Materials Today Physics 27 (2022) 100784

Contents lists available at ScienceDirect

Materials Today Physics
journal homepage: www.journals.elsevier.com/materials-today-physics

Theory and shape optimization of acoustic driven
triboelectric nanogenerators
Z. Zhang a, b, 1, J. Shao a, b, 1, Y. Nan a, b, M. Willatzen a, b, **, Z.L. Wang a, b, c, *
a

Beijing Institute of Nanoenergy and Nanosystems, Chinese Academy of Sciences, Beijing, 101400, PR China
School of Nanoscience and Technology, University of Chinese Academy of Sciences, Beijing, 100049, PR China
c
School of Materials Science and Engineering, Georgia Institute of Technology, Atlanta, GA, 30332-0245, United States
b

A R T I C L E I N F O

A B S T R A C T

Keywords:
Triboelectric nanogenerator
Acoustic transducer
Electro-mechano-acoustical circuits analogy
Finite element method
Multi-physical field coupling

As a clean, sustainable, and wildly distributing energy source, acoustic waves are rarely available for energy
conversion because of their high entropy and low energy density. Although the triboelectric nanogenerator
(TENG) has been utilized for efficient acoustic energy harvesting, and most works are focusing on the design and
geometry structures of TENG devices towards specific applications, a theoretical framework and models of the
complex energy conversion system are still limited. Here, a multi-physical field coupling model of an acoustic
driven TENG is presented that establishes the theoretical guidelines and optimal strategies for a typical acoustic
energy system. This coupling model is composed of a basic acoustic transducer model, a TENG model, and an
external circuit model coupling the acoustic field, mechanical field, and the quasi-electrostatic field. Using the
finite element method (FEM), the energy conversion process including acoustic vibrations, wave propagation,
and transducer reception are simulated systematically which allow us to reveal the dynamic power output be
haviors of the acoustic driven TENG. The built multi-physical model and comprehensive analysis in this work
provides a new research frame and platform for the design, optimization, and application of the TENG acoustic
energy harvesting system.

1. Introduction
With the rapid development of artificial intelligence (AI) and the
Internet of things (IoTs), the power demands have increased vastly but
the corresponding supply has not [1–6]. As a clean, sustainable, and
widespread energy source, acoustic waves are omnipresent in our sur
roundings, from mechanical vibration to human activity, soothing music
to traffic noise which could serve as an ideal power supply for sensors [7,
8]. Unfortunately, acoustic energy has not been widely utilized due to its
low energy density and the lack of effective technologies for energy
conversion [9,10]. Triboelectric nanogenerators (TENGs), based on
Maxwell’s displacement current as the driving force to convert distrib
uted and disorganized mechanical energy into electricity [11–15], have
shown great potential in both energy harvesting [16–21] and
self-powered systems [19,20,22–24]. In addition, the small-size, low-
cost, light-weight, and especially high efficiency character of TENGs at a
low frequency makes them a possible candidate for harvesting acoustic

wave energy to drive multifunctional sensors for AI and loTs [8,25,26].
A typical acoustic driven TENG consists of at least two different
triboelectric layers functioning as the diaphragm and substrate,
respectively, and two electrodes connected to the external circuit [27].
When the diaphragm is in contact with the substrate, tribo-charges are
generated at the contacting surfaces whereby a displacement current is
established [28,29]. Until now, numerous TENG devices have been
designed and fabricated with various tribo-materials or geometric con
figurations [27,30–32] so as to increase the output power and acoustic
energy conversion efficiency as required by a self-powered system [33].
However, previously published reports have focused on the structural
optimization and power output of the TENG device [34–38] while
paying less attention to the corresponding theoretical model and dy
namic analysis of the acoustic energy harvesting system, largely because
the latter involves several disciplines of expertise.
To establish a suitable model, there are three key points to consider.
Firstly, the effect of the sound field on TENG output requires attention.
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Secondly, the frequency of the acoustic pressure waves as well as the
physical boundaries of the sound field play important roles. Last, but not
least, an effective method is needed to simulate the acoustic energy
harvesting process consisting of three subsystems in the form of acous
tics, mechanics, and electricity modules. To solve this problem, the finite
element method (FEM) software COMSOL has been adopted, to effec
tively display the dynamic simulation process of energy conversion.
In this work, we propose a multi-physical field coupling model to
clarify how the acoustic energy is converted into electricity through an
acoustic driven TENG energy harvesting system. Firstly, the basic vi
bration modes of the diaphragm and the relationship between the

