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Abstract Airborne electromagnetic pulse acoustic sources face a severe impedance mismatch, causing low energy trans
mission efficiency. This work proposes a pentamode matching layer design using multiphysics coupling. We develop a finite 
element model integrating circuit, electromagnetic, structural, and acoustic fields, and employ a genetic algorithm to 
optimize matching layer parameters. Results demonstrate that the optimized pentamode layer significantly increases peak 
sound pressure and reconfigures resonance frequencies with new band peaks. Analysis reveals an inertial-cavity coupling 
effect between layer and plate that enhances both high- and low-frequency radiation, improving radiation intensity, spatial 
directivity, and electromagnetic-acoustic conversion efficiency. This study provides a new theoretical basis and structural 
design approach for efficient radiation of electromagnetic pulse acoustic sources in air, and it has important scientific 
significance and engineering application prospects. 
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1 Introduction 

The electromagnetic pulse acoustic source (boomer) was 
first proposed by Edgerton [1]. Owing to its characteristics of 
high power, short pulse, and broad frequency band, it has 
significant application value in marine and seismic explora
tion [1-5] as well as geological surveying [6], and has seen con
tinuous development. 

Early researchers greatly enhanced its performance 
through work on finite element modeling [7] and the develop
ment of high-energy sound sources [8-15], which propelled its 
use in marine seismic exploration. For example, Feng et al. [16] 

explored the complementarity of parametric array profiling 
and spark source profiling for shallow sub-bottom surveys, 
providing a new method for integrated marine geological in
vestigation. Xie et al. [17] used simulations and experiments to 
investigate the potential application of a deep-sea pulse sound 

source based on high-power electromagnetic pulse principles 
for deep-sea exploration. Vesnaver and Baradello [18] pro
posed a workflow for processing single-channel chirp and 
boomer survey data, which can effectively process and 
analyze seismic data and provides a new method for high- 
resolution imaging of seabed strata. Gao et al. [19] focused on 
electromagnetic pulse sound sources generated by high- 
voltage discharges in fluids, experimentally and numerically 
comparing the discharge characteristics of various electrode 
configurations, thereby providing experimental evidence and 
design foundations for optimizing source performance. 
Building on this, Du et al. [20] verified the feasibility of 
achieving a high sound pressure level output with a low- 
power electromagnetic pulse source, offering an important 
technological pathway for developing efficient electro
magnetic pulse sources. Jiang et al. [21] proposed a deep-sea 
broadband electromagnetic pulse source technology based 
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on pressure-compensation balancing, which offers gui
dance for operating electromagnetic pulse sources in high- 
pressure deep-sea environments. Furthermore, Velikhov and 
Panchenko [22] expanded the engineering development of 
high-power electromagnetic pulse technology, providing 
key support for deep-sea electromagnetic pulse source research 
and development; they systematically demonstrated the feasi
bility of using a self-contained magnetohydrodynamic device 
to generate high-power electromagnetic pulses, marking an 
important step in advancing electromagnetic pulse source 
technology from principle to engineering implementation. 

The boomer’s attributes of high sound pressure, high 
power, and short pulse also give it potential for use in air, 
such as for bird dispersal or bio-interference. However, al
though this source technology is relatively mature in un
derwater environments, expanding its use into the air faces 
significant engineering obstacles and acoustic challenges. 
The biggest problem is the huge acoustic impedance differ
ence between the vibrating emitting plate and air, which 
causes most acoustic energy to be reflected when coupling 
from solid to air. The conversion efficiency from electro
magnetic to acoustic energy is extremely low, severely lim
iting the source’s output performance. At present, research 
on the impedance matching problem for electromagnetic 
pulse sources radiating in air is very limited, and effective 
improvement approaches are lacking. Impedance matching 
layer technology is an important means to solve this pro
blem. By adding a specially designed impedance matching 
medium between the plate and air, the impedance transition 
can be smoothed, and energy reflection can be reduced [23-25]. 
Considering that a matching layer might also face solid-solid 
and solid-air coupling issues (for instance, shear-mode re
sonance in the layer could negatively affect its performance), 
we consider using a pentamode artificial material structure as 
the matching medium to mitigate the impact of shear wave 
resonances. In a pentamode material, of the six eigenvalues of 
the elastic stiffness tensor, only one is non-zero (correspond
ing to a pure compression mode) while the other five eigen
modes have nearly zero shear stiffness. Thus, mechanically, 
this material behaves like a fluid but with a designed structural 
form [26-29]. This characteristic gives pentamode materials su
perior capabilities in manipulating sound waves, and con
siderable progress has been made in recent years [30-41]. By 
introducing a pentamode material as the matching layer, 
compressional waves can be transmitted effectively while the 
influence of shear waves is suppressed, thereby maximizing 
the radiation efficiency of the plate’s vibration into airborne 
sound.  

In this work, a multiphysics finite element model of the 
electromagnetic pulse acoustic source was constructed, 
taking into account the coupled effects of the discharge 
circuit, electromagnetic force, plate elastic vibration, and 
sound field propagation, to simulate the source’s transient 

radiation behavior in air. On this basis, initial matching 
layer parameters were determined according to the classic 
quarter wavelength theory, and a genetic algorithm (GA) 
was further employed to optimize the pentamode material 
microstructure’s key parameter combination to maximize 
the sound pressure output. Simulation results show that the 
designed impedance matching layer significantly improves 
the acoustic radiation ability of the electromagnetic pulse 
source: compared to the no-layer case, the peak sound 
pressure of the source with the optimized matching layer is 
greatly increased, the sound field wavefront becomes more 
continuous and regular, and axial energy concentration is 
clearly improved. The proposed matching layer design 
method provides a useful reference for addressing the energy 
coupling efficiency problem of electromagnetic acoustic 
sources in air, and it can also offer insights for structural 
optimization of other types of pulse sound sources. 

2 Finite element simulation of the electromag
netic pulse sound source  

The electromagnetic pulse acoustic source mainly 
consists of a capacitor, a switch, a disk-shaped (pancake) 
coil, and a metal emitting plate. Its basic working principle is 
shown in Fig. 1. When the capacitor discharges, the current 
passing through the pancake coil produces an instantaneous 
pulsed magnetic field; by electromagnetic induction, an eddy 
current is excited in the metal plate located above the coil. 
This eddy current, under the magnetic field, experiences a 
Lorentz force forming a strong axial repulsive electro
magnetic force, which drives the metal plate into elastic vi
bration and radiates a pulsed sound wave outward through 
coupling with the surrounding medium. 

