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A B S T R A C T   

The underwater ultrasound power measurement has become necessary due to the rapid development of sono-
chemistry and sonocatalysis. This article presents construction of novel triboelectric nanogenerator (TENG) and 
its application for a detection of ultrasonic waves in water. The device was 3D printed using widely available and 
cost-effective materials. TENG consisted of the device housing and movable polymer pellets confined between 
flat electrodes. The device housing and pellets were 3D printed via stereolithography (SLA) and fused deposition 
modelling (FDM) methods, respectively. The pellets moved periodically driven by the ultrasonic waves leading to 
generation of an alternating voltage signal. The electric response of TENG was calibrated using a commercially 
available ultrasonic power sensor. The open-circuit voltage output of TENG was registered in different sections of 
the ultrasonic bath in order to determine the distribution of the acoustic power. TENG electric responses were 
analyzed by applying the fast Fourier transform (FFT) and fitting the theoretical dependence to experimental 
data. The main peaks in the frequency spectra of the voltage waveforms corresponded to the fundamental 
excitation frequency of the ultrasonic bath. TENG device, presented in this paper, can be successfully applied as a 
self-powered sensor for detection of ultrasonic waves. It enables precise control of the sonochemical process and 
reduction of power losses of the ultrasonic reactor. 3D printing technology has been confirmed to be fast, easy, 
and scalable method of fabrication of the ultrasonic sensors.   

1 Introduction 

The ultrasounds are widely utilized in the food industry, medicine, 
and nanotechnology [1–3]. They allow to simplify the industrial pro-
cesses, improve quality of the prepared products, and shorten processing 
time [4,5]. The ultrasonic waves play a key role in modern technologies 
for medical diagnosis and treatment of different diseases [6–8]. The 
ultrasounds are commonly used in sonochemistry to fabricate the low- 
dimensional nanomaterials with exceptional properties. The applica-
tion of ultrasonic waves for mixing and homogenization reduces energy 
consumption and enhances kinetics of the process [9–11]. 

The triboelectric effect refers to a contact-induced electrification that 
leads to the formation of charges on the surfaces of two dissimilar ma-
terials after they come into frictional contact [12]. The triboelectric 
nanogenerators (TENGs) are devices that convert the mechanical energy 
into electrical energy through the coupling effect of triboelectrification 
and electrostatic induction [13,14]. The electron-cloud potential-well 
model is proposed to explain electron transfer occurring in contact 

electrification [15]. A proper selection of the materials for TENG con-
struction can be achieved in an experimental way or theoretical 
modeling [16–26]. The triboelectric nanogenerators are promising for 
applications in the Internet of Things (IoT) and medicine [27–30]. There 
are many possible TENG configurations [31–35], including particles 
freely placed between the electrodes, systems based on membranes, 
triboelectric elements moving in vertical contact-separation or lateral- 
sliding modes. TENGs are considered for use in wearable devices that 
recover energy of human body movement, large-scale systems for en-
ergy harvesting from the sea [31–37], self-powered vibration sensors, 
and detectors for underwater communication [38–43]. 

Determination of the acoustic power of ultrasound is a complicated 
metrological problem. The energy of ultrasound does not only depend 
on the electrical power supplied to ultrasonic transducer. It is affected by 
numerous factors, like properties of wave propagation medium, its 
temperature, size, and geometry as well as the method of delivering the 
ultrasonic wave to the medium. Furthermore, it is difficult to measure 
the acoustic power in real time [2,6–8,44–48]. Usually, this parameter is 
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determined using piezoelectric sensors, fiber-optic devices, or mem-
brane transducers. Many of these devices have substantial drawbacks, 
such as low sensitivity, poor accuracy, and high cost of the device 
fabrication [35,38,40,41]. Therefore, a great interest in development of 
new acoustic sensors has observed in a few last years. The recent efforts 
toward construction of new devices have been focused on application of 
piezoelectric materials [49,50], graphene [51,52], and polymers [53]. 
Recently, Guan et al. [54] have presented a cutting-edge ultrasound- 

driven TENG utilizing separation-contact between a fluorinated 
ethylene propylene (FEP) film and double-sided conductive adhesive 
(DSCA). This device was applied successfully for underwater ultrasonic 
wave detection and sound source localization. The ultrasound-driven 
TENG was also used to harvest ultrasonic energy generating high 
open-circuit voltage of 1.5 V and short-circuit current of 75 nA [54]. 

