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Summary 

This study reports a new concept for power generation from thermal energy, which integrates a 

thermoacoustic engine (TAE) with a contact-free electret-based electrostatic transducer. The TAE 

converts thermal energy into high-intensity acoustic energy, while the electret-based electrostatic 

transducer converts the generated acoustic energy into electricity. The experiments demonstrate the 

feasibility and potential of the proposed electret-based thermoacoustic-electrostatic power generator 

(TAEPG). The dynamic response of the electrostatic transducer and energy conversion inside the TAE 

are further investigated using a lumped element model and a frequency-domain reduced-order network 

model. Good agreement is achieved between experimental measurements and theoretical predictions. 

Furthermore, a parametric study is performed to study the effect of key parameters including the 

external heating power, air gap and resistive load on the performance of the TAEPG. Results show that 

an open-circuit voltage amplitude of 4.7 V is produced at a closed-end pressure amplitude of 480 Pa in 

the experiment, and it is estimated that 25.2% of the acoustic power generated by the TAE has been 

extracted by the electret-based electrostatic transducer. In this case, the maximum electric power output 

is measured to be 2.91 μW at a resistive load of around 2.2 MΩ. By increasing the external heating 

power, the TAEEH can produce a maximum voltage amplitude of 8 V. This work shows that the 

proposed concept has great potential for developing miniature heat-driven power generators. 

KEYWORDS 
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1. INTRODUCTION 

Thermoacoustic engines (TAEs) or prime movers attract great attention in the past decades because 

they can convert heat from various sources (low-grade industrial waste heat, solar energy, excess heat 
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in microelectronic systems, etc.) into acoustic oscillations with no moving parts.1 The working principle 

behind the TAEs is the thermoacoustic effect which concerns mutual interaction between the acoustic 

and thermal fields around the solid-fluid interfaces.2-8 The TAEs can be further transformed into electric 

power generators by acoustically coupling them with acoustic-to-electric transducers/converters, which 

provides novel alternative systems for power generation from low-grade thermal energy for niche 

applications.9 So far, lots of efforts have been made towards the design and fabrication of robust 

acoustic-to-electric transducers for thermoacoustic power generators. Recently, a review of different 

methods to realize the conversion of thermoacoustic power into electricity was reported.10 The most 

common acoustic-to-electric transducers applied in thermoacoustics are loudspeakers11 or linear 

alternators12-14 based on the electromagnetic effect, and piezoelectric converters15-17 using stress-

sensitive piezoelectric ceramics. Linear alternators normally have higher power outputs (up to kW), but 

they are bulky and prohibitively expensive. Conventional loudspeakers, although cheap to fabricate, are 

poor in performance and not reliable for long-time operation. As for piezoelectric converters, they 

operate well at high frequencies and are suitable for compact thermoacoustic engines. However, the 

power output associated with these transducers is generally small and highly affected by the working 

temperature. Other less-common thermoacoustic transducers include magnetohydrodynamic (MHD) 

generators18, bi-directional turbines19, triboelectric nanogenerator20, etc. Nonetheless, there is 

insufficient experimental data to confirm the efficiency and robustness of these transducers. To 

summarize, each acoustic-to-electric conversion technology has its advantages and drawbacks and is 

therefore only suitable for some specific occasions. More work needs to be done to explore a promising 

alternative that possesses a better energy generation performance with fewer limitations. 

In recent years, the electrostatic transductions have received considerable research interests as opposed 

to traditional piezoelectric and electromagnetic transductions for harvesting energy from various 

ambient energy sources.21 Among them, electrostatic transducers using electrets (a dielectric material 

that has a quasi-permanent electric charge or dipole polarisation) are increasingly studied with the 

progress of MEMS technology and are believed to offer a viable solution to battery replacements for 

microelectronic devices such as autonomous wireless sensors.22-26 Electret-based electrostatic 

transducers are variable-capacitor structures that use electrets with quasi-permanently implanted 

charges to generate electric current in response to a relative motion between the electrodes, thus directly 

convert vibrational energy into electricity. They possess four main advantages if utilized for 

thermoacoustic power generation. (a) It has a much simpler structure than other transducers such as 

