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A B S T R A C T

Acoustic metamaterials depend on the geometry and spatial distribution of their microstructure, which is 
difficult to change without an external mechanical load after manufacturing, which limits their application in 
complex mechanical environments. Based on the sound insulation mechanism of traditional Helmholtz resona
tors, the resonant frequency of embedded tube Helmholtz resonators is theoretically deduced in this paper, and 
the regulatory relationship between the structural parameters and their acoustic characteristics (transmission 
loss) is derived. Then, using the shape memory effect of the shape memory polymers (SMPs), reconfigurable 
embedded tube Helmholtz resonators with various temporary configurations are designed. On this basis, 
reconfigurable metamaterial honeycomb sandwich panels with reconfigurable microstructures and adjustable 
macroacoustic performance are further constructed. Through simulations and experiments, the excellent sound 
insulation performance of reconfigurable metamaterial honeycomb sandwich panels in different configurations is 
verified. In addition, the sound insulation performance of honeycomb sandwich panels with the same arc length 
but different wave numbers and different bottom configurations is analysed in detail. This study plays an 
important role in guiding the application of acoustic metamaterials in complex mechanical environments.

1. Introduction

With the proliferation of high-thrust engines in modern trans
portation systems, including aircraft, naval vessels, carrier rockets, and 
other heavy-duty transport platforms operating under extreme velocity 
and payload conditions, the resultant acoustic radiation during opera
tion have reached critical levels. This escalating noise not only affects 
the health of the operator and reduces the accuracy and reliability of the 
equipment but also poses a threat to the equipment stealth [1]. Tradi
tional sound insulation materials have difficulty providing effective 
protection against low-frequency noise with high energy and large 
wavelengths. Therefore, researchers have proposed the concept of 
“acoustic metamaterials” based on the study of phonon crystals, which 
are used to achieve low-frequency sound absorption/insulation and 
acoustic target intensity control [2–5]. Acoustic metamaterials are 
complex artificial materials constructed by means of functional primi
tives and spatial ordering, which can exhibit remarkable acoustic 
properties that are not present in conventional sound insulation 

materials, leading to their extensive application in the field of noise 
mitigation and protection. Currently, acoustic metamaterials include the 
membrane type [6], local resonance type [7,8], Helmholtz resonance 
type [9], space-coiled type [10], etc. Generally, by designing the 
microscopic configuration of a structure, the macroscopic equivalent 
mass density or equivalent bulk modulus of the structure is negative 
within a certain frequency range, thus forming a band gap, effectively 
attenuating sound waves, and realizing “small size control of a large 
wavelength.” Jang et al. designed an innovative acoustic metamaterial 
that utilizes the unique acoustic properties of membranes and local 
resonant structures in sound insulation to improve low-frequency and 
broadband acoustic performance [11]. Du et al. summarized the design 
methods of typical acoustic metamaterials from the perspective of 
structural design, which provides the sound absorption function through 
equivalent negative parameter and bandgap characteristics [12]. Ma 
et al. reviewed the development of acoustic metamaterials, pointing out 
that many new structures are generated by the collective manifestations 
of constituent resonating units and that these novel structures further 
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extend wave manipulation functionalities [13]. Liu et al. proposed and 
studied a curved double wall metamaterial with local resonance to 
improve its sound insulation performance by designing a narrowband 
metamaterial that matches the double wall characteristic frequency 
[14]. Xin et al. constructed a labyrinthine acoustic metamaterial con
sisting of eight resonance units. Based on the analysis of the valley value 
and peak value principle of the sound insulation curve, an ultrasparse 
distribution hypersurface was designed, and high-efficiency sound 
insulation was achieved at 417 Hz [15]. Langfeldt et al. introduced the 
Helmholtz resonator into a plate-type acoustic metamaterial. A sound 
insulation peak was added due to the resonance mechanism of the 
Helmholtz resonator, thus significantly extending the sound insulation 
band [16]. An acoustic metamaterial that combines the lightweight 
properties of a honeycomb sandwich with the Helmholtz resonance 
mechanism was proposed by Gai et al. By deeply exploring the regula
tory relationship between structural parameters and sound insulation 
performance, the structural parameters of the acoustic metamaterial 
were optimized, and the low-frequency noise control problem of thin- 
layer lightweight structures was effectively solved [17].