deformation and output potential are modeled and simulated. Then, we
investigate the effects of the pressure load, vibration frequency, different
wave types (plane waves and spherical waves), and acoustic field con
ditions (with or without matching layer) on the basic outputs of the
energy acoustic energy conversion system. It is known that the
maximum output of the acoustic driven TENG is obtained at the reso
nance frequency. Specifically, a better response occurs at the lowfrequency band of the plane wave acoustic field, and the anechoic
environment simulated by the acoustic matching layer can also improve
the performance of the TENG acoustic transducer. In addition, from a
comprehensive consideration of the combined influence of geometric

Fig. 1. Structure of acoustic driven triboelectric nanogenerator (TENG), electro-mechano-acoustical circuits analogy, and the whole simulation workflow (a)
Structure of TENG acoustic transducer in acoustic field. (b) Working principle of TENG acoustic transducer (in one cycle). (c) Schematic illustrations of acoustic
structure (c1), mechanics analogy (c2), and electricity analogy (c3) of TENG acoustic transducer (d) Simulation process and physical field used in the finite element
analysis method.
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structures and circuit conditions, general strategies of the TENG acoustic
transducer can be developed to optimize the acoustic energy harvesting
process.

Note S2). Furthermore, in order to simplify this system, an electricity
analogy is proposed in Fig. 1c3. According to Kirchhoff’s law, two
equations governing the acoustic pressure are obtained [39]:
(
)
1
Ua
UD Zad +
= p1 ejωt
(3)
−
jωCa
jωCa

2. Result and discussion
2.1. Basic structure and working mechanism

−

The acoustic driven TENG in this simulation has a sandwich structure
composed of three vertical layers [27]. It consists of a thin film of
dielectric polytetrafluoroethylene (PTFE) with permanent negative
charges stored on the surface as the diaphragm and two copper layers
(Parameters utilized in the numerical calculations can be found in Note.
S1). One layer of copper is used as the substrate and electrode while the
other one is laminated on the PTFE diaphragm as the electrode (Fig. 1a).
Holes are introduced in the bottom layer of copper in order to reduce the
air friction which to dampen the vibrations. When acoustic waves are
incident on the TENG acoustic transducer, vibration in its composite
diaphragm composed of PTFE and Cu is established, which leads to the
contact and separation of the diaphragm and substrate copper layer.
Contact electrification generates charges on both diaphragm and sub
strate surfaces (Fig. 1b1). PTFE, owing to a greater electronegativity, will
gain electrons from copper whereby it becomes negatively charged,
while the substrate copper layer becomes positively charged. Due to the
acoustic pressure difference, the diaphragm and substrate will be sepa
rated and a potential difference between the two electrodes is estab
lished which is the driving force to generate current flowing through the
external circuit. As a result, free electrons are driven from the upper
electrode to the substrate copper electrode to maintain balance in the
local electric field. The redistribution of charge also makes the substrate
copper electrode more positively charged than the upper copper layer on
PTFE. This flow of electrons will continue until the separation between
the two films reaches a maximum (Fig. 1b2). The next excitation makes
the diaphragm move towards the substrate resulting in a reversed cur
rent flow from the substrate electrode to the upper electrode (Fig. 1b3).
Finally, the surfaces of PTFE and the copper substrate come into contact
again, with the electrical charge distribution returning to its initial state,
completing a full cycle of electricity generation (Fig. 1b4). With
continuous incident acoustic wave energy, contact, and separation
occurring alternately, another cycle of electricity generation begins.

2.3. Simulation of multiple physical fields
The whole simulation process is shown in Fig. 1d, which depicts the
acoustic pressure field, structural mechanics field, electrostatic field,
and circuits in COMSOL. Besides, the acoustic structural mechanics
coupling describes the deformation caused by the acoustic vibration,
and a moving grid is added for tracking the changes in the physical field.
Both frequency domain and transient characteristics are calculated, the
former is suited for all frequency-domain simulations with harmonic
variations of the pressure field while the latter can be applied to timedependent simulations with arbitrary time-dependent fields and sour
ces. The structural mechanics part is determined by solving mechanical
equations of motion whereby displacements, stresses, and strains are
found. Electrostatics is used to compute the electric field, electric
displacement field, and potential distributions in dielectrics under
conditions where the electric charge distribution is explicitly prescribed.
Circuit diagrams allow to model currents and voltages including con
tributions from voltage and current sources, resistors, capacitors, and
inductors. Acoustic waves emitted by the sound source lead to vibration
and deformation of the diaphragm. The deformation of the diaphragm
under the action of sound pressure and Coulomb force will not only
radiate sound waves and influence the distribution of acoustic waves in
return but also cause a redistribution of surface charges and generate
current in the external circuit load. The combined effects of sound
source excitation, sound field distribution, diaphragm deformation,
electric field, and external circuit load will affect the output of the
transducer.