To accurately analyze the operating mechanism of the 
electromagnetic pulse source, a finite element model en
compassing multiple coupled physical domains (i.e., circuit, 
magnetic field, solid mechanics, and pressure acoustics) was 
established using COMSOL Multiphysics. Considering that 
both the emitting plate and the pancake coil are axially 

Fig. 1 Conceptual diagram of airborne electromagnetic 
pulse sound source.  
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symmetric structures, the model is built in a two-dimensional 
(2D) axisymmetric configuration, with geometric dimen
sions of 170 mm × 1050 mm, as shown in Fig. 2. Except for 
the boundary along the symmetry axis, the other three 
boundaries are set as plane wave radiation boundary condi
tions to simulate an open air domain. In terms of layout, the 
pancake coil is positioned below the metal emitting plate 
with a gap of 1 mm. The coil has a total of 27 turns composed 
of a set of tightly packed rectangular wires (each wire has a 
rectangular cross-section); the coil’s inner radius is 32.5 mm, 
and its outer radius is 147.5 mm. The metal-emitting plate is 
a circular aluminum plate with a radius of 150 mm and a 
thickness of 1.8 mm; its edge is connected to the outside via 
an annular rubber ring of 1-mm thickness and 160-mm outer 
radius. The outermost side of the rubber ring is fixed 
(clamped) to simulate the structural support boundary con
ditions in the actual assembly. 

In the multiphysics coupling setup, the metal emitting 
plate is modeled using the solid mechanics and magnetic 
field modules to simulate its elastic response under electro
magnetic forces (with material properties of aluminum al
loy). The surrounding air domain is modeled with the 
pressure acoustics module to solve for sound wave propa
gation and radiation. The coil is modeled with the magnetic 
field module to simulate the transient magnetic field and 
induction effects under the discharge current. To realistically 
reproduce the electromagnetic pulse source’s drive process, 
an electrical circuit module is also incorporated to couple the 
coil with external circuit components (capacitor, resistor, etc.). 
In the circuit, the discharge capacitance is set to C 0, the initial 
charging voltage to U 0, and the loop resistance to R 0. The 
capacitor’s discharge drives the coil to generate a strong 
pulsed current, which in turn induces eddy currents and 
electromagnetic force in the plate via electromagnetic in
duction, thus realizing coupled energy transfer among the 
electrical, magnetic, structural, and acoustic fields. 

2.1 Discharge circuit analysis 

Assuming a discharge capacitance C 0 and circuit re

sistance R 0, and considering that the coil has its own in
ductance and a mutual inductance exists between the coil and 
the metal plate, the circuit equation during discharge can be 
written as [42]  
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where I  c represents the coil current, Iw is the equivalent eddy 
current induced in the metal plate, Rc is the coil’s resistance, Lc
is the coil’s equivalent inductance, M is the mutual inductance 
between the coil and the plate, Rw and Lw are the equivalent 
resistance and self-inductance of the plate, respectively, and Uc
is the instantaneous capacitor voltage. During the discharge 
process, the equivalent inductance of the coupled system and 
the total effective resistance jointly determine the rate of 
change of the current and the system’s energy dissipation. The 
mutual inductance term reflects the electromagnetic coupling 
strength between the plate and coil, and its magnitude directly 
affects the amplitude of the induced eddy current. Thus, given 
the coil’s structure and the plate’s geometry, factors such as the 
capacitor’s initial voltage U0, the capacitance C0, and the cir
cuit resistance R0 will directly influence the coil current’s 
amplitude and waveform characteristics, thereby modulating 
the system’s electromagnetic excitation strength and sub
sequent structural response. 

Figure 3 shows the current evolution curves generated 
by the model under different capacitances and initial voltage 
conditions. The current pulse acts as the initial driving signal, 
and its characteristics directly affect the evolution of sub
sequent parameters. When the capacitor discharges, the 
current rapidly surges to a peak and then gradually decays. 
At the same voltage, as the capacitance increases, the current 
pulse width increases significantly. This is because the ca
pacitance value determines the amount of charge stored in 
the capacitor, i.e., the larger the capacitance, the longer the 
discharge duration. For example, at 600 V, increasing the 
capacitance from 40 μF to 80 μF extends the current pulse 
duration from 0.38 ms to 0.57 ms. Additionally, when the 
capacitance is fixed, raising the initial voltage markedly in
creases the peak current. According to Ohm’s law, given a 
roughly constant circuit resistance, the current peak is pro
portional to the voltage. For instance, for a given capacitance 
(C = 80 µF0 ), increasing the voltage from 600 V to 1000 V 
raises the current peak from 1.05 kA to 1.75 kA, with a faster 
rise and more rapid decay of the pulse. This shows that the 
charging voltage has a significant impact on the current’s 
magnitude and dynamic characteristics. 

When the discharge current flows through the pancake 

Fig. 2 2D axisymmetric model of an airborne acoustic 
electromagnetic pulse source.  
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coil, the coil generates a pulsed magnetic field. According to 
Maxwell’s equations, the governing relationships among the 
magnetic field intensity, current density, and magnetic flux 
density can be written as  

J× = , (4)

tE B× = , (5)

B× = 0, (6)

sJ I= , (7)c
c

J E= , (8)e

where H is the magnetic field intensity, J is the current 
density of the metal plate, B is the magnetic flux density, Jc is 
the current density of the coil, and E is the electric field 
intensity; s is the cross-sectional area of the coil conductor, 
and e is its electrical conductivity. Ñ denotes the vector 
differential operator (nabla operator). In Eqs. (4) and (5), it 
represents the curl operator, while in Eq. (6), it represents the 
divergence operator. 

Based on the above electromagnetic equations, one can 
derive the induced electric field intensity:  

tE A v B= + ( × ). (9)

According to Ohm’s law, the current density can be 
further obtained as  

tJ A v A= + × ( × ), (10)e e e

where is the scalar potential, A is the magnetic vector 
potential, and v is the velocity of the medium. For the metal 
plate and air domains, the scalar potential term is neglected. 

Combining the expression for current density with 
Ampère’s circuital law, one can solve for the eddy current 
density Je and the electromagnetic force density f m acting on 
the plate [42]:  

tJ A v B= + × , (11)e e e

f J B= × . (12)m e

From the above analysis, it is evident that the coil current 

generates a magnetic field whose strength is proportional to 
the current. The magnetic field, in turn, induces eddy cur
rents in the metal plate, and these eddy currents in the 
magnetic field are subject to the Lorentz force, producing an 
electromagnetic force that drives the metal plate’s vibration. 
The vibration characteristics of the emitting plate are pri
marily determined by this electromagnetic force, which in 
turn is governed by the discharge capacitance C0, the dis
charge voltage U0, and the circuit resistance R0. 

In the present model, the acoustic radiation behavior of 
the metal-emitting plate under electromagnetic excitation is 
approximated as an axially symmetric piston source. Under 
far-field conditions, the acoustic radiation is predominantly 
governed by the overall normal vibration of the plate surface. 
Therefore, the radial and tangential components of the 
electromagnetic force are neglected, and only the axial 
component along the plate’s normal direction is considered. 
Accordingly, the distribution of the axial component of the 
electromagnetic force density under axisymmetric condi
tions is derived, which represents the effective driving force 
responsible for the vibration of the plate. The axial electro
magnetic force density is  
f J B= , (13)z rm e

where Je is the circumferential component of the eddy 
current in the plate, and Br is the radial component of the 
magnetic field. 