As a common acoustic metamaterial, Helmholtz resonators can 
effectively suppress and regulate sound in a specific frequency range 
[18]. Although the traditional Helmholtz resonator can achieve the 
sound absorption effect at large wavelengths under small sizes, its sound 
absorption peak is often sharp, and the sound absorption band is narrow. 
Longer pipes or larger cavity volumes often improve low-frequency 
sound absorption, but this not only increases manufacturing costs but 
also limits its application in limited space [19]. Based on the traditional 
structure, Sharafkhani et al. proposed a new design. The single-band 
sound absorber based on the Helmholtz resonator is converted to a 
multiband sound absorber while maintaining its thickness [20]. To 
broaden the bandwidth, Wei et al. connected four Helmholtz resonators 
in parallel and realized perfect multiunit sound absorption by opti
mizing the structural parameters [21]. Hu et al. designed a Helmholtz- 
type acoustic metamaterial with a double-sided complex “S” channel. 
Research has shown that the complexity of the “S” channel improves the 
low-frequency sound insulation performance of the resonator [22]. 
Huang et al. reported that an embedded tubular Helmholtz resonator 

greatly improved the system impedance control ability, significantly 
reduced the perfect absorber thickness, and verified its subwavelength 
sound absorption ability through theoretical analysis and experimental 
verification of the acoustic system [23]. Hu et al. proposed a new 
acoustic metamaterial that combines a thin film, labyrinth and Helm
holtz resonator. Through simulation and experimental analysis, the 
metamaterial shows excellent broadband sound insulation performance 
[24].

As a passive design structure, the characteristics of acoustic meta
materials depend on the geometry and spatial distribution of their 
microstructure, and it is difficult to change their acoustic properties 
without external mechanical loads after manufacturing [25], which 
limits the application of acoustic metamaterials in complex mechanical 
environments. Therefore, the development of reconfigurable acoustic 
metamaterials with reconfigurable microstructures and adjustable 
macroscopic acoustic properties is urgently needed to improve their 
application flexibility and adaptability. The appearance of shape mem
ory polymers (SMPs) provides a new opportunity for the development of 
reconfigurable acoustic metamaterials. As a multiexcitation response 
material, SMPs can detect changes in the external environment and 
actively respond to these alterations, thereby facilitating the shape 
memory cycle of “initial state-temporary morphing-return to initial 
state” (Fig. 1.1). With adaptive and self-driven capabilities, SMP is an 
ideal raw material for reconfigurable acoustic metamaterials [26–36]. In 
addition, 4D printing technology, as an important extension of 3D 
printing, its core feature is that additive manufacturing of dynamic 
structures can be achieved. This type of intelligent structure can achieve 
active control of shape, performance or function in response to external 
environmental stimuli, such as temperature, humidity, light or magnetic 
field [37–39]. Based on this technical advantage, the combination of 
shape memory polymer (SMP) and fused deposition melding (FDM) 4D 
printing technology provides a key technical support for the develop
ment of acoustic metamaterials with intelligent tunable acoustic 
properties.

Therefore, the resonance frequency of embedded tube Helmholtz 
resonators is first theoretically deduced based on the sound insulation 
mechanism of traditional Helmholtz resonators in this paper, and the 
regulatory relationship between the structural parameters and their 
acoustic characteristics (transmission loss) is derived. Then, using the 
SMP active deformation characteristic, reconfigurable embedded tube 
Helmholtz resonators whose cavity wall configuration can change with 
the external environment (temperature) are designed. On this basis, a 
metamaterial honeycomb sandwich panel composed of several recon
figurable resonators is constructed to make the microstructure recon
figurable and the macroacoustic performance adjustable. Finally, on the 
basis of the theoretical and simulation results, a reconfigurable meta
material honeycomb sandwich panel whose acoustic characteristics can 
be intelligently and actively controlled was prepared via 4D printing 
technology, and its acoustic performance was verified. In addition, the 
sound insulation performance of honeycomb sandwich panels with the 
same arc length but different wave numbers and different bottom con
figurations is analysed in detail. The reconfigurable metamaterial hon
eycomb sandwich panels demonstrate significant potential for 

Fig. 1.1. SMP shape memory cycle diagram.

