(A) Open-circuit voltage VOC of the TADHS-TENG operating over different time intervals. 

(B) SEM images of the copper film. Scale bars, 500 μm. 

(C) The open-circuit voltage VOC, short-circuit current ISC, and short-circuit charge QSC at different diameters d. 

(D) VOC at different tensile strains ε with a fixed diameter d of 80 mm and tube length L of 115 cm. 

(E) VOC at different L with a fixed d of 80 mm and ε of 0.4. 

(F) Dependence of voltage and instantaneous peak power on the external load resistance at a fixed d of 80 mm, ε of 0.71, and L of 115 cm. 

(G) Charging histories of the TADHS-TENG for different capacitors. 

(H) Voltage signals tested on different days.
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the subsequent measurements, and their performances are 

then compared, as shown in Figures 4C–4H.

Figure 4C illustrates the dependence of the open-circuit 

voltage VOC (red line), short-circuit current ISC (blue line), and 

short-circuit charge QSC (orange line) on the diameter d of the 

HS-TENG. When ε = 0.4 and L = 115 cm, as d varies from 30 

to 80 mm, VOC rises from 29.7 to 124.14 V, ISC increases from 

1.6 to 15.82 μA, and QSC grows from 8.31 to 50.54 nC. However, 

when d further increases to 90 mm, VOC, ISC, and QSC reduce to 

76.88 V, 12.56 μA, and 31.85 nC, respectively. On one hand, as 

d increases, the number of PTFE balls increases, resulting in a 

larger contact area between the PTFE balls and copper film, 

which enhances electrical output. On the other hand, as d con

tinues to increase, the increased mass of the HS-TENG leads 

to lower oscillation frequencies and smaller displacement ampli

tudes, which ultimately reduces electrical output. Hence, there is 

an optimal value of d at which the electrical output is maximized. 

We further examine the waveforms and RMS values of VOC, ISC, 

and QSC at steady state, as depicted in Figures S11A–S11C 

(supplemental information). It can be seen that VOC, ISC, and 

QSC exhibit sinusoidal patterns with non-zero RMS values, indi

cating the reliability and validity of the TADHS-TENG in gener

ating electricity.

Figure 4D shows the dependence of VOC on tensile strain ε and 

tube length L when d is fixed at 80 mm. VOC first increases as ε 
rises from 0.17 to 0.4, then declines as ε further increases from 

0.4 to 0.75. Similar trends can be observed in ISC and QSC, as 

presented in Figures S12A and S12B in the supplemental 

information. Given a fixed number of PTFE balls, the amplitudes 

of VOC, ISC, and QSC exhibit a positive correlation with the colli

sion force between the PTFE balls and the copper electrode 

layer. As shown in Figure S13A (supplemental information), the 

TADHS-TENG exhibits the highest acceleration when ε = 0.4, re

sulting in a stronger collision force. By fixing ε at 0.4, VOC, ISC, 

and QSC show a decreasing trend as L decreases from 115 to 

75 cm, as shown in Figures 4E, S14A, and S14B (supplemental 

information). Although reducing the tube length leads to a higher 

frequency, the displacement amplitude decreases. As illustrated 

in Figure S13B (supplemental information), the HS-TENG 

achieves the highest acceleration when the tube length is set 

to 115 cm.

Figure 4F presents the dependence of VOC (red line) and 

instantaneous peak power (blue line) on the external load resis

tance (adjusted via a rheostat box). It is found that when d, ε, 

and L are set to 80 mm, 0.4, and 115 cm, respectively, VOC in

creases from nearly zero to 120 V as the external load resistance 

increases from 100 kΩ to 100 MΩ. Meanwhile, the instantaneous 

peak power initially increases and then decreases, reaching a 

maximum value of 1.2 mW at the optimal external load resistance 

of 7 MΩ. Figure S15 (supplemental information) shows that, at 

the optimal external load resistance, the RMS power is about 

0.6 mW. Dividing this by the volume of the HS-TENG, which is 

26.854 × 10− 6 m3, the instantaneous peak power and RMS po

wer densities are calculated to be 44.6 and 22.3 W/m3, respec

tively. The TADHS-TENG is further utilized to charge capacitors 

with different capacitances (1, 4.7, 10, 47, and 100 μF), and the 

voltage charging curves are displayed in Figure 4G. It shows 

that within 300 s, the voltages across those capacitors increase 

from 0 to 121.03, 76.71, 59.94, 27.02, and 11.92 V, respectively. 

To assess its robustness, the TADHS-TENG is tested for 7 

consecutive days, and the voltage signals are illustrated in 

Figure 4H. It is found that the TADHS-TENG consistently delivers 

stable voltage outputs, demonstrating its high durability and reli

ability as a long-term energy harvesting solution.