Under axisymmetric conditions in cylindrical coordinates 
r z( , , ), the eddy current density has only a circumferential 

component. On this basis, the force density at each node of the 
metal plate can be calculated and integrated to obtain the total 
electromagnetic force acting on the plate:  

F f V f r r z= d = d d d , (14)z
R h

zm 0
2

0 0 m

where R and h denote the radius and thickness of the plate, 
respectively. The electromagnetic force is treated as a body 
force distributed within the plate volume. 

Figure 4 illustrates the variation of the total electro
magnetic force over time under different capacitance and 
voltage conditions. The electromagnetic force is the direct 
source term driving the metal plate’s vibration, and its 

Fig. 3 Current values generated by the model under different capacitances and voltage values.  
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strength directly determines the source’s excitation effi
ciency and radiation performance. From Fig. 4, it can be seen 
that the electromagnetic force curves in all cases exhibit a 
typical pulsed shape. This arises from the transient nature of 
the discharge current: when a high-voltage capacitor releases 
current through the coil, the transient magnetic field induces 
eddy currents in the metal plate, and the interaction between 
them produces a strong axial repulsive electromagnetic 
force. Comparing the curves at different voltages reveals 
that, with the capacitance fixed, the capacitor’s initial voltage 
is the dominant factor determining the peak value of the 
electromagnetic force. As the voltage is increased from 
0.6 kV to 1.0 kV, the peak electromagnetic force is sig
nificantly enhanced. This is because the current peak is ap
proximately proportional to the charging voltage under the 
given circuit parameters, and the electromagnetic force is 
proportional to the square of the current; therefore, the force 
peak grows roughly with the square of the voltage. For ex
ample, increasing the voltage to 1.67 times its original value 
(from 0.6 kV to 1.0 kV) causes the peak electromagnetic 
force to rise to about 2.8 times its original value, demon
strating a quadratic growth trend with voltage. 

2.2 Structural-acoustic coupling model 

Assuming a uniform distribution of electromagnetic 
force and neglecting any bending deformation of the plate, 
we treat the emitting plate together with the rubber ring as a 
single oscillator system with equivalent mass meff , stiffness 
keff , damping ceff , and plate surface area A (A a= 2). The 
system’s equivalent single-degree-of-freedom dynamic equa
tion can then be written as  
m x t c x t k x t f t A p t A( ) + ( ) + ( ) = ( ) ( ) , (15)zeff eff eff m

where x t( ) is the plate’s equivalent normal displacement, 
p t A( ) is the acoustic reactive force (sound pressure) from the 
air, and f t A( )zm is the total electromagnetic thrust force. 

The acoustic reaction force from the air can be re
presented using a radiation impedance model:  

[ ]p t A Z V R M x( ) = = + i (i ), (16)rad rad add

where R rad is the radiation damping (corresponding to energy 
loss due to sound radiation) and Madd is the added mass 
(representing the inertial loading of the air). Substituting this 
into the motion equation above yields the classic coupled 
mass-spring model for acoustic radiation and structure:  

m M c R k x F( + ) + i ( + ) + = ( ), (17)2
eff add eff rad eff em

where F ( )em is the Fourier transform of the electromagnetic 
driving force. This model shows that the system’s total 
effective mass (m M+eff add) is composed of the structure’s 
equivalent mass plus the added mass introduced by the air 
load, and the total effective damping (c R+eff rad) comes from 
the structure’s internal damping combined with the radiation 
damping resulting from acoustic energy radiation. This coupled 
model clearly reveals the physical mechanism by which the air 
load influences the plate’s vibration characteristics through 
inertial and dissipative effects, providing a direct theoretical 
basis for analyzing the system’s frequency response. 

In the air domain, the sound pressure satisfies the 
acoustic wave equation along with continuity conditions for 
velocity and stress at boundaries:  

p c
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where c represents the sound speed in air, x is the position 
vector (with radial and axial components), and v tx( , )n de
notes the normal velocity on the boundary. 

The above analysis indicates that the acoustic radiation 
capability of the emitting plate is determined by its own 
material density and area, as well as the electromagnetic 
force it experiences. For a given plate density and area, the 
electromagnetic force is jointly influenced by the capacitor’s 
initial voltage U0 and capacitance C0 (Fig. 4). 

Figure 5 shows the axial (on-axis) sound pressure responses 
over time at a distance of 1 m under various capacitance and 

Fig. 4 Electromagnetic force generated by the model under different capacitances and voltage values.  
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voltage excitation conditions. The sound pressure is a key 
indicator of the source’s radiation efficiency, reflecting the 
ability to convert electromagnetic energy into acoustic energy. 

From Fig. 5, the sound pressure signal exhibits a typical 
single-pulse waveform, which is consistent with the transient 
excitation characteristic of the electromagnetic pulse source. 
As the capacitance or the charging voltage increases, both the 
peak sound pressure and the radiated acoustic energy are 
enhanced. Further comparison shows that, under the same 
voltage conditions, increasing the capacitance does not
significantly alter the peak current but prolongs the discharge 
duration, thereby extending the duration of the electro
magnetic force and increasing the total impulse applied to the 
emitting plate. This results in higher acoustic energy radia
tion and more pronounced low-frequency components in the 
sound pressure signal. Under the same capacitance condi
tions, increasing the charging voltage leads to a nearly linear 
increase in the peak current, causing the peak electromagnetic 

force to scale approximately with the square of the voltage, 
which in turn produces a substantial increase in the radiated 
sound pressure amplitude. 

In addition to these amplitude variations, the radiated 
sound pressure signals exhibit a distinct two-stage temporal 
structure, consisting of an initial high-frequency, low-amplitude 
component followed by a dominant low-frequency, large- 
amplitude component. The early-time high-frequency re
sponse is primarily associated with the rapid rise of the 
electromagnetic force during the capacitor discharge pro
cess, which excites higher-order and more localized struc
tural vibration modes of the emitting plate. These modes 
decay rapidly and contribute mainly to the short-duration 
high-frequency component. The subsequent low-frequency 
response originates from the dominant low-order vibration 
modes of the emitting plate, which couple more efficiently 
with the surrounding air and therefore govern the main 
acoustic radiation and energy output of the source. 

Fig. 5 Acoustic pressure signals under various excitation conditions.  
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In summary, the capacitance mainly influences the dura
tion and energy distribution of the acoustic pulse, whereas the 
charging voltage predominantly controls the peak intensity of 
the radiated sound pressure. Together, these two parameters 
determine the transient radiation characteristics and overall 
acoustic performance of the electromagnetic pulse source in 
air. 

Based on the above theoretical formulation, a four- 
physics coupled transient finite-element model is constructed 
to numerically investigate the electromagnetic excitation, 
structural vibration, and acoustic radiation processes. 