Fig. 2.1. Structural diagram of the embedded tube Helmholtz resonator.
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intelligent tunable acoustic properties, including tunable acoustic liners 
for aerospace structures (enabling frequency-selective noise suppression 
in aircraft engine nacelles), deployable temperature-responsive noise 
barriers for smart buildings, and dynamically tunable underwater 
acoustic stealth coatings for marine equipment.

2. Theoretical analysis model of the embedded tube Helmholtz 
resonator

The embedded tube Helmholtz resonator consists of four parts: a 
cylindrical embedded tube, an air column in the tube, an internal air 
cavity and an external structure, as shown in Fig. 2.1. The specific 
structural parameters include the cylindrical embedded tube length l, 
cylindrical embedded tube diameter d, cylindrical embedded tube wall 
thickness t3, upper and lower plate wall thicknesses of the external 
structure t1, body wall thickness of the external structure t2, regular 
hexagon side length a and cavity height h.

The traditional Helmholtz resonator is often regarded as an inde
pendent acoustic vibration system. The air within the tube will resonate 
when the incident sound wave frequency matches the natural frequency 
of the spring–mass system in the cavity, maximizing the sound energy.

Compared with the traditional Helmholtz resonator, the mass of the 
air column in the embedded tube is Mm, the air in the cavity can be 
equivalent to a spring, the elastic coefficient is Km, and the compliance is 
Cm = 1

Km
. Let the incident sound pressure at the pipe mouth be p =

P0ejωt; then, the mechanical vibration equation of the air column and the 
cavity can be expressed as: 

Mm
dv
dt

+Rmv+
1

Cm

∫

vdt = P0ejωt (1) 

When the air column in the tube vibrates, Rm is the frictional resis
tance between the inner wall of the tube and the air. The time is t, and 
the velocity of the air column in the tube is v. S0 = πd2

4 is the area of the 
tube mouth. The force impedance can be expressed as: 

Zm = Rm + j
(

ωMm −
1

ωCm

)

(2) 

Rm =
lS0

d/2
̅̅̅̅̅̅̅̅̅̅̅̅̅
2ηρ0ω

√
,Mm = ρ0lS0,Cm =

V
ρ0c2

0S2
0

(3) 

The shear viscosity coefficient of air is η, and the value is 1.87× 10− 5. 
Since the wavelength of the sound wave is much larger than the length 
of the embedded tube, the mass of the air column in the tube is modified 

at the end; that is, l in Mm is replaced by Lk,Lk = l + δ. For a cylinder, δ 
takes the value 8

3π d[40], which is approximately 0.85d.
The acoustic vibration system is equivalent to the mechanical vi

bration system, and the acoustic mass MA = Mm
S2

0
, the sound resistance 

RA = Rm
S2

0
, and the sound capacity CA = CmS2

0 are obtained. For the object 

studied in this paper, the acoustic resistance RA and acoustic mass MA 
are provided by the air column in the tube, whereas the acoustic ca
pacity CA is provided by the internal cavity; that is, the acoustic 
impedance of the tube is as follows: 

Zl = RA + jωMA (4) 

When λ >> h, the sound pressure of the entire internal cavity is 
considered constant, and then, the acoustic impedance of the chamber 
can be expressed as: 

ZV =
p
v
=

p
U
= −

jρ0c2
0

ωV
=

1
jωCA

(5) 

where the volume of the irregular internal cavity is V, ρ0 is the air 
density, and ω is the frequency of the mass system of the spring in the 
cavity.