Application demonstration of the TADHS-TENG

After separately characterizing the energy conversion behavior 

of the TAO and the HS-TENG, the feasibility and application po

tential of the proposed TADHS-TENG as a sustainable power 

source for low-power wireless sensing systems are explored. 

Since the TADHS-TENG delivers an AC output and its high inter

nal resistance (7 MΩ) limits effective capacitor charging, it is 

essential to first incorporate a rectification circuit for AC-to-DC 

conversion, then use a PMM to enhance the efficiency, as shown 

in Figure 5A.

Figure 5B shows the instantaneous peak power of the TADHS- 

TENG with and without using the PMM when d, ε, and L are fixed 

at 80 mm, 0.4, and 115 cm, respectively. Without the PMM, the 

peak power is about 1.2 mW at an optimal resistance of 7 MΩ, 

whereas with the PMM integrated, the peak power decreases 

to 0.82 mW at a significantly lower optimal resistance of 200 

kΩ. Although using the PMM reduces peak power, it lowers 

the internal resistance of the TADHS-TENG and enhances the 

DC output, as shown in Figure S16 (supplemental information). 

Moreover, the PMM improves the capacitor charging speed by 

mitigating the impedance mismatch between the TADHS- 

TENG and the capacitor, as shown in Figure 5C. Specifically, 

when the TADHS-TENG without a PMM is used to charge a 

68 μF capacitor, the voltage increases from 0 to 11.26 V in 

200 s. In contrast, with the PMM integrated, the voltage rises 

to 42.84 V in the same time period, firmly demonstrating the 

effectiveness of the PMM in significantly enhancing the capac

itor charging speed. Furthermore, as shown in Figure 5D, after 

integrating the PMM, capacitors of various values can be easily 

charged to over 5 V, meeting the voltage requirement for oper

ating the wireless sensor node explored in the following section. 

In addition to charging the capacitors, the TADHS-TENG can be 

used to power LEDs. Figure 5E shows 150 LEDs connected in 

series to form the pattern ‘‘SEU’’ (Southeast University) lit up 

by the TADHS-TENG. Figure S17 and Video S1 in the 

supplemental information further show that the TADHS-TENG 

can effortlessly power over 300 LEDs, highlighting its promising 

potential as a sustainable power source for low-power 

electronics.

Based on the excellent output performance of the TADHS- 

TENG presented above, a low-power wireless sensor node is de

signed to showcase its practical application. Integrated with the 

TADHS-TENG and solely powered by it, a self-sustained real- 

time temperature monitoring system is realized. The test bench 

for the TADHS-TENG-powered wireless sensor node is illus

trated in Figure 5F. First, artificial thermal energy (about 48.4 

W) from heating rods is transformed into acoustic energy through 

the TAO, which is subsequently converted into electrical energy 

through the TADHS-TENG. Second, the electricity generated by 

the TADHS-TENG powers the circuit board that integrates a 

rectifier, a PMM (with a 68 μF storage capacitor used), an energy 
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management unit (EMU), and a wireless sensing node 

comprising a microcontroller (MCU) and a temperature sensor. 

The EMU, realized using an LTC3588-1 chip, serves as a core 

component of the circuit board that enables the functioning of 

the wireless sensing node. It features an ultralow quiescent cur

rent of only 950 nA. Moreover, the EMU is specifically chosen for 

its undervoltage lockout (UVLO) function, which features a wide 

hysteresis window and plays a critical role in system operation. 

This function enables the gradual accumulation of energy from 

the TADHS-TENG. Once sufficient energy is stored, the EMU 

Discharging
C=68 μF

TADHS-TENG

Electric energy

PMMHeating rods

Thermal energy

Temperature
 27 ℃

LTC
-3588

Power supply Transmitter Receiver

TerminalEMU

ESP32Bluetooth

Charging

A B

C D E

F

G H I

Figure 5. Demonstration of a TADHS-TENG-powered wireless monitoring system 

(A) Schematic of the circuit. 

(B) Instantaneous peak power of the TADHS-TENG with and without using the PMM. 

(C) Voltage charging history of the storage capacitor (68 μF) with and without the PMM, highlighting the enhancement of the PMM in charging performance. 

(D) Voltage charging speed of capacitors with different values using the TADHS-TENG integrated with PMM. 

(E) Photograph of 150 LEDs arranged in the pattern ‘‘SEU’’ and powered by the TADHS-TENG. 

(F) Test bench for the TADHS-TENG-powered wireless sensing system. 

(G) Photograph of the fabricated circuit board integrating the wireless sensor node. 

(H) Voltage profile of the storage capacitor (68 μF) during the operation of the self-powered wireless sensing system. 