2.3 Multiphysics coupling strategy and numerical 
implementation 

Based on the geometric configuration and physical in
terfaces described above, a fully coupled transient finite- 
element model is established in COMSOL Multiphysics to 
investigate the electromagnetic excitation, structural vibra
tion, and acoustic radiation processes of the electromagnetic 
pulse sound source. The model integrates the circuit, mag
netic fields, solid mechanics, and pressure acoustics inter
faces within a unified time-dependent framework, ensuring 
physical consistency along the energy transfer chain from 
electrical discharge to acoustic radiation. 

The electrical discharge process is described using the 
circuit interface. The capacitor is initially charged to the 
voltage U0, and the subsequent discharge loop is solved to 
obtain the time-dependent current I t( )c flowing through the 
pancake coil. This transient current I t( )c waveform serves as 
the excitation input to the electromagnetic model. The 
electromagnetic response is resolved using an axisymmetric 
magnetic field interface. The coil is modeled as a current- 
driven conductor excited by I t( )c , while the emitting plate is 
treated as a conductive solid in which eddy currents with 
density Je are induced by the time-varying magnetic field B. 
Based on the computed magnetic flux density and eddy 
current density, the electromagnetic force density f m acting 
on the emitting plate is evaluated within the electromagnetic 
formulation. 

The structural response of the emitting plate is described 
using an axisymmetric solid mechanics interface with a 
linear elastic material model. The outer edge of the plate is 
constrained by fixed boundary conditions to represent the 
practical mechanical support, while the remaining regions 
are free to deform. The electromagnetic force density f m
obtained from the electromagnetic analysis is automatically 
transferred, through magneto-mechanical coupling, as a 
distributed body load to the structural model, thereby driving 
the transient elastic vibration of the emitting plate, which is 
characterized by the normal displacement x t( ) as defined in 
the theoretical formulation. 

The surrounding air domain is modeled using an ax
isymmetric transient pressure acoustics interface, in which 
air is assumed to be a linear and lossless acoustic medium. 
The coupling between the structural and acoustic domains is 
realized at the solid-air interface via an acoustic-structure 
boundary condition. In this coupling, the normal velocity of 
the vibrating plate surface, given by the time derivative of the 
equivalent structural displacement x t/ and the corre
sponding normal acceleration x t/2 2 from the structural 
transient analysis, is imposed as the acoustic boundary ex
citation. This treatment enforces kinematic continuity at the 
solid-air interface and enables the calculation of the transient 
acoustic pressure response p t( ) associated with the vibrating 
plate. 

A time-dependent solver is employed to capture the 
strongly coupled transient response of the system. An im
plicit generalized-α integration scheme is adopted, as it is 
well suited for multiphysics problems involving rapid elec
tromagnetic excitation and structural-acoustic interactions, 
and provides controlled numerical dissipation of nonphysical 
high-frequency components. Automatic time stepping is 
used, with a sufficiently small initial time step to accurately 
resolve the sharp rise of the discharge current and the asso
ciated electromagnetic force. A time-step sensitivity analysis 
was conducted to confirm that further refinement of the time 
step does not lead to noticeable changes in the predicted 
sound pressure responses, thereby ensuring numerical sta
bility and convergence. 

To approximate an unbounded acoustic environment, 
plane wave radiation boundary conditions are applied at the 
outer boundaries of the air domain. Although this boundary 
condition is strictly non-reflective only for normally incident 
plane waves, the computational domain is chosen suffi
ciently large such that reflected waves from the outer 
boundaries do not reach the region of interest within the 
simulated time window. In addition, comparative simulations 
using alternative radiation boundary treatments were per
formed to assess the influence of the boundary condition. 
These comparisons confirm that the adopted radiation 
boundary condition is adequate for capturing the dominant 
radiation behavior and relative performance trends con
sidered in this study. Any limitations associated with this 
approximation, therefore, do not affect the main conclusions 
of the work. 

3 Investigation of the matching layer’s operat
ing mechanism 

With the multiphysics model validated and the baseline 
radiation behavior established, the focus is now on addres
sing the key engineering challenge of impedance mismatch 
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through the introduction of a matching layer. To enhance the 
acoustic energy radiation efficiency of the electromagnetic 
pulse source in air, a homogeneous acoustic impedance 
matching layer (IML) is introduced on the outer surface of 
the metal emitting plate. The goal is to alleviate the pro
nounced impedance mismatch between the plate and air, 
achieving a gradual impedance transition at the solid–air 
interface and thereby improving the effective radiation of 
acoustic energy. In the simulation model, the capacitor is 
initially set to a certain capacitance C = 80 µF0 and charged 
to a given voltage U = 1.0 kV0 . During the modeling process, 
to balance computational efficiency with physical accuracy, 
a two-step modeling strategy is adopted: first, a circuit- 
electromagnetic-structural coupled model is constructed to 
simulate the transient electromagnetic force distribution 
generated when the capacitor discharges through the coil, 
obtaining the electromagnetic excitation load on the plate at 
various time instants; next, this electromagnetic force result 
is used as an external load in a structural–acoustic coupling 
model to further solve for the sound waves radiated by the 
plate in air. This strategy avoids the high computational cost 
of a fully coupled model and improves modeling efficiency 
while ensuring simulation accuracy. The structural–acoustic 
coupling model configuration is shown in Fig. 6. 

Consider an acoustic transmission system composed of 
the emitting plate, an impedance matching layer, and the 
surrounding air, with characteristic acoustic impedances Z1, 
Z2, and Z3, respectively, and matching layer thickness L. 
Under the assumption of 1D plane wave propagation, the 
sound intensity transmission coefficient through a single 
matching layer can be expressed as  

t Z Z

Z Z kL Z Z Z
Z kL

= 4

( + ) cos + + sin

, (20)1 3

1 3
2 2

2
1 3

2

2
2

where k is the acoustic wavenumber in the matching layer. 
When the matching layer impedance satisfies Z Z Z=2 1 3

and the layer thickness satisfies the quarter-wavelength 
condition L = / 4, the transmission coefficient reaches its 
theoretical maximum (t = 1), indicating optimal acoustic 
transmission. Accordingly, the target acoustic impedance of 
the matching layer is given by the geometric mean of the 
impedances of the emitting plate and air, which is approxi
mately 8.53 × 10  Rayl4 (1 Rayl = 10 Pa s/m) in the present 
system. 

For a quarter-wavelength matching layer, the acoustic 
wave speed c is related to the layer thickness and target 
frequency by c Lf= 4 . Taking the dominant radiation fre
quency of the source without a matching layer as approxi
mately 4.2 kHz and selecting L = 5 mm, the corresponding 
reference values of the matching layer parameters are ob
tained as c 84 m/s and 1015 kg/m3. These values serve 
as baseline parameters for subsequent optimization and 
performance comparison. 