In this paper, cheap, fast, facile, and scalable 3D printing technology 
was employed to construct TENG. TENG consisted of the device housing 

Fig. 1. A scheme presenting 3D printing of TENG components (a), their assembly int the functional device (b), application of TENG for a detection of ultrasonic 
waves (c), and determination of acoustic power distribution in ultrasonic bath (d). Detailed description is provided in the text. 

Fig. 2. A schematic diagram of TENG cross section (a), the photograph of fabricated device (b), and scheme of the experimental measurement set up used for 
determination of acoustic power in ultrasonic bath (c). 
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and movable polymer pellets confined between flat electrodes. The de-
vice housing and pellets were 3D printed via stereolithography (SLA) 
and fused deposition modelling (FDM) methods, respectively. This de-
vice was applied as a self-powered sensor for a detection of ultrasonic 
waves in water. The open-circuit voltage, generated by sensor, was 
analyzed using the fast Fourier transform (FFT) and fitting the theoret-
ical dependence to experimental data. The electric response of TENG to 
ultrasonic irradiation was registered in different sections of the ultra-
sonic bath in order to determine the distribution of the acoustic power. 

3D printed TENG was confirmed to have a great potential for under-
water ultrasonic sensing. It is promising for precise control of the 
sonochemical and sonocatalytic processes in the future. 

2 Materials and methods 
2.1 Materials 

The main parts of TENG were fabricated using i3 MK3S (Prusa, Cech 
Republic) and Photon (Anycubic, China) 3D printers (Fig. 1a). They 

Fig. 3. The working mechanism of the TENG device subjected to the ultrasonic wave with negative (a), zero (b), positive (c) amplitude, and the corresponding 
voltage response of the sensor. The changes of the amplitude during ultrasonic wave propagation (a1, b1, c1). The schematic of the movement of the pellets driven by 
the ultrasonic wave (a2, b2, c2). Distributions of the electric potential inside the device calculated by a finite-element simulation (a3, b3, c3). Detailed description is 
given in the text. 
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were printed from commercially available materials: ABS (Fiberlogy, 
Poland) and 3D Printing UV Sensitive Resin Basic (Anycubic, China). 
TENG electrodes were prepared from aluminum foil. Golden paths were 
sputtered by applying Q150R ES (Quorum Technologies Ltd., UK). TENG 
was connected with external measuring circuit using copper wires and 
silver paste (SPI supplies, USA). TENG was sealed with molding silicone 
Xiameter 4234-T4 (Dow Corning, USA). 

2.2 A structure and working mechanism of TENG sensor 

A general concept of the contact-mode freestanding triboelectric 
nanogenerator was proposed and analyzed theoretically by Niu and co- 
workers [55]. Herein, the polymer pellets were inserted into the cylin-
drical hole of the cubic plate, as presented in Fig. 1b and 2a. The capping 
layers were attached to the cubic plate to create a cell that confined the 
pellets between aluminum electrodes. The stereolithography (SLA) 
method was chosen to fabricate cell as a technology that allowed obtain 
a smooth surface of printed object. It was done to reduce energy loss of 
the pellets rubbing against the cell walls. The depth and diameter of the 
cylindrical hole in the cell were equal to 5 mm and 9 mm, respectively 
(Fig. 2a). Top and side views of the device cell are shown in Figure S1 in 
the in the “Supplementary data”. The cylindrical pellets with diameter of 
1.5 mm and height of 0.2 mm were printed using fused deposition 
modelling (FDM). Application of this printing method enabled to pre-
pare small and light objects with high surface roughness beneficial for 
triboelectric applications. TENG was sealed with a silicone to prevent 
the water leakage into the cell. The photograph of fabricated TENG 
sensor is presented in Fig. 2b. 