Since the folding space is relatively small and it is not a narrow 
folding space, the deviation calculated in this way is relatively small 
[40]; then, the expression for the acoustic impedance of the structure 
can be derived as follows: 

Za = Zl +Zν =
2l

πd3

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
32ηρ0ω

√
+ jω 4ρ0(l + δ)

πd2 − j
ρ0c2

0
ωV

(6) 

When Im[Za] = 0, corresponding to the resonance state of the system, 
the expression of the resonance frequency f0 can be calculated as: 

f0 =
ω0

2π =
dc0

2π

̅̅̅̅̅̅̅̅̅̅̅
π

4VLk

√

=
dc0

2π

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅π
4V(l + 0.85d)

√

(7) 

Combined with Eq. (3), the resonance frequency can be expressed as: 

f0 =
ω0

2π =
dc0

2π

̅̅̅̅̅̅̅̅̅̅̅
π

4VLk

√

=
c0

2π

̅̅̅̅̅̅̅̅

S0

VLk

√

=
1
2π

̅̅̅̅̅̅̅̅̅̅̅̅

1
MACA

√

(8) 

3. Regulation of transmission loss of an embedded tube 
Helmholtz resonator by structural parameters

The transmission loss of the embedded tube Helmholtz resonator is 
calculated via the multiphysics simulation software COMSOL. As 
Fig. 3.1 shows, the geometric model includes four parts: the PML layer, 
incident sound field, embedded tube Helmholtz resonator, and trans
mitted sound field. The structural parameters of the embedded tube 
Helmholtz resonator are shown in Table 3.1.

In this paper, a finite element simulation of an embedded tube 
Helmholtz resonator is carried out by coupling a pressure acoustic 

Fig. 3.1. Perspective and finite element model of the embedded tube Helmholtz resonator.

Table 3.1 
Structure parameters of the embedded tube Helmholtz resonator.

l(mm) d(mm) t1(mm) t2(mm) t3(mm) a(mm) h(mm)

6 3 1 2 0.5 12 24
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module, a thermoviscous acoustic module and a solid mechanics mod
ule. The external structure material is set as PLA, the background sound 
pressure field with a sound pressure amplitude of 1 Pa is used as the 
acoustic excitation for the incident sound field, and the sound wave is 
vertically incident on the embedded tube Helmholtz resonator. To 
simulate the infinite sound field, Floquet boundary conditions are set for 
the front, back, left and right edges of the model. The upper and lower 
domains are perfectly matched layers, and the sound waves are absorbed 
as much as possible when incident on the perfectly matched layer. The 

density ρ of PLA is 1248Kg/m3, the elastic modulus E is 3.5GPa, and σ 
represents the Poisson’s ratio with a value of 0.3.

The geometric model is meshed, and the incident sound field, 
transmitted sound field, internal air cavity and external structure are 
divided by a free tetrahedral mesh. It is convenient to use a boundary 
layer mesh to analyze the thermal viscosity acoustic effect of the air 
column in a tube, and the thermal viscosity loss can be resolved. The 
perfectly matched layers on both sides are divided by sweeping. To 
absorb the sound waves incident on the perfectly matched layer as much 
as possible and prevent the sound waves from repeatedly reflecting, the 
perfectly matched layer grid should be at least 8 layers. To satisfy the 
calculation accuracy, at least 5 cell grids are guaranteed in the shortest 
wavelength.

The boundary between the perfectly matched layer and the incident 
sound field on the incident side, as well as the boundary between the 
perfectly matched layer and the transmitted sound field on the trans
mission side, are integrally processed, and the transmission loss is 
calculated as follows: 
⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

TL = 10log10(win/wout)

win =

∫
P2

i
2ρc

ds

wout =

∫
P2

t
2ρc

ds

(9) 

where the incident sound power is win, Pi represents the amplitude of the 
sound pressure on the incident sound pressure side, the transmitted 
sound power is wout , and the amplitude of the sound pressure is Pt on the 
transmitted sound pressure side. ρo and c0 represent the air density and 
sound velocity, respectively.