Given that in practice the matching layer will vibrate 
together with the plate and exhibit significant structural- 
acoustic modal coupling behavior, the traditional quarter- 
wavelength theory may not accurately describe its dynamic 
response. Therefore, to further enhance the radiation per
formance of the source, a GA is employed to optimize the 
key parameters of the matching layer. The optimization 
variables are the longitudinal wave speed c and density of 
the homogenized matching layer. The objective (fitness) 
function of the GA is defined as the maximum absolute value 
of the transient acoustic pressure measured at an on-axis 
observation point located 1 m above the source, which can be 
mathematically expressed as  

p r z tfitness = max ( = 0, = 1 m, ) , (21)
t T[0, ]

where p r z t( = 0, = 1 m, ) denotes the time-dependent acoustic 
pressure at the observation point, and T is the total simulation 
time window. 

In the optimization process, the GA is directly coupled 
with the transient multiphysics finite-element model through 
the COMSOL-MATLAB LiveLink interface. For each in
dividual in the GA population, the design variables c( , ) are 
automatically assigned to the COMSOL model, and a full 
transient multiphysics simulation is executed. Upon comple
tion of the simulation, the peak axial sound pressure is ex
tracted from the computed acoustic time history and returned 
to MATLAB as the fitness value for the GA. This procedure is 
repeated iteratively for all individuals and generations. The 
GA parameters are set as follows: a population size of 20, a 
maximum of 100 generations, and an elite retention strategy to 
ensure population diversity and robust global convergence. 
The optimal matching layer parameters obtained were a sound 
speed of 254.32 m/s and a density of 156.36 kg/m3. 

Simulation results (Fig. 7) show that introducing the 

Fig. 6 2D axially symmetric geometric structure of the 
electromagnetic pulse acoustic source with an attached 
matching layer.  
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quarter-wavelength matching layer significantly enhances 
the acoustic radiation capability of the system. The peak 
sound pressure at the 1 m axial detection point increases 
from 133 Pa in the no-layer case to 459 Pa with the baseline 
λ/4 matching layer. Frequency-domain analysis (Fig. 8) 
further reveals that the baseline structure exhibits two 
dominant spectral peaks at approximately 5 and 12 kHz, 
indicating that the acoustic energy radiation is distributed 
over multiple modes. 

The lower-frequency peak around 5 kHz can be regarded 
as the primary standing-wave response near the design 
frequency (4.2 kHz), with its frequency slightly shifted 
upward due to structural-acoustic coupling effects. The 
higher-frequency peak near 12 kHz is attributed to a higher- 
order cavity resonance mode formed within the matching 
layer (e.g., a 3λ/4 mode), whose frequency is close to a 
high-order eigenfrequency of the matching layer under 
compressional wave propagation conditions. 

It should be noted that the quarter-wavelength matching 
layer is designed based on an idealized 1D transmission 
model, which provides a baseline matching condition at the 
target frequency. However, after the matching layer is in
troduced, the overall dynamic behavior of the system is 
governed by the coupled vibration of the emitting plate, the 
matching layer, and the surrounding air. The matching 
layer introduces additional effective mass and compliance, 

which modifies the system’s resonance characteristics and 
shifts the dominant radiation frequencies. Moreover, while 
the quarter-wavelength condition maximizes the local 
transmission coefficient at the interface, it does not ne
cessarily maximize the global radiated acoustic energy of the 
coupled structural-acoustic system. Under transient broad
band electromagnetic excitation, the radiated acoustic energy 
is dominated by frequencies at which the coupled system 
exhibits the highest vibration–radiation efficiency. As a re
sult, the frequency corresponding to the maximum trans
mitted acoustic energy may deviate from the nominal 
quarter-wavelength design frequency. 

With the genetically optimized matching layer, the peak 
sound pressure is further increased to 610 Pa, demonstrating 
a more pronounced enhancement in acoustic radiation per
formance. Frequency-domain results show that the sound 
pressure level around 12 kHz reaches approximately 137 dB, 
which is significantly higher than that of the baseline 
matching layer, while the main low-frequency peak shifts to 
around 2 kHz with a sound pressure level of about 113 dB. 
Overall, the optimized structure exhibits a spectral distribu
tion characterized by enhanced high-frequency radiation and 
a flattened low-frequency response.  

Notably, compared with the no-layer configuration, both 
the baseline and optimized matching layers substantially 
improve the system’s low-frequency acoustic radiation cap
ability. This behavior indicates that the role of the matching 
layer extends beyond simple frequency-selective cavity re
sonance and fundamentally alters the system’s modal struc
ture through dynamic coupling with the emitting plate. This 
spectral reconfiguration effect can be attributed to the com
bined action of the inertia loading effect and the elastic 
cavity effect introduced by the matching layer, that is, an 
inertia-cavity synergistic coupling effect between the emit
ting plate and the matching layer. 

When a layer of acoustic impedance matching medium, 
i.e., a fluid layer with thickness L, density , and sound speed 
c, is snugly attached to the outside of the emitting plate, the 
plate and the matching layer form a coupled vibration system. 

Fig. 7 Time-domain response of sound pressure at detection points under different matching layer structures: (a) Without matching layer; 
(b) With 1/4-wavelength theoretical parameter matching layer; (c) With genetically algorithm-optimized parameter matching layer.  

Fig. 8 The sound pressure levels obtained by performing FFT 
on the three time-domain sound pressures mentioned above.  
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From a mechanical-acoustic equivalent modeling perspec
tive, this coupled system can be interpreted using a reduced- 
order lumped-parameter model, in which the emitting plate 
together with the matching layer provides an effective in
ertia, while the compressible medium inside the matching 
layer introduces an effective elastic stiffness. Specifically, 
during vibration, the fluid within the matching layer moves 
together with the plate, producing an added inertia effect [43]. 
At the same time, owing to the finite thickness and com
pressibility of the layer, sound waves undergo multiple re
flections and interferences inside the matching layer, leading 
to the formation of a standing-wave field along the thickness 
direction. 

This behavior is equivalent to an acoustic resonant 
cavity that is rigidly closed at one end (the emitting plate) 
and open at the other end (the air interface). When the 
thickness of the matching layer approaches a quarter of the 
acoustic wavelength, the cavity resonance becomes parti
cularly pronounced, giving rise to a velocity node and a 
pressure antinode within the layer. This standing-wave re
sonance promotes the accumulation of acoustic energy inside 
the cavity and enhances the outward radiation efficiency. 
Consequently, the matching layer not only serves to smooth 
the acoustic impedance transition between the plate and air, 
but together with the emitting plate forms a strongly coupled 
mass-cavity system that significantly alters the vibration and 
radiation characteristics of the overall system. 

In the low-frequency range, the fluid within the match
ing layer moves almost rigidly and in phase with the emitting 
plate, and its primary effect manifests as an added inertial 
load on the plate. The effective inertia of the coupled system 
can be approximated as M m m= +eff 2, where m AL2
represents the effective mass contribution of the matching 
layer. Owing to this increase in effective mass, the natural 
frequency of the system decreases from its original value 
f k m/ / 20 eff eff to a lower value f k M/ / 21 eff . 
This added-mass effect leads to a downward shift of the 
resonance frequency. In this frequency range, the system 
response is dominated by inertia and corresponds to a mass- 
controlled regime, which is consistent with the dominant 
low-frequency acoustic energy component observed in the 
finite element method (FEM) spectra. 