The working mechanism of such prepared device can be explained as 
follows. The pellets inside the cell are excited under ultrasonic irradia-
tion and move periodically between electrodes. When TENG is subjected 
to the ultrasonic wave with the negative pressure (Fig. 3a1), the pellets 
are moved toward bottom of the device cell. The pellets rub against the 
aluminum electrode during collision, what induces the triboelectric 
charges (Fig. 3a2). Since aluminum is an electron donor [18], it becomes 
charged positively. The negative charges are formed on the surfaces of 
the polymer pellets. The distribution of the electric potential inside the 
TENG sensor (Fig. 3a3) was calculated from a finite-element simulation 
using Python language programming and its libraries (NumPy, Mat-
plotlib). A difference in electric potential is created between the elec-
trodes. It leads to generation of negative voltage output (Ua < 0), as 
shown in Fig. 3d. When the amplitude of the ultrasonic wave is equal to 
zero (Fig. 3b1), the pellets are in the middle of the device cell (Fig. 3b2). 
In such case, the electric potential is distributed symmetrically along the 
vertical direction. Thus, there is no difference in electric potentials of the 
electrodes (Fig. 3b3) and the output voltage equals to zero (Ub = 0). 
After the amplitude of the ultrasonic wave becomes positive (Fig. 3c1), 
the pellets move toward top electrode (Fig. 3c2) and the positive charges 
are created on it (Fig. 3c3). Therefore, the output voltage of the TENG 
attains the maximum positive value (Uc > 0). The pellets vibrate inside 
the cell leading to charge oscillation between TENG electrodes and 
generation of the alternating voltage (Fig. 3d). 

2.3 Device characterization and acoustic power measurements 

A surface roughness of the pellets was examined using a scanning 
electron microscope (SEM) Phenom Desktop ProX (ThermoScientific, 
USA) equipped with 3D roughness reconstruction software (Thermo-
Scientific, USA). The surfaces of the samples were reconstructed via the 
shape from shading method. TENG was applied to detect the ultrasonic 
waves emitted by the ultrasonic bath Sonic-6 (Polsonic, Poland), as 
depicted in Fig. 1c and 2c. The operating frequency of this ultrasonic 
bath was 40 kHz. The open-circuit voltage response of TENG was 
measured using the oscilloscope InfiniiVision DSOX3104T (Keysight, 
USA). The electric output of TENG was calibrated with a commercially 
available Opcav ultrasonic sensor (Optel, Poland). The open-circuit 

voltage of TENG was measured by inserting it in different sections of 
the ultrasonic bath. It was done to determine the distribution of the 
acoustic power. The volume of the ultrasonic bath tank was divided into 
18 areas (Fig. 1d). A position of each area was described by x, y, z co-
ordinates, where they take following values: x = 1, 2, 3; y = 1, 2, 3; and z 
= 1, 2. The values z = 1 and z = 2 referred to the bottom and top of the 
tank of ultrasonic bath, respectively. TENG voltage signal was registered 
five times in order to obtain a relevant measurement statistics. 

3 Results and discussion 
3.1 The surface topography and roughness 

The surface topography (Fig. 4a-d) and surface profiles (Fig. 4e) of 
the 3D printed pellets were determined using the shape from shading 
method and 3D roughness reconstruction software. A porous surface of 
the pellets was achieved due to application of FDM printing technology. 
The quality of the surface of printed object depends on many factors, e.g. 
printing speed, a width of the filament path, and its homogeneity. The 

Fig. 4. Examples of surface topography (a-d) and typical surface profiles (e) of 
the selected 3D printed pellets. 

Table 1 
The values of surface roughness determined for different 3D printed pellets.  

Sample Ra, µm Rz, µm 

pellet 1 24(15) 45(11) 
pellet 2 50(8) 69(11) 
pellet 3 33(14) 66(30) 
pellet 4 27(10) 41(16) 
pellet 5 31(9) 64(30) 
average value 33(12) 57(20)  