Fig. 3.3 shows the comparative analysis results of transmission loss 
between the embedded tube Helmholtz resonator and the cellular 
element [17] (as shown in Fig. 3.2). It is obvious that there is a trans
mission loss (TL) peak in the relatively narrow frequency band of the 
embedded tube Helmholtz resonator. This phenomenon occurs primar
ily because when the frequency of the incident sound wave aligns with 
the natural frequency of the spring mass system in the cavity, it will 
cause air resonance in the tube, thereby achieving maximum dissipation 
of the sound energy, which leads to a substantial increase in trans
mission loss and the formation of a peak.

The resonance frequency of the embedded tubular Helmholtz reso
nator reflects the frequency band where peak sound insulation occurs, 
which is closely associated with the diameter and length of the cylin
drical embedded tube. As shown in Fig. 3.4, the resonance frequency of 
the resonator is directly proportional to the diameter d of the cylindrical 

Fig. 3.2. Diagram of the embedded tube Helmholtz resonator and 
cellular element.

Fig. 3.3. Comparison of transmission losses between the embedded tube 
Helmholtz resonator and the cellular element.

Fig. 3.4. Comparison of transmission losses of embedded tube Helmholtz res
onators with different embedded tube diameters.

Fig. 3.5. Comparison of the transmission loss of the embedded tube Helmholtz 
resonators with different embedded tube lengths.
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embedded tub. The primary reason for this phenomenon is that, despite 
the increase in the cross-sectional area of the sound wave due to the 
enlarged diameter of the embedded tube, the propagation path of the 
sound wave is also shortened; that is, the effective length is reduced, and 
the acoustic mass of the neck of the embedded tube Helmholtz resonator 
is reduced, thus increasing the resonance frequency. This conclusion is 
consistent with the variation rule described in Eq. (7), that is, the 

resonance frequency is proportional to the neck’s cross-sectional area (i. 
e., the diameter of the embedded tube).

According to the comparative analysis of the transmission loss of the 
embedded Helmholtz resonators with different tube lengths shown in 
Fig. 3.5, as the length l of the cylindrical tube increases, the resonance 
frequency tends to decrease. This phenomenon occurs mainly because as 
the length of the embedded tube l increases, the acoustic mass increases, 
and the resonance frequency decreases. This process adheres to the 
working principle of a resonator and is analogous to the dynamic 
characteristic of a “mass–spring” system. This conclusion aligns with the 
change rule described in Formula (7), which further verifies the cor
rectness of the theoretical model.

In addition, the resonant frequency is related to the thickness of the 
external structure of the resonator. As shown in Fig. 3.6, this section 
explores the effect of the difference in the thickness of the external 
structure of the resonator on the transmission loss. The data analysis 
revealed that the larger the external structure wall thickness is, the 
greater the resonance frequency, and the better the overall acoustic 
performance. In contrast, the thinner the external structure is, the lower 
the first resonance frequency leading to poor overall acoustic perfor
mance. This relationship is also evident in the equivalent model; that is, 
as the thickness of the external structure thickens, the volume of the 
inner cavity decreases, resulting in a higher resonance frequency f0, 
which is conducive to regulating the resonance frequency. However, 
owing to the sinusoidal configuration of the resonator cavity wall, if the 
wall is too thick, it will lead to collision inside the cavity, resulting in 
structural deformation. Therefore, the external structure wall thickness 
must be reasonably designed to optimize its sound insulation 

Fig. 3.6. Comparison of the transmission loss of embedded tube Helmholtz 
resonators with different external structure wall thicknesses.