As the frequency increases, the motion of the matching 
layer gradually deviates from that of the emitting plate. Due 
to its finite thickness and compressibility, sound waves 
within the matching layer undergo multiple reflections and 
interferences, giving rise to a pronounced standing-wave 
field along the thickness direction. When the thickness of 
the matching layer approaches the quarter-wavelength 
condition, the layer can be equivalently regarded as an 
acoustic cavity that is rigidly closed at one end (the emitting 
plate) and open at the other end (the air interface). In this 
case, the primary role of the matching layer shifts from 
providing added inertia to supplying an effective elastic 

stiffness. The effective cavity stiffness can be approximated 
as K P A V/cav 0

2
cav, where P  0 is the ambient static pres

sure and Vcav denotes the effective cavity volume inside the 
matching layer. 

In this high-frequency range, the system response be
comes dominated by the cavity stiffness, entering a cavity- 
controlled regime. The matching layer no longer behaves as 
a purely transmissive medium, but rather acts as an active 
resonant unit with its own vibrational degree of freedom. 
Through the boundary coupling conditions of velocity con
tinuity and pressure balance, a strong bidirectional interac
tion is established between the matching layer and the 
emitting plate. This cavity resonance not only leads to a local 
accumulation of acoustic energy within the matching layer 
but also exerts a reactive force on the plate, thereby sig
nificantly modifying the dynamic response of the plate and 
giving rise to high-frequency resonance peaks in the radia
tion spectrum. The physical origin and ordering of these 
peaks are consistent with those observed in the FEM results. 

It should be emphasized that the purpose of this reduced- 
order model is not to predict the exact resonance frequencies 
of the coupled system, but rather to elucidate the underlying 
physical mechanisms governing the transition from inertia- 
dominated behavior at low frequencies to cavity-dominated 
behavior at higher frequencies. Although geometric non
uniformities and distributed effects are neglected in this 
simplified representation, the model provides a quantitative 
framework that explains the formation mechanisms and re
lative distribution of the dominant resonance peaks observed 
in the numerical simulations, thereby supporting the pro
posed inertial-cavity synergistic coupling mechanism.  

In the case without a matching layer (Fig. 9(a)), the 
propagation of sound waves in air is severely limited: the 
sound pressure amplitude is overall low, the sound field’s 
color map is faint, the axial wavefront structure is frag
mented, and the radiation directivity is poor, which reflects 
the strong reflections and low coupling efficiency caused by 
the impedance mismatch. In the optimized matching layer 
case (Fig. 9(c)), the sound field distribution is further 
strengthened: the sound pressure amplitude is significantly 
higher, the wavefront is flatter and more continuous, and the 
radiation efficiency is greater. Compared to the λ/4 matching 
structure, the optimized structure exhibits higher stability of 
energy output in the time domain and achieves a more pro
nounced focusing of the sound beam in space. 

In summary, a properly designed matching layer is de
cisive in increasing the sound wave amplitude, improving 
wavefront propagation characteristics, and enhancing radia
tion efficiency. In particular, a parameter optimization based 
on the system’s coupled dynamics offers greater practicality 
and engineering value than traditional λ/4 matching. 

It should be noted that the optimized density and sound 
speed c obtained from the GA do not correspond to a single 
specific bulk material. Instead, they represent target effective 
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acoustic parameters for the homogenized matching layer. 
During the optimization process, the search ranges of density 
and wave speed were restricted to values that are physically 
achievable by lightweight porous materials, polymer foams, 
or architected metamaterials. Therefore, the optimized para
meters should be interpreted as physically feasible design 
targets, which serve as reference values for the microstructural 
design of the matching layer presented in the following sec
tion, rather than as purely mathematical optima without phy
sical meaning. 

4 Optimized design of the pentamode material 
matching layer microstructure 

In the above discussions, we investigated the operating 
mechanism of the impedance matching layer without con
sidering the layer’s microstructure. In this work, the 
matching layer is implemented using a pentamode material 
structure. The unit cell geometry of the pentamode material 
is shown in Fig. 10(a), and its geometric parameters are il
lustrated in Fig. 10(b). The primary parameters include the 
unit cell side length l, the wall thickness t, and the width w

and length h of the added mass block. The base material of 
the structure is epoxy resin, with a density of 1186 kg/m 3, 
Young’s modulus of 3.20 GPa, and Poisson’s ratio of 0.37. 
The equivalent longitudinal wave velocity of the pentamode 
material is mainly determined by the cell wall thickness t, 
while the equivalent density is mainly determined by the 
mass of the cell’s central mass block (w h, ). To characterize 
the modal properties of the pentamode unit cell and verify its 
fluid-like behavior, the dispersion relation for a typical mi
crostructure, with unit cell side length l of 6.93 mm, t of 
0.0585 mm, w of 0.1018 mm, and h of 0.3973 mm, is shown 
in Fig. 10(d), where the red solid line represents the penta
mode material’s longitudinal mode, the light blue solid line 
represents the shear mode, and the green solid line represents 
the rotational (torsional) mode. It can be seen that the shear 
mode is significantly suppressed over the frequency range of 
interest, indicating that the pentamode microstructure ex
hibits a dominant compressional response. It should be em
phasized that the band structure analysis is not intended to 
describe wave propagation through the finite-thickness 
matching layer in the radiation direction, but rather to verify 
the pentamode nature of the unit cell, namely the suppression 
of shear modes and the validity of treating the material as an 

Fig. 9 Acoustic field distributions at three typical time points (t 1 = 2 ms, t 2 = 3 ms, and t 3 = 4 ms): (a) Without matching layer; (b) With 1/4- 
wavelength matching layer; (c) With optimized parameter matching layer.  

Fig. 10 The parameters and band structure of the pentamode unit cell: (a) Unit cell geometry; (b) Structural parameters; (c) 3D schematic of 
the unit cell; (d) Dispersion curves of the pentamode metamaterial used in this work.  
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effective fluid. Under this condition, shear resonances in the 
matching layer are greatly suppressed. Figure 10(c) shows a 
3D schematic of the pentamode material matching layer. 

The pentamode matching layer was designed to have a 
thickness of 12 mm. Using the classical quarter-wavelength 
matching theory, the required effective acoustic wave speed 
and density were determined, and in combination with a band- 
structure retrieval method [33,34], the microstructural parameters 
were selected to construct the pentamode matching layer 
model. In this matching layer, the shear modes are strongly 
suppressed, thereby effectively achieving impedance match
ing under near-fluid behavior. Figure 11 shows the 2D ax
isymmetric model geometry of the electromagnetic pulse 
source with the pentamode matching layer included. 