electromagnetic devices, MHD generators, and bi-directional turbines. (b) The electret is contact-free 

from the counter electrode on a vibrating membrane, enabling it to withstand high temperatures and 

extract acoustic power reliably from the high-temperature regions of a TAE, proving more flexibility 

than all other transducers for coupling with TAEs. For instance, it effectively overcomes the 

temperature limitation faced by the piezoelectric or triboelectric transducers. (c) The cost of electrets is 

https://en.wikipedia.org/wiki/Dielectric
https://en.wikipedia.org/wiki/Dielectric
https://en.wikipedia.org/wiki/Electric_charge
https://en.wikipedia.org/wiki/Electric_charge
https://en.wikipedia.org/wiki/Dipole
https://en.wikipedia.org/wiki/Dipole
https://en.wikipedia.org/wiki/Polarization_(electrostatics)
https://en.wikipedia.org/wiki/Polarization_(electrostatics)
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normally lower than electromagnetic transducers or any piezoelectric ceramics. (d) Due to its simplicity, 

it is possible to build miniaturized, compact thermoacoustic power generators that operate at high 

frequencies. 

In this study, we integrate an electret-based electrostatic transducer with a thermoacoustic engine, 

creating a new type of thermoacoustic power generator. The operating characteristics of the proposed 

electret-based thermoacoustic-electrostatic power generator are studied experimentally. Theoretical 

models are also established to investigate the key parameters that affect the performance of the 

thermoacoustic power generator. The rest of the paper is organized as follows. Section 2 introduces the 

experimental prototype and measurements. Section 3 describes the lumped element model and reduced-

order network model for modelling the electrostatic transducer and thermoacoustic engine, respectively. 

Section 4 presents the experimental and theoretical results. Finally, concluding remarks are drawn in 

Section 5. 

2. EXPERIMENTAL STUDY 

Figure 1 illustrates the schematic diagram of an electret-based thermoacoustic power generator which 

comprises a standing-wave quarter-wavelength TAE and an electret-based electrostatic transducer 

working in out-of-plane mode.21 The TAE is composed of a hot buffer, a resonator and a parallel-plate 

stack sandwiched between a hot heat exchanger (HE) and a cold heat exchanger. The transducer, placed 

at the left end of the hot buffer, consists of an electret layer on a base electrode and a counter electrode 

on a deformable membrane that is clamped at the rim. When thermoacoustic oscillations are initiated, 

the closed-end transducer will be driven by the self-sustained acoustic oscillations generated inside the 

TAE, which meanwhile radiates sound into the open ambient space at the right end of the resonator. 

 

FIGURE. 1. Schematic of an electret-based standing-wave thermoacoustic-electrostatic power 

generator. 

Figure 2A shows the prototype of an electret-based electrostatic transducer. The electret together with 

the base electrode is fixed by a support (black, 3-D printed) whose axial position can be adjusted through 

four bolts on its outer edges. The transducer can be represented by an equivalent circuit model27 in 

Figure 2B, where Q1 and Q2 are positive charges on the base and counter electrodes, Ceq represents the 

equivalent series capacitance of the electret and air gap, VS denotes the surface potential of the electret 

induced by the negative charges QE (constant in amount) implanted in the electret, RL is the resistive 

x
Hot buffer Stack Resonator

Electret

Membrane
 Counter electrode Hot HE

Cold HEBase electrode
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load and Cp stands for the parasitic capacitance. According to the Gauss’s law, QE in the electret (Figure 

2C) is equal to the sum of the positive charges Q1 and Q2. As the transducer is subject to pressure 

oscillations inside the TAE, the real-time distance d1 = d0 + wr1,msin(ωt) between the electret and counter 

electrode (d0 is the initial air gap, wr1,m is the mean displacement of the counter electrode and ω is the 

angular frequency) leads to a change in Ceq and charge migration between the base and counter 

electrodes. Figure 2D displays four representative instants in an acoustic cycle when the counter 

electrode is at its left-most, neutral and right-most positions. At the left-most position, Q1 is minimum 

while Q2 is maximum. As the counter electrode moves to the right, positive charges on the counter 

electrode flow to the base electrode until the counter electrode reaches the right-most position where 

Q2 is minimum and Q1 is maximum. Then, the counter electrode moves leftwards, transferring positive 

charges on the base electrode to the counter electrode. As a result, an alternating current I (leading the 

displacement by a phase of π/2) through RL is generated and part of the mechanical energy is converted 

into electricity. 