Fig. 3.7. Effects of the embedded tube diameter, embedded tube length and external structure wall thickness on the resonance frequency (a) Relationship between 
the diameter of the embedded tube and the resonance frequency (b) Relationship between the length of the embedded tube and the resonance frequency (c) 
Relationship between the external structure wall thickness and resonance frequency.
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performance.
To confirm the reliability of this analysis, the simulation results are 

compared with the theoretical results shown in Fig. 3.7. Fig. 3.7(a) 
shows that when the diameter of the embedded tube is just 2 mm, there 
is a certain degree of error between the theoretical and finite element 
analysis results. This kind of error is caused primarily by the small size of 
the aperture of the resonator; thus, the wavelength of the sound wave is 
too large relative to the aperture, and it is difficult for it to effectively 
enter the resonator, which hinders the normal propagation of the sound 
wave and the occurrence of resonance phenomena, thus affecting the 
pressure and flow velocity distributions in the cavity. Therefore, the 
assumption that sound waves can completely enter the cavity and form a 

stable resonance in the theoretical calculation is different from the 
actual situation, resulting in an error between the theoretical calculation 
and the simulation results. In addition, the mismatch between the 
aperture and the wavelength especially affects the performance of the 
resonator when the aperture is very small.

When the tube length of the embedded tube in Fig. 3.7(b) is 
increased to 6 and 7 mm, the error increases to 8 %. This error may be 
due to the insufficient consideration of the actual structural boundary 
conditions in constructing the theoretical model and the neglect of 
material loss, nonideal characteristics of the tube wall and other factors. 
Relatively speaking, the simulation analysis is closer to the actual con
ditions, and these factors are simulated more comprehensively, thus 
explaining the difference between the theoretical values and the simu
lation results.

As shown in Fig. 3.7(c), the error between the simulation and theory 
of resonance frequency can be disregarded when the thickness of the 
external structure is modified. The variation trend in Fig. 3.7 shows that 
a reduction in the resonance frequency requires a decrease in d and t2, 
and the difference is that l needs to increase. Therefore, the resonance 
frequency and transmission loss of the embedded tube Helmholtz reso
nator can be adjusted by modifying the structural parameters.

4. Reconfigurable embedded tube Helmholtz resonators based 
on SMP active deformation characteristics

The shape memory polylactic acid (PLA) temporary configuration 
can be shaped by applying external forces when the temperature exceeds 
the glass transition temperature. Once the temperature falls below the 
glass transition temperature, the model temporary configuration is 
fixed. In addition, reheating beyond the glass transition temperature 
allows the temporary configuration to return to its original shape. 
Relying on this characteristic, this section takes the embedded tube 
Helmholtz resonator as the basis, and inspired by the design concept that 
the SMP shape can be controlled by external field stimulation, the 
strategy to achieve the optimal sound insulation performance in 
different frequency bands by adjusting the cavity wall configuration of 

Fig. 4.1. Diagram of the arc length of each cavity wall configuration.

Fig. 4.2. 4D print-embedded tube Helmholtz resonator shape memory cycle experiment.
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Fig. 4.3. Comparison between the simulated deformation and experimental deformation of the Helmholtz resonator under heating compression (a) Schematic 
diagram of the compression process after heating (b) Schematic diagram of the shape recovery process after heating.
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the resonator is deeply discussed. According to the requirements of 
sound insulation in different frequency bands in actual application 
scenarios, the cavity wall configuration of the resonator can be actively 
adjusted to form a sound insulation peak in the corresponding frequency 
band to achieve the adjustable effect of macroacoustic performance. 
This research not only enhances the adaptability and flexibility of res
onators but also offers a theoretical foundation and practical guidance 
for achieving the acoustic performance requirements in various appli
cation scenarios. 

y = Asin
(

3π
h

x
)

(10) 

s =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(dx)2
+ (dy)2

√

=

∫ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 + (yʹ)2
√

dx (11) 

Among them, the cavity wall configuration is formed by sinusoidal 
boundary–surface rotation. According to the sine formula and arc length 
formula and to ensure the consistency of the arc length of each cavity 
wall configuration, the cavity height h is adjusted by using the active 
deformation characteristic of the reconfigurable embedded tube Helm
holtz resonator (as shown in Fig. 4.1).