(I) Enlarged view of the discharging phase.
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delivers a stable output to the user-end components. The MCU 

remains powered off most of the time to save energy and only 

activates when a stabilized voltage is provided (see the analysis 

of power consumption in the methods section). Upon activation, 

it controls the sensor to measure ambient temperature and 

transmits the data via Bluetooth low energy (BLE). The received 

data are then uploaded to the cloud server and are accessible 

anywhere on any terminal. A photograph of the fabricated circuit 

board integrating the wireless sensor node is shown in 

Figure 5G.

Figure 5H shows the voltage variation of the storage capacitor 

(68 μF) during the operation of the self-powered wireless sensing 

system, where multiple charging and discharging cycles are 

observed. In the first charging process, the capacitor stores en

ergy harvested by the TADHS-TENG, with its voltage rising from 

0 to 4.2 V within only 6 s. Then, the capacitor releases energy to 

power the wireless sensor node through the voltage regulator 

LTC3588-1. The voltage drops from 4.2 to 3.8 V in 0.4 s during 

this discharging process, as illustrated in Figure 5I. This 

charging-discharging cycle repeats until the voltage reaches 

5 V at 10 s. Video S2 in the supplemental information provides 

a detailed demonstration of the whole self-powered sensing 

process.

DISCUSSION

This paper presents a TADHS-TENG as a novel technology for 

self-powered wireless monitoring. The proposed TADHS- 

TENG combines a TAO, which converts heat into acoustic en

ergy, and an HS-TENG, which converts acoustic energy into 

electricity. Experiments are conducted to optimize the perfor

mance of the TADHS-TENG by varying the HS-TENG diameter 

d, membrane tensile strain ε, and tube length L. To showcase 

the application potential of the TADHS-TENG, it is utilized to po

wer LEDs and a custom-designed wireless sensor. The primary 

findings of this work are summarized as follows.

Firstly, the performance of the TADHS-TENG proposed in this 

study is superior to that of the previously reported thermoacous

tically driven triboelectric nanogenerators. Experimental results 

demonstrate that, with d = 80 mm, ε = 0.71, L = 115 cm, and 

given a heat input of 48.4 W, the TADHS-TENG achieves 

a maximum open-circuit voltage of 124.14 V (RMS: 76.88 V), a 

peak short-circuit current of 15.82 μA (RMS: 12.02 μA), and a 

maximum short-circuit charge of 50.54 nC (RMS: 31.85 nC). Un

der the impedance-matching condition, the TADHS-TENG pro

duces a maximum instantaneous peak power of 1.2 mW, corre

sponding to a power density of 44.6 W/m3, at an optimal load 

resistance of 7 MΩ. Secondly, the integration of a PMM can 

significantly reduce the internal resistance of the TADHS-TENG 

from 7 MΩ to 200 kΩ, thereby enhancing the current output 

and capacitor charging efficiency. Specifically, when integrated 

with a PMM, the TADHS-TENG can generate a peak short-circuit 

current of 65.37 μA and power more than 300 LEDs. In addition, it 

can charge a 100 μF capacitor from 0 to 20 V within 100 s. Finally, 

the TADHS-TENG developed in this study has been successfully 

used to power a custom-designed temperature sensor node. 

The results show that the TADHS-TENG can charge the capac

itor voltage to 4.2 V in just 6 s, after which the energy is regulated 

by an EMU to power the wireless sensor node continuously over 

the next 4 s tested in the experiment.

Overall, despite its low thermal-to-electric efficiency, the 

TADHS-TENG proposed in this study exhibits superior electrical 

performance metrics, including maximum output voltage, peak 

current, total charge transfer, and instantaneous peak power, 

making it well-suited for thermal energy harvesting and for power

ing low-power electronic devices. Future work may focus on utiliz

ing other highly efficient TAOs, such as traveling wave ones, to 

enhance the thermal-to-acoustic energy conversion efficiency. 

Additionally, optimization in terms of the TENG structure (such 

as replacing copper films with electroplated copper electrodes) 

can be explored to further improve the electrical output.

METHODS

Fabrication of the TADHS-TENG

The TADHS-TENG tested in the experiments comprises two 

main components: a TAO and an HS-TENG. The TAO consists 

of a hot buffer, a stack, a pair of heat exchangers (hot and 

cold), and a resonator. The hot buffer is made of a quartz tube 

to withstand high temperatures, and the thickness of the quartz 

tube is 3 mm. The left end of the hot buffer is sealed with an 

elastic membrane, while the right end is connected to the hot 

heat exchanger. Sandwiched between the HHE and the CHE is 

the stack, made of ceramics with a primary composition of 

Al2O3. The stack adopts a honeycomb structure consisting of 

numerous square channels with dimensions of 1.8 

mm × 1.8 mm and a total length of 20 mm. To enhance thermal 

contact, copper mesh screens are inserted between the stack 

and the heat exchangers, which are secured together via thread 

connections. Additionally, both the HHE and CHE contain two 

channels on surfaces, oriented perpendicular to the axial direc

tion, each with a diameter of 8.5 mm. In the HHE, these channels 

house the heating rods, whereas in the CHE, they serve for circu

lating cooling water. Finally, the left end of the TAO is connected 

to the CHE, while the right end is open, allowing sound waves to 

radiate into the surrounding environment.