A simple schematic illustration of the TENG acoustic transducer is
shown in Fig. 1c1. The diaphragm serves as the mass suspended on a
spring. The loss of a mechanical system is defined as a resistance. When
the incident acoustic wavelength is much larger than the geometrical
dimensions of the transducer, the internal structure of the TENG
acoustic transducer can be seen as a Helmholtz resonant cavity. The
equivalent impedance of the diaphragm and cavity structure are Zad and
Za respectively, defined by Refs. [39,40]:

Za = Ra + jωMa +

1
jωCad

1
jωCa

(4)

Here, UD means the volume velocity of the diaphragm, and Ua is the
volume velocity through the acoustic resistance. p1 , p2 represent the
sound pressure entering from the front and back of the transducer,
respectively. The net pressure difference can be expressed as (a detailed
derivation is given in Note S10):
(
[
)]
Zad Ra p1 + j ωMa p1 − pω1 −Cpa 2
)ejωt
(
pD = UD Zad =
(5)
ad
Zad Ra + MCaa − j Raω+Z
− ωZad Ma
Ca

2.2. Electro-mechano-acoustical circuits analogy

Zad = Rad + jωMad +

(
)
UD
1
+ Ua Ra + jωMa +
= − p2 ejωt
jωCa
jωCa

2.4. Diaphragm vibration behavior analysis
The most important component of the TENG acoustic transducer, the
diaphragm, vibrates as a function of the amplitude and frequency of the
incoming acoustic field. As a thin circular diaphragm with a fixed edge
(Fig. 2a), its vibration mode satisfies the Helmholtz equation as well as
the boundary condition [40]:
)
(
1 ∂
∂
1 ∂2
1 ∂2 η
(6)
r η + 2 2 η − 2 2 = 0, η(r=a) = 0
∂r
r ∂r
r ∂θ
c ∂t

(1)
(2)

where Rad , Mad and Cad represent equivalent acoustic resistance, mass,
and compliance, respectively. Ra , Ma and Ca describe the acoustic
resistance, mass, and compliance caused by holes and cavities.
As shown in Fig. 1c2, the Helmholtz resonator can also be modeled as
a mass-spring-damper system. The air in the holes vibrates as a mass and
the air inside the cavity acts as a spring. Besides, considering the
transmission losses due to the friction, a damper must be added to the
mechanical analogy system (a more specific explanation can be found in

where η is the displacement of the diaphragm, r and a are the polar
radius and diaphragm radius respectively, θ represents the polar angle,
and c denotes the wave velocity.
In the case of circular symmetry, the displacement of diaphragm
vibration η is independent of polar angle θ, ∂∂ηθ = 0 (characterization of
performance all base on this circular symmetry case). The solution to Eq.
(6) can be expressed as [40]:
3
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Fig. 2. Vibration modes of the diaphragm as well as its deformation and potential change in one cycle (a) First four order vibration modes of PTFE and Cu diaphragm
with fixed boundary: 92.6 Hz, 196.6 Hz, 331.5 Hz, and 368.1 Hz, corresponding to f10 (nodal circle number n = 1 and nodal diameter number m = 0), f11 , f12 and
f20 ). (b) An internal acoustic field of TENG under the pressure of 1 Pa applied to the diaphragm. (c) Deformation of the diaphragm in one cycle under the pressure of
1 Pa. (d) Potential change of diaphragm due to deformation under the pressure of 1 Pa.

ηn (t, r) = [An J0 (kn r) + Bn N0 (kn r)]ejωt

(7)

ηn (t, r) = An J0

where J0 (x) and N0 (x) are the zero-order Bessel function and zero-order
Neumann functions, respectively. kn is the wavenumber. An and Bn are
coefficients determined by the boundary conditions. Notice that the
zero-order Neumann function diverges when its argument is zero, i.e.,
lim N0 (x) = ∞, which is inconsistent with the diaphragm vibration.