B. Nowacki et al.                                                                                                                                                                                                                               



Ultrasonics 133 (2023) 107045

5

complex shape of the surface topography may result from the circular 
motion of the nozzle that occurred during extrusion of the filament. The 
maxima, visible at the edges in Fig. 4a-d, can be identified as the centers 
of the extruded filament path. The calculated arithmetic average 
roughness (Ra), the average difference between the highest contour peak 
value and deepest contour valley value (Rz) of the pellets surfaces are 
provided in Table 1. The measurement uncertainties are relatively high 
in comparison to determined values of surface roughness, what indicates 

a substantial fluctuation of these parameters along the surface profiles. 
Such type of the surface is commonly observed in the case of the objects 
printed using FDM technology [56–58]. Typical SEM micrographs of the 
pellet surface are presented in Fig. 5. A gold layer with thickness of 150 
nm was sputtered on the pellet before SEM examination in order to avoid 
the undesired surface charging under electron beam. The SEM studies 
revealed the surface topography characteristic for the elements printed 
via FDM method. The porous surface of the pellets with complex 

Fig. 5. The low (a) and (b) high magnification SEM micrographs of the pellet surface.  

Fig. 6. Typical open-circuit voltage waveforms (a, c) measured at the bottom of the ultrasonic bath tank (z = 1) and their corresponding FFT spectra (b, d). The red 
lines in the Figures (a, c) represent theoretical dependence (1) best fitted to the experimental data. The insets in Figures (b, d) show FFT spectra of the voltage signal 
with limited frequency range below 200 kHz. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 
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microscale topography is expected to be beneficial for use in triboelec-
tric generator, since additional triboelectric charges can be induced on 
the surfaces of the inner pores [59]. 

3.2 An analysis of TENG voltage signal 

Typical open-circuit waveforms, generated by the TENG sensor, are 
shown in Fig. 6a,c. The device was placed at the bottom of the ultrasonic 
bath tank (z = 1). The voltage signals were filtered in order to remove 
low frequency non-ultrasonic contribution (below 20 kHz) and high 
frequency noise (above 1200 kHz). A following sinusoidal dependence 
was best fitted to the experimental data. 

U(t) = Umsin[2πf (t − t0) ] (1)  

where Um denotes amplitude of the sinusoidal waveform, f means the 
frequency, t0 is time constant that determines the initial value of the 
signal phase. The values of the parameters of relation (1) fitted to the 

TENG voltage responses (Fig. 6a,c) are given in Table 2. One can see that 
voltage waveforms consisted of main sinusoidal signal with frequency 
close to the operating frequency of the ultrasonic bath (40 kHz). How-
ever, some additional signals with much higher frequencies also 
contributed to the measured TENG output. Therefore, the voltage 
waveforms were analyzed using fast Fourier transform (FFT), as pre-
sented in Fig. 6b,d. The high sharp peaks occurred in the FFT spectra at 
fundamental frequency of 40 kHz. The much smaller peaks were 
recognized for frequencies higher than 400 kHz. They can be attributed 
to the cavitation noise [60] or collisions between pellets oscillating in 
TENG. A good agreement was observed between values of the voltage 
amplitudes determined using FFT method (Fig. 6b,d) and those calcu-
lated through fitting theoretical dependence (1) to the experimental 
data (Table 2). 

TENG was also inserted at the top of the ultrasonic bath tank (z = 2). 
The corresponding voltage signals are presented in Fig. 7a,c. The sinu-
soidal dependence (1) was best fitted to the experimental data (Table 2). 
The voltage waveforms, recorded at the top of the ultrasonic bath tank 
(z = 2) were smoother than these measured at the bottom (z = 1). It 
suggested that sinusoidal signal with fundamental frequency of 40 kHz 
contributed mainly to the TENG output. This was confirmed by the FFT 
spectra (Fig. 7b,d) which were composed of sharps peak at f = 40 kHz 
and flat regions for high frequencies up to 1200 kHz. The magnitudes of 
voltage peaks recorded for high frequencies at the bottom (Fig. 6b,d) 
and top (Fig. 7b,d) of the ultrasonic bath tank were different. This effect 
may result from nonhomogeneous vertical distribution of the ultrasonic 
cavitation field [61,62]. It was demonstrated by Liu and co-workers [61] 
that the intensity of the ultrasonic cavitation field decreases from the 
bottom of the reactor to the air/water interface since the ultrasound 
wave energy is absorbed by the water medium. The results, described 
above, are also consistent with experiments conducted by Moholkar 

Table 2 
The values of parameters of Equation (1) fitted 
to the open-circuit voltage responses of TENG 
sensor presented in Fig. 6a,c and 7a,c.  