 

FIGURE. 2. Working principle of the electret-based electrostatic transducer. A, prototype of the 

transducer; B, equivalent circuit representation of the electret-based electrostatic transducer; C, 

deformation of the membrane under pressure oscillations; D, four representative moments in an 

acoustic cycle. 

Table 1 lists the dimensions of the TAE and characteristic parameters of the electrostatic transducer in 

the experiment. The stack, electrodes and membrane are made of alumina ceramic (Al2O3), copper (Cu) 

and polyethylene terephthalate (PET) plastic, respectively. For simplicity, we omitted the cold heat 

exchanger and used a nichrome resistance wire (connected to an adjustable power supply) to serve as 

the hot heat exchanger15. Detailed information of the TAE rig can be found in Ref.15. In terms of the 

measurements, the temperatures at the stack ends are measured using two thermocouples (National 

Instruments, J and K-types). Two microphones (3M Quest Technologies, QE 4110; GRAS, 40PH) are 

placed at the left end of hot buffer and right end of resonator to monitor the closed-end and open-end 

pressure oscillations. The instantaneous voltage across the resistive load is measured via a data 

acquisition module (National Instruments, NI9205). 
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TABLE 1. Parameters of the TAE and electret-based electrostatic transducer. 

TAE Values 

Tube diameter D 0.05 m 

Hot buffer length LH 0.1 m 

Stack length LS 0.04 m 

Resonator length LR 0.36 m 

Stack plate thickness tS 1 × 10-3 m 

Stack plate gap dS 1 × 10-3 m 

Transducer Values 

Electrode radius r1 0.015 m 

Electrode thickness h1 1 × 10-4 m 

Electrode density ρ1 8,960 kg / m3 

Membrane radius r2 0.025 m 

Membrane thickness h2 3 × 10-4 m 

Membrane density ρ2 1,400 kg / m3 

Electret radius r3 0.015 m 

Electret thickness h3 1 × 10-4 m 

Dielectric coefficient of vacuum ε0 8.85 × 10-12 

Relative dielectric coefficient ε1 2 

Surface potential VS 1900 V 

Parasitic capacitance Cp 78 pF 

3. THEORETICAL MODELLING 

3.1 Electrostatic transducer 

Following the experiment, a lumped element model (LEM) is utilized here to predict the dynamic 

behaviour of the electrostatic transducer. It is assumed in LEM that the dynamic responses of 

displacements approximate those under static conditions. Thus, the short-circuit deflections wr1 for the 

two-layer segment (with radius r1) and wr2 for the one-layer segment (with inner radius r1 and outer 

radius r2) under a uniform predefined static pressure load pload can be calculated, the derivation process 

of which is described in Ref. 15. Then, assuming a time-harmonic motion wr1sin(ωt), the equivalent 

dynamic series capacitance Ceq of the electret and air gap is written as 

 
1 0

0
3 1 0 1

2

/ sin( )

r

eq

r

r
C dr

h d w t

 

 
=

+ +
  (1) 

where r is the radial coordinate, ε0 is the dielectric coefficient of vacuum, ε1 is the relative dielectric 

coefficient and h3 is the electret thickness. Assuming the amount of charges transferred between the 

base and counter electrodes is Q, according to the Kirchhoff’s law, the governing equation for the 

electret-based electrostatic transducer (Figure 2B) is written as,27 
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which can be solved using a classical Runge-Kutta method.28 Finally, the instantaneous voltage VL 

across the resistive load RL is 

 /
L S eqV V Q C= −  (3) 

and the corresponding time-averaged power output P can be approximated by 

 ( )2
/ 2

A L
P V R=  (4) 

where VA is the amplitude of the alternating voltage. 