(μ )
n
r ejωt
a

For asymmetric cases, the solution becomes [40]:
(μ )
ηnm (t, r, θ) = Anm Jm nm r cos(mθ − φm )ejωt
a

(9)

(10)

Jm (x), instead of J0 (x), represents the m-order Bessel function and θ is
the polar angle. μn is replaced by μmn to satisfy the boundary condition
Jm (kmn a) = 0. The first four eigenmodes are shown in Fig. 2b1 to Fig. 2b4.
m is the nodal diameter number. m = 0 represents symmetric vibrations
(Fig. 2b1, Fig. 2b4) and m > 0 corresponds to asymmetric vibrations
(Fig. 2b2, Fig. 2b3). n is the nodal circle number and corresponds to the
number of nodes in the radial direction. If an external pressure is applied
to the diaphragm (Fig. 2c), the diaphragm forced vibration becomes
[40]:

x→0

Thus, Bn = 0. By taking the boundary condition in Eq. (6) into account,
J0 (kn a) = 0 is obtained. Note that solutions to the zero-order Bessel
function are μn , which can also be expressed as kn a = μn . Eigen
frequencies for this diaphragm [40]:
√̅̅̅̅
c
μ
T
(8)
f n = μn
= n
2π a 2π a σ
T and σ represent the stretching force and the surface mass density
respectively. Eq. (7) can be expressed as [40]:
4
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and the relative permittivity of the dielectric (PTFE), respectively. S is
the contact separation area, and σ represents the surface charge density.
Since the vibration displacement of the diaphragm is related to its po
sition, the contact separation distance x can be written as:

(11)

where pin is the boundary load applied to the diaphragm. A detailed
derivation can be found in Note S3. Under external load excitations, the
deformation and voltage in one cycle are displayed in Fig. 2d and e,
respectively.

x(t, r, θ) = h + η(t, r, θ)

(13)

h is the initial distance between the electrode and the dielectric, η is the
vibration displacement of the diaphragm, which is marked in Fig. 3b.
The vibration displacement η is highly dependent on the frequency,
which is illustrated in Fig. 2b. Fig. 3c shows the diaphragm’s deforma
tion by choosing six examples of typical frequency excitations. It is
important to determine how the diaphragm vibrates under the influence
of electrostatic forces. Fig. S4 compares the displacement of the dia
phragm under the action of electrostatic forces with the maximum
displacement of the diaphragm due to a pressure load. Since the former
is significantly smaller than the latter, it is reasonable to discard the
effects of electrostatic forces on the diaphragm displacement. We also
notice that TENG acoustic transducer performs better at low frequencies
compared to high frequencies which can be explained by Eq. (11). Ac
cording to Eq. (11), The displacement of the diaphragm is inversely
proportional to the quadratic power of the wave number k (the wave

2.5. Fundamental performance of TENG acoustic transducer
As shown in Fig. 3a, the characterization of the TENG acoustic
transducer output performance is based on a symmetric excitation. By
imposing an external pressure load at different frequencies, electric and
mechanic properties will change accordingly.
For the conductor-dielectric contact-mode TENG, the output voltage
can be expressed as [41]:
)
(
Q d
σ x(t, r, θ)
V= −
+ x(t, r, θ) +
(12)
Sε0 εr
ε0
A more detailed derivation is given in Note S4. In Eq. (12), V is the
potential difference between the two electrodes, and Q is defined as the
amount of charge transferred. ε0 , εr represent the vacuum permittivity

number k and frequency f can be converted by equation k = 2cπf ), which
means that for forced vibrations, the higher the frequency, the smaller