Parameter Value 

U111, mV 9.07(1) 
U221, mV 11.76(1) 
U122, mV 22.54(1) 
U222, mV 10.57(1) 
f111, kHz 40.38(1) 
f221, kHz 39.21(1) 
f122, kHz 39.25(1) 
f222, kHz 39.10(1)  

Fig. 7. Typical open-circuit voltage waveforms (a, c) measured at the top of the ultrasonic bath tank (z = 2) and their corresponding FFT spectra (b, d). The red lines 
in the Figures (a, c) represent theoretical dependence (1) best fitted to the experimental data. The insets in Figures (b, d) show FFT spectra of the voltage signal with 
limited frequency range below 200 kHz. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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et al. [63]. They revealed that Fourier coefficient of the subharmonic 
and harmonics of the fundamental frequency prevailed in the FFT 
spectra. Furthermore, the magnitude of the Fourier coefficients of the 
harmonics decreased with the increasing order of the harmonics [63]. 

3.3 The mapping of TENG signal and determination of ultrasound 
power distribution 

Fig. 8 presents the average voltage responses of TENG was measured 
in 18 sections of the ultrasonic bath. The values of the experimental 
data, shown in Fig. 8, were determined for fundamental frequency of 40 
kHz using FFT method. The more uniform distribution of the voltage 
signal was achieved at the bottom of the ultrasonic bath tank. The 
acoustic power of ultrasound (Pa) was partially adsorbed by ultrasonic 
sensor and converted into its output electrical power (Pe) according to 
following equation [64]. 

Pe = α • Pa (2)  

where α is a coefficient that describes the efficiency of conversion of 
acoustic energy into the electrical one. The electrical power of TENG 
sensor can be expressed using well-known relation 

Pe =
U2

RMS

R
=

U2
m

2R
(3)  

where R refers to an electrical resistance of the load in the measurements 

system, URMS and Um are root mean square and amplitude of the sinu-
soidal waveform voltage generated in TENG, respectively. Combining 
the Equation (2) and (3) one can see that squared amplitude voltage is a 
linear function of acoustic power 

U2
m = 2αR • Pa (4) 

Equation (4) and commercially available Opcav ultrasonic sensor 
(Optel, Poland) were used to calibrate the electric response of TENG. It 
allowed to convert the map of the TENG signal (Fig. 8) into the distri-
bution of the relative acoustic power in the ultrasonic bath tank (Fig. 9). 
It was found that the values of the relative acoustic power were more 
uniformly distributed at the bottom of the ultrasonic bath tank (Fig. 9a) 
than those determined at the top of the ultrasonic bath tank (Fig. 9b). 
The non-uniform distribution of the ultrasound intensity in the ultra-
sonic bath was also reported by Rao and Rathod [65]. In both cases z = 1 
and z = 2, the large values of Pa were observed in the middle of the tank 
described by the coordinates: x = 1, y = 2 and x = 2, y = 2. It is 
consistent with the results published by Sivakumar and Mohan [66], 
who reported that maximum energy of ultrasounds, emitted by the horn- 
type ultrasonic probe, was detected at the center of the process vessel. 

TENG sensor, presented in this paper, possesses many advantages. It 
is small, portable, and does not require an external power supply to 
generate voltage signal. Moreover, it allows real time measurement of 
the acoustic power of ultrasounds. This cannot be achieved using many 
other commercial ultrasonic sensors that provide value of the ultrasound 
intensity averaged over some relatively long time period. Since TENG 

Fig. 8. The average magnitudes of TENG voltage response measured at the 
bottom (a) and top (b) of the ultrasonic bath tank in its different sections. The 
vertical scales show the relation between color of the bar and value of 
measured voltage. 