It should be noted that in practical applications, the pen
tamode matching layer still faces two important challenges. 
First, there is significant dynamic coupling between the 
matching layer and the emitting plate. Because the pentamode 
material’s elastic response is influenced by the plate’s motion, 
the coupling between the plate and the matching layer will 
directly alter the matching layer’s local acoustic field dis
tribution and dynamic boundary conditions, thereby introdu
cing nonlinear disturbances to its impedance matching 
performance. Second, in this study, the matching layer struc
ture is designed with only a single layer ofunit cells of finite 
thickness, whereas the equivalent medium parameters for 
pentamode materials are derived under the Bloch periodic 
assumption, using dispersion relations and band structures. 
Such an equivalent model is strictly applicable to an infinite or 
periodically repeated structure; in a finite single-layer sce
nario, its mechanical behavior may deviate from the idealized 
equivalent response, leading to shifts or degradation in im
pedance matching performance. In summary, the triple cou
pling among the plate, matching layer, and air, as well as the 
finite-periodicity (scale) effects, are key factors that influence 
the actual working performance of the pentamode matching 
layer. These factors should be further considered and corrected 
in future optimization designs and modeling. 

The GA is further employed to optimize the micro
structural parameters of the pentamode matching layer. The 
optimization variables include the unit-cell wall thickness t
and the mass block width and length (w h, ). The same fit
ness function defined in Sec. 3 (Eq. (21)) is adopted for the 
optimization of the pentamode microstructural parameters, 
i.e., the maximum absolute value of the transient axial 
sound pressure measured at a detection point located 1 m 
away from the source. 

In the optimization process, the GA is directly coupled 
with the transient multiphysics finite-element model through 
the COMSOL-MATLAB LiveLink interface. For each in
dividual in the GA population, the microstructural para
meters t w h( , , ) are automatically assigned to the COMSOL 
model, and a full transient multiphysics simulation is per
formed. Upon completion of the simulation, the peak axial 
sound pressure is extracted from the computed acoustic time 
history and returned to MATLAB as the fitness value for the 
GA. This procedure is repeated iteratively for all individuals 
and generations. 

The GA parameters are set as follows: a population 
size of 20, a maximum of 100 generations, and an elite 
retention strategy to improve convergence stability and 
global search capability. The optimization workflow is 
illustrated in Fig. 12. Table 1 compares the pentamode 
unit cell’s geometric parameters and effective properties 
before and after the GA optimization. 

To evaluate the influence of different matching strategies 
on acoustic radiation performance, we carried out time- 
domain simulations for three representative cases: no match
ing layer, with a quarter-wavelength theoretical matching 
layer, and with the GA-optimized pentamode matching layer. 
The corresponding time-domain sound pressure responses at 
1 m on the axis are shown in Fig. 13. 

In the absence of a matching layer (Fig. 13(a)), the peak 
sound pressure is 133 Pa and the overall radiation efficiency 
is low. After adding a traditional λ/4 pentamode matching 
layer (Fig. 13(b)), the peak sound pressure is slightly in
creased to 147 Pa, indicating that it improves the impedance 
transition between the plate and air to a certain extent. In 
contrast, after incorporating the GA-optimized pentamode 
matching layer (Fig. 13(c)), the peak sound pressure is dra
matically increased to 584 Pa, which is over four times 
higher than that with no matching layer, demonstrating that 
the proposed structure possesses excellent acoustic radiation 
capability and impedance matching performance under 
coupled conditions. 

Through fast Fourier transform (FFT) analysis of the 
time-domain signals (Fig. 14), one can see that the optimized 
matching layer (yellow curve) achieves higher sound pres
sure levels over most frequencies compared to both the no- 
layer case (blue curve) and the quarter-wavelength penta
mode matching layer case (red curve), demonstrating that the 

Fig. 11 2D axially symmetric geometric structure of the 
electromagnetic pulse acoustic source with pentamode meta
material (PM) matching layer.  
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optimization strategy has overall enhanced the matching 
layer’s radiation efficiency. Additionally, after adding a 
matching layer, multiple peaks appear in the frequency- 
domain response. This can be attributed to a more complex 
inertial-cavity coupling mechanism between the matching 
layer and the plate. This mechanism includes the influence of 
the matching layer as added mass on the system’s resonance 
frequencies, as well as the matching layer’s role as an elastic 
acoustic cavity that vibrates relative to the plate and couples 
with it. 

Specifically, with the unoptimized matching layer, the 
frequency response shows multiple resonance peaks at 
around 2, 14, and 16 kHz. The peak at 2 kHz corresponds to 
the downward shift of the fundamental mode due to the 

added mass effect: the presence of the matching layer sig
nificantly increases the system’s total mass, thereby lowering 
the first resonance frequency. The high-frequency peaks at 
14 and 16 kHz arise from the cavity resonance characteristics 
of the matching layer. Its equivalent stiffness together with 
its equivalent mass forms independent higher-order resonant 
modes. These frequency features exemplify the inertial- 
resonant cavity coupling mechanism between the plate and 
the matching layer, wherein the matching layer not only acts 
as an added load affecting the overall system dynamics, but 
also participates in the resonance as an independent acoustic 
resonator. 

In the GA-optimized configuration, the redistribution of 
resonance peaks reflects a modified inertial–cavity coupling 
condition. The peak near 4 kHz corresponds to an enhanced 
primary resonance governed predominantly by the effective 
inertia of the coupled system, while the additional peak ap
pearing around 10 kHz indicates a transition regime in which 
the inertial and cavity effects are both significant. This mid- 
frequency peak reflects a strengthened coupling between the 

Table 1 Geometric parameters and effective characteristics 
of the pentamode unit cell  

c eff ρ eff t (mm) w (mm) h (mm) 

Before optimization 192.05 444.27 0.1085 0.2918 0.3973 

After optimization 77.514 289.63 0.0585 0.1018 0.3973   

Fig. 12 Flowchart of the GA-based optimization process for the pentamode matching layer design.  

Fig. 13 Time-domain sound pressure responses at 1 m axial distance under three different matching conditions: (a) No matching layer; 
(b) Quarter-wavelength PM matching layer; (c) Optimized PM matching layer.  
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emitting plate and the matching layer, leading to improved 
energy exchange between structural vibration and acoustic 
radiation. Furthermore, the pronounced high-frequency peak 
at approximately 39 kHz indicates a strongly enhanced cavity- 
controlled response. Although the low-frequency peak is rela
tively moderate in amplitude, its broader bandwidth and 
elevated sound pressure level demonstrate improved energy 
coupling in the mass-controlled regime. Overall, these re
sults demonstrate that the genetic optimization strategy ef
fectively tailors the inertial-cavity synergistic coupling, 
thereby enhancing acoustic radiation performance across 
low-, mid-, and high-frequency bands.  