Fig. 3. Diaphragm deformation and electrical output under pressure load. (a) TENG initial potential under a pressure load of 1 Pa. (b) Theoretical model diagram of
TENG acoustic transducer (conductor-to-dielectric contact-mode TENG). (c) Diaphragm deformation at 50, 100, 200, 350, 500, and 1000 Hz. (d) Average defor
mation of the diaphragm within 20–5000 Hz (First three peaks appeal at 78 Hz, 340 Hz, and 780 Hz). (e) Dependence of output voltage and output current on
external matching resistance. (f) Dependence of output power on external matching resistance. (g) Dependence of open-circuit voltage on sound pressure and a linear
approximation between voltage V and sound pressure pin . (h) Open-circuit voltage output for different surface charge densities at the resonant frequency. (i)
Comparison of simulated and calculated open-circuit voltage of TENG acoustic transducer within 20–1000 Hz. At 78 Hz, the simulated open-circuit voltage is 185.32
V while the calculated open-circuit voltage is 210.52 V.
5
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the displacement of the diaphragm and Fig. 3d verifies this. To obtain a
stable response in a wider frequency band, a possible way is to change
the size of the TENG. Fig. S5 discusses the effect of different sizes and
thicknesses of the diaphragm on the bandwidth. As the diaphragm’s
diameter and thickness increase, the bandwidth increases but the
sensitivity decreases. Because of the diverse distribution of the di
aphragm’s vibration, an average deformation η is proposed to describe
the amplitude of vibration. x = h + η and Eq. (12) can be written as:
)
(
Q d
σx(t)
+ x(t) +
(14)
V(t) = −
Sε0 εr
ε0

the ideal situation. Acoustic waves emitted by the sound source can be
divided into three types: plane waves, cylindrical waves, and spherical
waves [40]. In the one-dimensional sound field or tubular sound field,
sound waves usually propagate as plane waves while in
three-dimensional space, the point sound source induces spherical
waves. Fig. 4a shows the acoustic field distribution for an incident plane
wave with a pressure of 1 Pa and 100 Hz, and Fig. 4c shows the dia
phragm displacement and the distribution of the electric field. Similarly,
Fig. 4b shows the spatial distribution of the sound field generated by the
vibration of the point sound source with 108 W/m3 source intensity at
100 Hz, and Fig. 4d shows the vibration velocity of the point source and
the spatial electric field distribution. Comparing the frequency responses
of plane wave and spherical wave sound fields, it is noticeable that the
TENG acoustic transducer has a better response at lower frequencies for
a plane wave acoustic field, while the response for a spherical wave
acoustic field is better at high frequencies (Fig. 4e). The main reason is
the form of the sound source excitation. More specifically, the plane
wave excitation uses the background sound field, and the sound pressure
does not change with the change of frequency corresponding to the
sound field environment under ideal conditions. For the spherical wave
excited by a point sound source, the sound field excited under constant
power increases with the increase of frequency. (a detailed derivation
and explanation can be found in Note S8). Besides, independent of the
acoustic field environment, the transducer reaches the maximum output
near its resonance frequency (the first three resonance frequencies
appear at 78 Hz, 340 Hz, and 780 Hz respectively, consistent with
pressure load excitation).
Another factor that requires attentions the sound field environment.
For typical experimental conditions, the acoustic performance is
measured in an anechoic chamber which is used to minimize the internal
sound reflection and external noise. For realistic environments, the
reverberation chamber is a better choice to describe the rigid-wall space
formed by the wall, floor, and ceiling. A reverberation chamber is
designed to describe a diffuse or random incident acoustic field (or a
chamber with uniform sound energy distribution and random sound
incident direction in a short time). Different from the anechoic chamber,
the change in impedance these hard exposed surfaces present to the
incident sound is so large that virtually all of the acoustic energy that
hits a surface is reflected into the room. In this simulation, we use a hard
acoustic field boundary to simulate the reverberation chamber (Fig. S8)
and the perfect matching layer, which absorbs the acoustic waves, to
simulate the experimental environment of the anechoic chamber
(Fig. 4a and b). In the simulated sound field, the sound pressure p can be
regarded as two parts - the direct sound pD and the reverberation sound
pR . The direct sound and the reverberation sound are incoherent, so the
superposition in space is the addition of energy density, which is given
by Ref. [38]:

The diaphragm will have bigger deformation around its eigenfre
quency in agreement with the first three peaks in Fig. 3c (78 Hz, 340 Hz,
and 780 Hz) which are smaller compared to the eigenfrequencies
calculated in Fig. 2b. A possible reason is a self-radiation impedance
(Note S3). Mass resistance further decreases the resonance frequency. By
giving a simple harmonic excitation, the open-circuit voltage behaves
like a sinusoidal wave. The output voltage for different resistors can be
found in Fig. S6. The resistor, utilized as external loads, also has a sig
nificant influence on the output. The TENG acoustic transducer can be
regarded as a voltage source with variable resistance. The higher the
external resistance is, the higher is the voltage and the current decreases.
When the external resistance approaches the internal resistance of the
TENG, the peak output power is obtained corresponding to the optimum
resistance [28]. As displayed in Fig. 3e, the voltage on the resistor in
creases with increasing load resistance, while the current shows a
reverse trend. As a result, the peak output power reaches its maximum
value (5.03 × 10− 6 W) at an optimum resistance of 70 MΩ (Fig. 3f),
corresponding to the optimum voltage of 18.78 V and optimum current
of 2.68 × 10− 7 A. Considering the model’s size, the TENG acoustic
transducer is capable of delivering a power density of 152 mW/m2 and
843 W/m3 under a sound pressure of 1 Pa, which is consistent with the
TENG output made in Ref. 30. In addition to frequency, the average
separation distance x is closely related to sound pressure. Keeping 78 Hz
as input excitation frequency, change sound pressure and we can obtain
a linear approximation relation between output voltage V and input
pressure pin : V = 185.32 pin , which means a sound pressure of 1 Pa can
produce a voltage output of 185.32 V (Fig. 3g). When the resistance R is
very large, the circuit can be approximately considered to be in an
open-circuit state, where the transferred charge Q is approximately zero,
and the potential V can be written as:
V(t) =

σ x(t) σ h σ
=
+ η(t)
ε0
ε0 ε0

In Eq. (15), the first term

(15)
σh
ε0

, denoted as Vinitial , does not vary with

contact separation distance in vibration. The second term is the opencircuit voltage during stable vibration, denoted as Voc :
Voc (t) =

σ
η(t)
ε0

p2 = pD 2 + pR 2

(16)

which can be written as [40]:
√̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
)̅
1
4
p = 2S0 V0 ρ0 c0
+
4π r 2 R

According to Eq. (16), besides the average deformation η, the surface
charge density σ is another important factor affecting Voc . Fig. 3h shows
the open-circuit voltage at the characteristic frequency, which is linearly
and positively related to the surface charge density, consistent with Eq.
(16). In addition, we also confirmed the correctness of this model by
comparing the calculation and simulation results of Eq. (16). At the
resonant frequency of 78 Hz, the simulated open-circuit voltage is
185.32 V while the calculated open-circuit voltage is 210.52 V.

(17)

(18)

where, S0 , V0 describe the power density and volume of the radiation
sphere source. ρ0 , c0 represent the density and sound speed of air. r is the
distance to the sound source and R is room constant, which is related to
surface area S and sound absorption coefficient α by R = 1−Sαα (a detailed
derivation and explanation are given in Note S9). According to Eq. (18),
an acoustic matching layer means large absorption coefficient α and
room constant R, which will significantly reduce the reverberation
sound pR . Reverberation sound is evenly distributed in space and
therefore weakens the response of the direct sound. However, using an
acoustic matching layer, the reverberation sound is absorbed, and the
diaphragm is mainly affected by the direct sound. As a result, using an

2.6. Influence of acoustic field and working environment
The simulations above are finished in an ideal air domain using
pressure load as the excitation input. In practical situations, due to a
series of factors such as imperfect sound source, acoustic wave propa
gation, and impedance matching, the performance is often worse than
6
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Fig. 4. Performance of TENG acoustic transducer in the acoustic field (a) Acoustic field distribution in space under the excitation of the plane sound wave of 1 Pa
(with a matching layer outside to absorb sound wave and simulate the environment of the total anechoic chamber). (b) Acoustic field distribution in space excited by
108 W/m3 point source (with a matching layer outside to absorb sound wave). (c) Diaphragm vibration and potential distribution of TENG acoustic transducer. (d)
Vibration velocity and spatial potential distribution of the point source acoustic field distribution excited by 108 W/m3 point source (with a matching layer outside to
absorb sound wave). (e) Open circuit voltage within 20–2000 Hz under the plane acoustic wave and spherical wave excitation. (f) Effect of matching layer on output
open circuit voltage excited by a plane wave.

acoustic matching layer, the response of the diaphragm to vibration is
more sensitive. Returning to the simulation results: For the plane wave
acoustic field, a significant increase is found in the low-frequency band
(about 17 dB) in the anechoic chamber environment compared to the
reverberation environment, but no significant increase in the highfrequency band is obtained (Fig. 4f). In addition, there is no obvious
difference between the spherical wave acoustic field when comparing
anechoic and reverberation chambers (Fig. S9).