The shape memory polylactic acid Helmholtz resonator made by 4D 
printing technology can sense changes in the external environment and 
actively respond to it, realizing the shape memory cycle of “initial state- 
temporary morphing-return to the initial state.” As shown in Fig. 4.2, the 
resonator is heated at 70 ◦C (>Tg, rubber state) and compressed to 
different temporary configurations at a loading rate of 5 mm/min (as 
shown in Fig. 4.3). During the cooling phase, the temperature is uni
formly reduced from 70 ◦C to room temperature (approximately 25 ◦C 
<Tg, glassy state), during which the temporary configuration is always 
maintained.

At the end of the cooling phase, the mechanical load on the resonator 
is removed, and the resonator remains in its temporary configuration, 
indicating that the resonator has an almost perfect shape fixation rate. 
The resonator is in the shape recovery phase from 288 s to 488 s. When 
the temperature increases from room temperature to 70 ◦C, owing to the 
SMP shape memory effect, the temporary configuration of the resonator 
starts to return to the initial configuration, and the shape recovery rate is 
as high as 99.23 %.

Fig. 4.4. Schematic diagram of cavity wall reconfiguration of embedded tube Helmholtz resonators.

Fig. 4.5. Simulation results of the transmission loss of the reconfigurable 
embedded tube Helmholtz resonator.

H. Wang et al.                                                                                                                                                                                                                                   Composite Structures 368 (2025) 119290 

8 



The reconfigurable embedded tube Helmholtz resonator allosteric 
process is shown in Fig. 4.4. First, the resonator is heated above the glass 
transition temperature. Axial compression causes the resonator to 
buckle, and the cavity height h is compressed from the initial 24 mm to 
21 mm. When cooled, the structure can maintain the temporary 
configuration I shown in Fig. 4.4(a), at which point the resonator ex
hibits the corresponding temporary acoustic properties. When the 
desired acoustic characteristics are adjusted according to changes in the 
operating environment, the resonator is reheated above the glass tran
sition temperature, and the cavity height is reduced from 21 mm to 18 
mm by further axial compression. After cooling, the resonator can 
maintain the temporary configuration II shown in Fig. 4.4(a) and has the 

acoustic characteristics of the configuration. According to this working 
principle, the temporary configuration III shown in Fig. 4.4(a) and its 
specific temporary acoustic characteristics can also be realized, and the 
acoustic performance of each configuration of the resonator is shown in 
Fig. 4.5.

In addition, when the working environment changes and the acoustic 
characteristics of the initial configuration of the resonator are again 
needed, the structure can be heated above the glass transition temper
ature, and the acoustic characteristics can be restored to the initial 
acoustic characteristics. The smooth and continuous adjustment of the 
acoustic characteristics of reconfigurable embedded tube Helmholtz 
resonators can be achieved by controlling the on-heating time.

5. Reconfigurable metamaterial honeycomb sandwich panels 
based on the active deformation characteristics of SMPs

In this section, a finite element model of reconfigurable metamaterial 
honeycomb sandwich panels consisting of 36 embedded tube Helmholtz 
resonators is established. Fig. 5.1 shows the initial configuration and 
three temporary configurations of the reconfigurable metamaterial 
honeycomb sandwich panel.

In this section, the acoustic insulation characteristics of the initial 
configuration and three temporary configurations of the reconfigurable 
metamaterial honeycomb sandwich panel are analyzed in detail. As 
illustrated in Fig. 5.2, acoustic simulation software was employed to 
obtain transmission loss simulation results for the reconfigurable met
amaterial honeycomb sandwich pane.