Fig. 9. The distribution of relative acoustic power determined at the bottom (a) 
and top (b) of the ultrasonic bath tank in its different sections. The vertical 
scales show the relation between color of the bar and value of determined 
acoustic power. 
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sensor can be used in real time measurements, it enables precise control 
of sonochemical process. TENG sensor can be also used for an inspection 
of an ultrasonic transducer operation. It is extremely important for a 
detection and early elimination of failures that may occur in the ultra-
sonic reactor. However, a future optimization of TENG is required to 
enhance its response sensitivity. It can be achieved through adjusting the 
pellets size and reduction of thickness of TENG capping layers that are 
responsible for a high attenuation of the ultrasonic waves. Several TENG 
devices can be combined in the future into the sensors network in order 
to provide rapid mapping of the ultrasonic filed without a need of 
change of sensor position. 

4 Conclusions 

In this paper, novel triboelectric nanogenerator was for the first time 
used for mapping of the power of ultrasounds in the ultrasonic reactor. 
This device was fabricated using simple, fast, and low-cost 3D printing 
technology. All elements of TENG sensor, excluding electrodes, were 
printed from very cheap and commercially available polymer materials. 
The additive manufacturing of TENG sensor is scalable and allows to 
prepare a device with desired shape. Furthermore, it is expected that this 
technology can be used in the future for construction of the ultrasonic 
sensors network. Such device will accurately measure changes in ul-
trasonic power over the entire area of ultrasonic reactor. 

TENG voltage responses to ultrasonic excitation were analyzed by 
applying the FFT method and fitting the theoretical dependence to 
experimental data. These two different approaches provided similar 
results. The voltage waveforms consisted mainly of the sinusoidal signal 
which frequency was equal to the fundamental (driving) frequency of 
the ultrasonic reactor, i.e. 40 kHz. The small peaks were observed in FFT 
spectra for frequencies higher than 400 kHz, which originated from the 
cavitation noise or collisions between pellets oscillating in TENG. 

The mapping of the ultrasonic signal revealed non-uniform distri-
bution of the acoustic power in the ultrasonic reactor. The highest values 
of ultrasonic power were observed in the middle of the ultrasonic bath 
tank. TENG sensor can be successfully applied for a real time detection 
of ultrasonic waves. It is significant advantage of this device in com-
parison to traditional ultrasonic sensors that allow to determine only 
acoustic power averaged over a relatively long time period. TENG sensor 
has a great potential for application in sonochemistry and sonocatalysis. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgements 

This paper was partially supported by the Silesian University of 
Technology (Gliwice, Poland) through the Rector’s habilitation grant 
No. 14/010/RGH21/0008, the Rector’s grant No. 14/010/RGJ23/0012 
in the area of scientific research and development, and grant No. BK- 
210/RM4/2022 (11/040/BK_22/0027). 

Appendix A. Supplementary material 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ultras.2023.107045. 

References 

[1] M. Gallo, L. Ferrara, D. Naviglio, Foods 7 (10) (2018) 164. 
[2] A. Carovavac, F. Smajlovic, D. Junuzovic, Acta Inform. Medica 19 (3) (2011) 

168–171. 
[3] H. Xu, B.W. Zeiger, K.S. Suslick, Chem. Soc. Rev. 42 (2013) 2555–2567. 
[4] L. Astrain-Redin, S. Ciudad-Hidalgo, J. Raso, S. Condon, G. Cebrian, I. Alvarez, 

Sonochemical Reactions, 2019, 3th. 
[5] N. Bhargava, R.S. Mor, K. Kumar, V.S. Sharanagat, Ultrason. Sonochem. 70 (2021), 

105293. 
[6] X. Liu, W. Ge, Front. Med. 9 (2022), 814986. 
[7] E. Alphandery, J. Nanobiotechnol. 20 (2022) 139. 
[8] W. Deng, A. Libanori, X. Xiao, J. Fang, X. Zhao, Y. Zhou, G. Chen, S. Li, J. Chen, 

Nano Energy 91 (2022), 106656. 
[9] C. Vaitsis, M. Mechili, N. Argirusis, E. Kanellou, P.K. Pandis, G. Sourkouni, 

A. Zorpas, C. Argirusis, Nanotechnol. Environ. (2020) 2nd. 
[10] M. Nowak, P. Szperlich, Ł. Bober, J. Szala, G. Moskal, D. Stróż, Ultrason. 
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