pressure-gradient type (Fig. 5a3) (see Note S10 for the working principle
of the three different types microphones). A TENG acoustic transducer
with holes on the back can be regarded as the last type. On the one hand,
the opening holes can change the air circulation to improve the sensi
tivity of the transducer. On the other hand, it will also reduce the
effective contact area which results in reduction of the surface charge
and the output of the transducer. Eq. (5) can be transformed to get:
[
)]
(
Zad Ra p1 ω + j ω2 Ma p1 − p1C− ap2
(
)
)ejωt
pD = (
(19)
Zad Ra + MCaa ω − j Ra C+Za ad − ω2 Zad Ma

2.7. Opening holes on TENG acoustic transducer

Here, the acoustic mass Ma =

The opening holes are helpful to improve the performance of the
TENG acoustic transducers. According to the different working princi
ples, acoustic transducers can be divided into pressure type (Fig. 5a1),
pressure-gradient type (Fig. 5a2) and a combination of pressure and

ρ0 l0
S0

, describes the equivalent mass of

the air column vibration within the opening holes. Ca =

V0
,
γP0

represents

the elastic effect of the cavity in the vibration. Ra is the resistance of the

7

Z. Zhang et al.

Materials Today Physics 27 (2022) 100784

Fig. 5. Effect of opening holes on TENG acoustic transducer (a) Schematic diagram of pressure acoustic transducer (a1), pressure-gradient acoustic transducer (a2),
and a combination of pressure and pressure-gradient acoustic transducer (a3). (b) TENG acoustic transducer in acoustic field excited by a point source. (c) Structure
diagram of TENG acoustic transducer. (d) Effect of opening shape (circular, square and triangular holes) on open-circuit voltage. (e, f) Effect of opening shape and
position (r = 0.125 L, l = 0.35 L, 0.55 L and 0.75 L, L represents the radius of TENG device.) on open-circuit voltage within 20–1000 Hz. (g) Effect of opening size (l =
0.6 L, r = 0.05 L, 0.10 L, 0.15 L, 0.20 L and 0.25 L) on open-circuit voltage of first three peaks.

sound flow through the holes. ρ0 , l0 , S0 mean air density, hole depth, and
opening area, respectively. V0 , P0 , γ represent the cavity volume, at
mospheric pressure, and specific heat ratio, respectively. At low fre

the same opening area and position, the circular openings has the
greatest improvement on the output, especially in the low-frequency
band (Fig. 5e). At the resonant frequency of 78 Hz, the output of cir
cular apertures is improved by about 5 times and 4 times compared to
square and triangular apertures, respectively. Compared to square and
triangular openings, the acoustic resistance is minimal under the cir
cular openings, so the sound flow can pass through the hole easily,
especially in the low-frequency band. The position of the openings also
greatly affects the passage of sound flow. Since the periphery of the
diaphragm is fixed, the area with large displacement is often concen
trated in the center of the diaphragm, especially for axisymmetric vi
bration modes. Therefore, the openings near the center of the diaphragm
can result in effective output improvement. Under the condition of cir
cular openings and unchanged opening size, the closer the opening
position is to the center, the greater output will be obtained, which
confirms the theoretical analysis (Fig. 5f). In the frequency range
20–1000 Hz, the output of the nearest opening position (l = 0.35 L) is
increased by an average of 3 times compared with a higher opening
position (l = 0.75 L). The first three peaks, also consistent with calcu
lations before, appear at 78 Hz, 340 Hz, and 780 Hz. The effect of
opening size is the most intuitive. In the lower frequency range, the
higher-order term of ω can be ignored, so Eq. (19) can be transformed

1 − p2 )
quencies, the net pressure difference is pD ≈ ZadR(p
. Reducing the
a +Zad

acoustic resistance Ra can effectively improve the pressure on the
membrane and improve its output. While at high frequencies, pD ≈
Zad p1
= p1 , acoustic resistance has little effect on pD . The TENG acoustic
Zad
transducer is placed in the acoustic field generated by the spherical
source excitation (Fig. 5b), and a matching layer is used to absorb the
diffused acoustic waves to simulate the anechoic chamber environment.
The transducer structure is shown in Fig. 5c (inverted) with r as the
opening radius and L as the distance between the hole center and the
transducer. The narrow space of the opening will change the acoustic
structure and affect the calculation of the acoustic field. Note S11 dis
cusses this case, demonstrating that pressure acoustic modeling is still a
viable approach. Compared with the TENG acoustic transducer without
apertures, in the case of l = 0.60 L and r = 0.05 L, the output of a TENG
with circular holes in the frequency band of 20–1000 Hz is improved by
an average of 5.31 times (Fig. S15). Before exploring the influence of
opening size and position, we first studied the influence of opening
shape on output, because the ability of the sound flow to pass through
the holes is closely related to the holes’ shape. As shown in Fig. 5d, under
8
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into:
[
)]
(
Zad Ra p1 ω − j p1C− ap2
)
)ejωt
(
pD = (
Zad Ra + MCaa ω − j Ra C+Za ad