3.2 Thermoacoustic engine 

For the modelling of TAE, a frequency-domain, reduced-order network model is adopted to describe 

the energy conversion process inside the TAE. The TAE, together with a predefined axial temperature 

distribution, is firstly evenly discretized into a large number of sub-segments with each sub-segment 

satisfying the linearized quasi-one-dimensional continuity and momentum conservation equations in 

the thermoacoustic theory,2 
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where the subscripts “m” and “1” represent the mean and first-order harmonic fluctuation values, 

respectively. j is the imaginary unit of complex numbers. T and ρ are the static temperature and density 

of the working fluid. U1 is the volume velocity (product of cross-sectional area A and velocity u1). γ is 

the specific heat ratio an σ is the Prandtl number. fv and fk are thermo-viscous functions determined by 

the geometry and dimensions of the flow channels.29 Continuity of acoustic pressure p1 and volume 

velocity U1 are assumed at the interfaces between two adjacent sub-segments.  

For the boundary conditions at the TAE ends, impedance matching gives 
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 (7) 

where c is the speed of sound; Z0 and ZL are acoustic impedance of the working fluid at the left and right 

ends, respectively; ZT and ZR are the equivalent acoustic impedance of the closed-end electrostatic 

transducer and open-end sound radiation. Z0 and ZT have opposite signs because a positive pressure 
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inside the working fluid leads to a negative velocity of the transducer. The acoustic radiation impedance 

ZR is approximated by a plane circular piston model for an unflanged (flange size is small with respect 

to the wavelength of sound) open-ended pipe.30 

Note that, for the electrostatic transducer, the electrical components are omitted in ZT since the electrical 

domain has negligible influence on the mechanical counterpart.31 The effective mass Meff, stiffness Keff, 

and damping coefficient Ceff of the electrostatic transducer are calculated by 
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where the damping ratio ξ is assumed to be 0.018 in this study.17 ρ1, h1 and ρ2, h2 are densities and 

thicknesses of the counter electrode and membrane, respectively. The expressions for the short-circuit 

deflections wr1 and wr2 under uniform static pressure load pload can be found in Ref. 15. wm is the mean 

displacement of the counter electrode together with the membrane, i.e., 

 ( )1 2

1

1 2
0

2 2 /
r r

r r

m r
w w rdr w rdr A = +   (9) 

Finally, based on the transfer matrix method,15 the impedance boundaries Z0 and ZL at the TAE ends in 

Equation (7) can be related by a total transfer matrix (product of matrices of all sub-segments). Thereby, 

a characteristic (frequency) equation is created, the solution of which is the eigenfrequencies of the 

entire thermoacoustic power generator. Then, the eigenvectors (axial distributions of p1 and U1) are 

obtained by integrating Equations (5) and (6) along the TAE. The time-averaged acoustic power at each 

position x can be calculated by2 

 
1 1[ ] / 2W p U= %  (10) 

where    denotes the real part of a complex quantity and the tilde “ ~ ” stands for the complex 

conjugate. 

4. RESULTS AND DISCUSSIONS 

4.1 Dynamic response 

Following the theoretical analyses of the transducer and TAE, the instantaneous closed-end acoustic 

pressure p(0), open-end acoustic pressure p(L) and open-circuit (RL = 10 GΩ) voltage VL were first 

measured at a heating power Qin of 106 W when the temperatures at the stack ends asymptote at 540 K 

and 420 K after the stack was heated for around 30 minutes. The data were recorded when we swiftly 

removed the piece of paper that blocked the open end to prohibit thermoacoustic instability.  
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As seen from Figure 3, spontaneous acoustic oscillations occur shortly after the blockage is removed. 

Then, the TAE reaches a steady state (limit cycles) after a short saturation process. The steady-state 

pressure waveforms and corresponding Fast Fourier Transform (FFT) analyses in Figures 3A and 3B 

indicate that the acoustic pressure waves are nearly harmonic inside the TAE, oscillating at the 

frequency of 166.1 Hz. This frequency is very close to the fundamental eigenfrequency of 165.7 Hz 

predicted by the network model after substituting the measured temperature distribution into Equations 

(5) to (7). The open-end pressure amplitude is significantly smaller than that in the closed end. For the 

open-circuit voltage from the transducer in Figure 3C, evident distortions in the waveform are observed, 

which can be verified through the spectrum analysis where the second harmonic (332.1 Hz) arises. The 

harmonic distortions appear because the voltage output is not linearly proportional to the displacement 

of the counter electrode as inferred from Equation (1) where wr1sin(ωt) is one part of the denominator. 