The HS-TENG consists of a honeycomb frame, PTFE balls, 

two copper electrode layers, and two substrate plates. The hon

eycomb frame and substrate plates are fabricated using an FDM 

3D printer (Bambu X1 Carbon) with PLA filament. The honey

comb structure has a diameter d varying from 30 to 90 mm, in in

crements of 10 mm. Circular grooves with a diameter of 3.5 mm 

are distributed throughout the frame, each housing a PTFE ball 

with a diameter of 3 mm. The grooves are arranged in a regular 

hexagonal pattern, with a wall thickness of 1 mm between the 

adjacent grooves, to maximize the number of PTFE balls that 

can be accommodated. This configuration increases the contact 

area between the PTFE balls and electrode layers, thereby 

enhancing the electrical output. The PTFE balls are inserted 

into the honeycomb frame, which is then sandwiched between 

the two substrate plates affixed with copper electrodes. Finally, 

an elastic membrane is used to seal the left end of the hot buffer, 

and the HS-TENG is affixed to the membrane, completing the 

assembly of the TADHS-TENG. Detailed information on the 

geometrical dimensions of the TADHS-TENG can be found in 

Table S2 (supplemental information).
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Experimental measurements

To monitor the operating condition of the TADHS-TENG, mul

tiple measurement instruments were utilized in this study. 

Firstly, two K-type thermocouples (GG-K-36-SLE, resolution 

0.75%) were affixed to the outer surfaces of the HHE and 

CHE to monitor the real-time temperature at the two ends of 

the stack. A data acquisition (DAQ) module (NI 9212, National 

Instruments) was used to collect and record the temperature 

data. Secondly, an acoustic microphone (GRAS, 46BD-FV), 

with a sensitivity of 1.4 mV/Pa at 250 Hz (±3 dB), was placed 

at the open end to capture pressure variation inside the TAO. 

Prior to measurements, the microphone was calibrated using 

a GRAS 42AG multifunction sound calibrator to ensure reliable 

and accurate data acquisition. The NI 9230 DAQ module was 

used to take the acoustic pressure signal from the micro

phone. Both NI 9212 and NI 9230 cards were operated using 

NI DAQ Express software for real-time monitoring. Thirdly, a 

Doppler laser displacement sensor (SG6150) was employed 

to measure the displacement amplitude of the elastic mem

brane. The laser beam from the sensor was directed at the 

center of the elastic membrane to enable non-contact mea

surement of its displacement during operation. Note that a 

zero-point calibration of the laser displacement sensor was 

conducted before measurement. Finally, an electrometer 

(Keithley 6514) was used to measure the electrical outputs, 

including the VOC, ISC, and QSC. For the TADHS-TENG without 

a PMM, the electrometer was connected directly to the TENG 

electrodes, whereas for the TADHS-TENG with a PMM, it was 

connected to the capacitor.

Theoretical modeling of the TADHS-TENG

Following experimental investigations, a system-level 

reduced-order network model of the TADHS-TENG was 

developed. In the theoretical framework, it is discretized into 

multiple thermoacoustic elements, each represented by a 

‘‘five-parameter’’ impedance model derived from linear ther

moacoustic theory. By employing the acoustic-electric anal

ogy, the entire system is mapped onto an equivalent electrical 

circuit. This network model enables the prediction of key 

onset characteristics, including the onset temperature and 

oscillation frequency. A comparison between theoretical pre

dictions and experimental results demonstrates strong agree

ment, thereby validating the accuracy of the proposed model. 

Details of the derivation process are provided in Note S1

(supplemental information).

Power consumption of the sensing node

The average power consumption was characterized using a 

precision power analyzer under the condition of a regulated 

supply voltage of 3.3 V. As shown in the measured current 

waveform in Figure S18 (supplemental information), the 

wireless sensing node operates in a duty-cycled manner, 

featuring short high-current bursts during data transmission 

and ultra-low current during standby periods. The measured 

peak current reaches approximately 13.15 mA, while the 

average current over a 1 s time window is 98.67 μA, corre

sponding to an average power consumption of approximately 

0.33 mW.
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