Data and materials availability
All data needed to evaluate the conclusions in the paper are present
in the paper and/or the Supplementary Materials. Additional data
related to this paper may be requested from the authors.

(20)

From Eq. (20), it follows that reducing acoustic mass Ma increases pD .
Larger opening holes (SD = πr2 ) mean smaller acoustic mass Ma and
increased sound pressure difference pD , but reducing the surface charge
density of the contact. The influence of the opening size on the output is
shown in Fig. 5g (a detailed frequency response can be found in
Fig. S16). For circular openings and an opening distance of 0.6L, the
increase of the opening size in the low-frequency effectively improves
the output but it has little effect on the output in the high-frequency
band. In addition, the induced charge decreases due to the increase of
the opening size which also leads to the reduction of output. Fig. S17
further demonstrates that the open-circuit voltage will ultimately drop if
the openings’ size continue to incease. As a result, the positive effect of
the openings on the sound flow at low frequencies is larger than the
negative effect brought by the reduction of the induced charge, while at
high frequencies, the effect of the openings is weakened, and the
negative effect of the reduction of the charge seems to be prominent. In
the whole frequency range of 20–1000 Hz, the average output when r =
0.25 L is 3.7 times that when r = 0.05 L. In Fig. S18, the number of
openings as a factor that affects the output is also investigated. The
number of openings’ impact the output, however, the effect is not sig
nificant when the opening ratio and the opening location remain con
stant. In summary, circular openings, a closer position, and a larger
opening size can effectively improve the output of the TENG acoustic
transducer at low frequencies, while the influence of induced charge
should be considered at high frequencies.
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Appendix A. Method
The FEM simulation in multiple physical fields is carried out using
the COMSOL software. The characteristic frequency analysis in struc
tural mechanics is used to calculate the vibration mode of the boundary
fixed diaphragm. Acoustic pressure fields (in frequency domain) lead to
the generation and propagation of sound waves (using linear sound
source to generate the plane wave, and point sound source to generate
spherical wave). The electrostatic field is proposed to describe the
change of potential caused by the diaphragm vibration while the circuit
connects the two electrodes of the device. The acoustic field and struc
tural mechanics are coupled by acoustic-structure interaction, and the
displacement and deformation of the model are optimized by moving
grids. For each model, the response in the frequency domain and time
domain are calculated to investigate how frequency, sound pressure,
external load, openings, and other field quantities affect electric output.
Details and the parameters utilized in computations can be found in the
Supplementary Materials.

3. Conclusion
Coupling the acoustic, structural mechanics, and electrostatic fields,
a theoretical model of a TENG for acoustic energy conversion is pro
posed, which provides optimal strategies for improving the output
performance of the TENG acoustic transducer. Through finite element
method simulations, we discuss the acoustic, mechanical, and electrical
factors affecting the performance of the TENG acoustic transducer. It is
demonstrated that the transducer output is linearly and positively
correlated with the diaphragm displacement, and reaches maximum
output near the diaphragm resonance frequency. Besides, the sound
field also plays an important role in the testing of TENG. Under rever
beration room conditions, the output of the TENG acoustic transducer is
significantly reduced, by 17 dB, for plane wave excitation. On this basis,
openings, as an effective method to improve the average membrane
displacement of the diaphragm, are put forward and analyzed to
improve the electrical output of the TENG acoustic transducer. Larger
opening sizes and closer opening positions to the center of the TENG are
of great help to improve the output. The present theoretical framework
establishes a self-contained theory of TENGs and electroacoustic energy
conversion through multiple physical field couplings and provides a new
perspective for TENG theoretical research in the direction of thermo
electric conversion, electromechanical conversion, and so on.

Appendix B. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.mtphys.2022.100784.
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