However, if the displacement amplitude is small, the waveforms will become quasi-sinusoidal. 

Currently, the prototype produces an open-circuit voltage of 4.7 V at a closed-end pressure amplitude 

of 480 Pa. Substituting the measured pressure amplitude pA (480 Pa in replacement of pload), oscillation 

frequency f (166.1 Hz) and initial air gap d0 (1 mm) into Equations (1) to (3), yields the analytical results 

of open-circuit voltage VL (dotted curve). Note that, the amplitude of the mean displacement wr1,m of the 

counter electrode is calculated to be around 0.2 mm in this case. Good agreement between the 

experimental measurements and theoretical predictions with regard to VL is achieved as shown in Figure 

3C. The small deviation might be attributed to intrinsic nonlinearity in the electrostatic transducer that 

results in a larger proportion of second harmonic in the experiment. 

 

FIGURE. 3. A, time-series and FFT analyses of closed-end acoustic pressure p(0); B, time-series and 

FFT analyses of open-end acoustic pressure p(L); C, time-series and FFT analyses of open-circuit 

alternating voltage VL in the experiment. The dotted curve represents theoretical predictions. 

4.2 Acoustic field 

Figure 4 plots the longitudinal distributions of the magnitudes of acoustic pressure |p1|, axial velocity 

magnitude |u1|, acoustic impedance |Z| = |p1/ (u1A)| and time-averaged acoustic power W. The shaded 
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area indicates where the stack is located. It should be mentioned that the acoustic field is obtained after 

we integrate the Equations (5) to (6) along the TAE using the measured closed-end (x = 0 m) pressure 

amplitude (480 Pa) and oscillation frequency (166.1 Hz). The open-end (x = 0.5 m) pressure amplitude 

calculated (35.2 Pa) in Figure 4A matches well with that measured (35.5 Pa) in Figure 3B, which 

verifies the network model used in this study. For the standing-wave quarter-wavelength TAE, the 

pressure antinode exists at the closed end whereas velocity antinode is located at the open end. Thus, 

the acoustic impedance is maximum at the closed end and decreases gradually towards the open end. In 

Figure 4D, an increase of acoustic power ΔW =WR - WL (WR and WL are acoustic power at the right and 

left ends of the stack) is observed in the stack region. It is found that most of acoustic power generated 

is dissipated by the irreversible viscous and thermal-relaxation losses inside the hot buffer and resonator 

as well as the open-end acoustic radiation, while only a small proportion of the power gain is extracted 

by the closed-end transducer. In this case, the corresponding acoustic power extraction rate η1 = |W(0)|/ 

ΔW is calculated to be 0.252 with W(0) being the acoustic power at the closed end. 

 

FIGURE. 4. Longitudinal distributions of A, the magnitude of acoustic pressure |p1|; B, the magnitude 

of axial velocity |u1|; C, the magnitude of acoustic impedance |Z|; D, time-averaged acoustic power W. 

4.3 Parametric study 

Figure 5 shows the effects of external heating power Qin, initial air gap d0 and resistive load RL on the 

performance of the thermoacoustic power generator. The discrete points are the experimental 

measurements while dashed curves are from theoretical calculations.  

It is found in Figure 5A that the steady-state pressure amplitude pA measured at the closed end, open-

circuit voltage amplitude VA and oscillation frequency f increase with the increase of Qin. A maximum 

voltage amplitude of 8 V is observed, corresponding to a pressure amplitude of 744 Pa. Note that, 

theoretical predictions of limit-cycle pressure amplitudes are unavailable at this stage due to lack of a 

reliable time-domain, nonlinear network model that considers nonlinear viscous and thermal losses at 

large amplitudes.9 However, the open-circuit voltage and oscillation frequency can be estimated from 

the lumped element model and frequency-domain, reduced-order network model. Close match is 
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obtained between the theoretical estimates and experimental measurements. Difference between 

measured and assumed axial temperature distributions might account for the minor deviations.15 

In Figure 5B, when the heating power is kept constant (Qin = 106 W), the increase of air gap d0 has 

negligible effects on pA and f and is thereby not displayed. However, it has a significant effect on VA 

through series capacitance Ceq, as confirmed by the decreasing trend of VA measured in the experiment.  