Figure 15 shows the acoustic field distributions at 2, 3, 
and 4 ms for three structural configurations: without any 
matching layer, with the quarter-wavelength theory-based 
matching layer, and with the optimized matching layer. The 
introduction of a matching layer has a significant impact on 
the sound radiation characteristics and propagation behavior. 
In the case without a matching layer (Fig. 15(a)), the sound 
pressure magnitudes are generally low, i.e., the color scale is 
mostly pale, and the axial wavefronts are indistinct and 
broken, indicating the presence of a severe impedance mis
match—most of the acoustic energy is reflected or rapidly 
dissipated at the plate-air interface, and the radiation effi
ciency is low. With the quarter-wavelength matching layer 
added (Fig. 15(b)), the sound pressure amplitude increases 

noticeably, the sound field exhibits richer color gradients, 
and the wavefront structure becomes clearer and more or
derly. However, some wavefront bending and beam spread
ing phenomena still occur locally, which means the matching 
performance has not reached an optimum. 

In contrast, the model with the GA-optimized match
ing layer (Fig. 15(c)) demonstrates the best sound field 
performance at each time instant: the sound pressure am
plitude is maximized, the color scale is much more satu
rated, and the wavefront maintains good axial symmetry 
and continuity during propagation, with energy distribu
tion that is tightly focused. This superior radiation behavior 
indicates that optimizing the pentamode structure’s para
meters, while fully accounting for multiphysics coupling 
mechanisms, can effectively improve the quality of the 
impedance match at the interface, suppress energy reflec
tion and scattering losses, and thereby significantly boost 
the electromagnetic pulse source’s acoustic radiation effi
ciency and field intensity uniformity in air. 

This analysis of the sound field is consistent with the 
earlier time-domain and frequency-domain observations, 
which indirectly verify the effectiveness and engineering 
applicability of the proposed pentamode matching layer in 
enhancing the source’s radiation performance. 

It should be noted that the findings presented in this study 
are primarily based on numerical simulations. While the 
coupled electromagnetic–structural–acoustic finite-element 
framework provides detailed insight into the operating me
chanisms of the electromagnetic pulse sound source, in
dependent validation is essential for further confirmation. 

Several potential validation strategies can be considered 
in future work. First, simplified experimental prototypes of the 
electromagnetic pulse source with interchangeable matching 
layers could be fabricated, allowing direct measurement of 
transient sound pressure and comparison with simulation 
predictions under controlled excitation conditions. Second, 
intermediate-level validation may be achieved by comparing 
reduced-order analytical models, such as simplified single- 
degree-of-freedom structural–acoustic models, with the full 

Fig. 15 Acoustic field distributions at three typical time points (2, 3, and 4 ms): (a) Without any matching layer; (b) With the unoptimized 
matching layer; (c) With the optimized matching layer.  

Fig. 14 Sound pressure level at different conditions.  
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multiphysics simulation results to verify consistency in trends 
and dominant response characteristics. Third, component-le
vel validation can be performed by independently character
izing the electromagnetic force, structural vibration, and 
acoustic radiation subsystems, thereby assessing the accuracy 
of each coupled interface within the numerical model. 

These validation strategies provide feasible pathways to 
further substantiate the numerical findings reported in this 
work and will be pursued in future studies.  

5 Mechanical reliability and manufacturability 
assessment 

To address practical concerns regarding the manu
facturability and mechanical robustness of the proposed 
pentamode matching layer, a supplementary assessment was 
conducted, with a particular focus on fabrication feasibility 
and transient structural integrity under electromagnetic im
pact loading. 

Regarding manufacturability, recent advances in high- 
resolution polymer additive manufacturing have demon
strated the feasibility of fabricating polymer-based micro- 
lattice and architected structures with characteristic feature 
sizes well below 100 μm. In particular, projection micro- 
stereolithography (PμSL) [44] has been widely applied to the 
fabrication of mechanically functional polymer micro
structures with feature sizes and wall thicknesses on the or
der of several tens of micrometers, exhibiting sufficient 
geometric fidelity for engineering applications. In parallel, 
recent developments in two-photon polymerization (2PP) 
have further extended the achievable fabrication resolution 
into the micro- and nanoscale regime [45]. Consequently, the 
optimized microstructural wall thickness of 0.0585 mm ob
tained in this study lies well within the demonstrated cap
abilities of current state-of-the-art polymer micro-fabrication 
technologies, indicating the practical manufacturability of 
the proposed matching layer design. 

To evaluate mechanical reliability, a transient structural 
analysis was performed using a commercial finite element 
solver. The time-dependent Lorentz force derived from the 
electromagnetic simulations was applied as an equivalent 
dynamic load on the matching layer. Considering the brittle 
nature of epoxy-based photopolymers, the maximum prin
cipal stress was adopted as the failure criterion. The analysis 
focused on the structural response under a 1 kV discharge 
condition, corresponding to the operating scenario in
vestigated in the acoustic simulations. During the transient 
simulation, the maximum principal stress within the penta
mode material region was monitored over time to identify the 
peak loading condition. 

The simulation results indicate that the peak maximum 

principal stress in the epoxy matching layer reaches ap
proximately 8 MPa during the transient loading process, with 
stress concentrations mainly occurring at the slender struts 
and junction regions of the pentamode microstructure. 
Compared with the tensile strength of epoxy materials re
ported in the literature, which typically lies in the range of 
40–60 MPa depending on material formulation and fabrica
tion conditions, the resulting safety factor exceeds 5 even 
when a conservative lower-bound strength value of 40 MPa 
is assumed. This confirms that the matching layer remains 
well within the elastic regime and maintains sufficient 
structural integrity under the investigated electromagnetic 
impact loading. 

Overall, this supplementary analysis demonstrates that 
the optimized pentamode matching layer is not only acous
tically effective, as discussed in the preceding sections, but 
also mechanically feasible and manufacturable using exist
ing polymer micro-fabrication technologies. This assessment 
further supports the practical applicability of the proposed 
design for electromagnetic pulse acoustic sources operating 
in airborne environments. 

6 Conclusion 

In this paper, a design and optimization approach 
employing a pentamode material impedance matching 
layer was proposed and validated to address the impedance 
mismatch challenge of electromagnetic pulse acoustic 
sources operating in air. By establishing a coupled multi
physics model and applying a GA to optimize the matching 
layer parameters, the radiation performance of the elec
tromagnetic pulse source was significantly enhanced. The 
results demonstrate that an appropriately designed match
ing layer can effectively smooth the impedance transition 
between the emitting plate and air, leading to a substantial 
increase in sound pressure output and energy transfer 
efficiency. 

This study provides a viable pathway for enhancing the 
acoustic radiation intensity and efficiency of electromagnetic 
pulse sources in airborne environments, and lays a solid 
foundation for the optimized design and experimental in
vestigation of similar pulse sound sources. In addition to the 
demonstrated acoustic and vibroacoustic performance im
provements, supplementary assessments of manufactur
ability and mechanical reliability were conducted to support 
the practical applicability of the proposed pentamode 
matching layer. These assessments indicate that the opti
mized design is compatible with existing fabrication tech
nologies and can maintain structural integrity under transient 
electromagnetic excitation, thereby reinforcing the en
gineering relevance of the proposed impedance matching 
strategy.  
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