It can be also seen from Figure 5B that, the measured VA is consistent with the theoretical predictions 

as d0 increases. 

In Figure 5C, where Qin =106 W and d0 = 1 mm, the time-averaged power output is measured to peak 

at 2.91 μW at a resistive load of around 2.2 MΩ. However, an optimal time-averaged power output Popt 

of 3.41 μW is predicted at the optimal resistive load Ropt of 2.01 MΩ. In this case, the acoustic-to-

electric efficiency η2 = Popt/|W(0)| is estimated to peak at 0.18%. The measured power output peak is 

14.6 % smaller than the theoretical counterpart. The discrepancy occurs partly because of systematic 

errors arising from either approximation of power output using Equation (4), or 

measurement/calibration inaccuracies of the data acquisition systems for measuring VA and RL. Another 

possible reason for the discrepancy is because a few charges injected into the electret are lost due to 

long-time operation or change of environmental conditions.27 

 

FIGURE. 5. A, effect of external heating power Qin on the steady-state pressure amplitude pA, open-

circuit voltage amplitude VA and oscillation frequency f; B, effect of initial air gap d0 on the open-

circuit voltage amplitude VA; C, effect of resistance RL on the electric power output P and acoustic-to-

electric efficiency η2. The discrete points are the experimental measurements while dashed curves are 

from theoretical calculations. 

4.4 Future optimization 

Owing to the simplicity of both the TAE and electret-based transducer, the proposed concept has great 

potential for developing miniature heat-driven power generators to provide power for microelectronic 
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devices such as microcontrollers, sensors, chips, etc, which usually require ultra-low power 

consumptions. 

It is worth noting that the simple prototype built in this study is primarily used to prove the above 

concept. It adopts an open TAE using atmospheric air as working fluid, and thus only produces very 

little power. However, the power output of the proposed thermoacoustic power generator can be 

significantly improved to usable levels if the TAE and electrostatic transducer are carefully optimized 

in the future. For the TAE, it is possible to implement more efficient travelling-wave TAEs with 

pressurized helium as working gas, which have achieved thermal efficiencies comparable to 

conventional engines32. The travelling-wave TAEs also own lower onset temperatures and therefore 

have a wider temperature range for proper operation. For the electrostatic transducer, efforts could be 

made towards reducing the value of parasitic capacitance which has a great effect on the output 

voltage.27 It is also plausible to enhance the transducer performance by increasing the electret surface 

potential or adapting the capacitor shapes, etc.27  

5. CONCLUSIONS 

We have proposed a new device for power generation, namely, an electret-based thermoacoustic-

electrostatic power generator that is capable of converting heat energy into electricity, and a prototype 

is built to demonstrate the concept. The dynamic responses of the electrostatic transducer and standing-

wave thermoacoustic engine are investigated experimentally and compared with the theoretical models. 

Good agreement is achieved between the experimental measurements and theoretical predictions, which 

verifies the lumped element model for the electrostatic transducer and reduced-order network model for 

the thermoacoustic engine in this study. Besides, the effect of key parameters on the system performance 

is examined through a series of experimental and theoretical studies, which gives deeper insight into 

the characteristics of the thermoacoustic power generator. Experimental results show that the power 

generator is able to produce a maximum voltage amplitude of 8 V when the external heat input increases. 

The voltage output decreases gradually as the initial air gap increases. A peak power output of 2.91 μW 

is observed at a resistive load of around 2.2 MΩ. Although not efficient at present, the new 

thermoacoustic power generator demonstrated in this paper has great potential for developing miniature 

power sources for microelectromechanical systems by utilizing low-grade thermal energy. 
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