Fig. 5.2 displays the simulation results indicating that within fre
quency region 1 (20–1,360 Hz), the sound insulation performance of 
metamaterial honeycomb sandwich panels can be intelligently and 
actively regulated according to the sound insulation peak frequency 
bands of four kinds of configurations. In frequency region 2 (2,050– 
3,600 Hz), owing to the exceptional sound insulation performance 
exhibited by the initial configuration in this region, the temporary 
configuration is restored to the initial configuration by heating so that its 
acoustic performance is restored to the initial acoustic characteristics. 
This strategy provides the optimal control combination of sound insu
lation characteristics. In addition, Fig. 5.3 is a local enlargement of re
gion 1 (20–1,360 Hz) in Fig. 5.2, which more clearly shows the 
characteristics of the four configurations of sound insulation peak 

Fig. 5.1. Schematic diagram of the reconfiguration of a metamaterial honeycomb sandwich panel.

Fig. 5.2. Simulation results of the transmission loss of a reconfigurable meta
material honeycomb sandwich panel.

Fig. 5.3. Simulation results of transmission loss of reconfigurable metamaterial 
honeycomb sandwich panels in Region 1 (20–1360 Hz).

Fig. 6.1. Acoustic sample of a reconfigurable metamaterial honeycomb sand
wich panel.
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frequency bands that can be intelligently and actively regulated in this 
frequency band.

The reconfigurable metamaterial honeycomb sandwich panels 
effectively utilize the active deformation characteristics of SMPs. 
Through this SMP characteristic, the microstructure of the reconfig
urable metamaterial honeycomb sandwich panel can be reconstructed, 
and the macroacoustic performance can be flexibly adjusted. This design 
strategy, which is based on microstructure reconfiguration and 

macroacoustic performance adjustment, not only significantly enhances 
the flexibility and adaptability of sound insulation performance but also 
shows the great potential of metamaterial honeycomb sandwich panels 
in the intelligent active control of acoustic performance field.

Fig. 6.2. Allosteric process of the acoustic sample.

Fig. 6.3. Results of transmission loss in each configuration of the acoustic sample (a) Transmission loss experiment and simulation diagram of configuration I (b) 
Transmission loss experiment and simulation diagram of configuration II (c) Transmission loss experiment and simulation diagram of configuration III.
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6. Experimental study of the sound insulation of reconfigurable 
metamaterial honeycomb sandwich panels

Fig. 6.1 displays the acoustic sample of the reconfigurable meta
material honeycomb sandwich panel prepared via 4D printing tech
nology. The reconfigurable metamaterial honeycomb sandwich panel 
has a complex geometry. Therefore, an SMP polylactic acid filament 
with an almost perfect shape memory effect was used as a printing 
material to prepare it by melt deposition 4D printing integrated molding 
technology. In addition, Fig. 6.2 displays allosteric process of the 
acoustic sample.

To measure the transmission loss, a Bruel & Kjaer dual-microphone 
impedance tube (Model 4206) is used and measured in accordance 
with the standard procedure detailed in ASTM (E2611-17). The 
measured frequency range is 200–1600 Hz, and the sample diameter is 
99.5 mm.

Considering the constraint problem of the sample in the impedance 
tube experiment, the real constraint conditions around the sample in the 
experiment were simulated by finite element simulation, that is, fixed 
constraints consistent with the experiment were introduced in the 
simulation to ensure the consistency of the experiment and simulation. 
Fig. 6.3 shows the transmission loss results of each configuration of the 
reconfigurable metamaterial honeycomb sandwich panel obtained 
through simulation and experimental measurements. The results show 
that the experimental results closely align with the finite element 
simulation results. However, it should be noted that the experimental 
results are slightly lower than the simulation results in the peak fre
quency range because the ideal environmental factors in the simulation 
cannot be fully simulated during the experiment, such as background 
sound pressure field and boundary conditions.

Table 6.1 shows the numerical statistics of the TL curve in Fig. 6.3. 
The analysis results indicate that configuration I achieves a peak sound 
insulation value of 66.56 dB within the frequency range of 532–1268 Hz, 
which is significantly better than those of the other two configurations, 
and the sound insulation band is wide. Configuration II has the 

narrowest sound insulation band and the lowest sound insulation peak. 
Configuration III features the widest sound insulation peak frequency 
band along with a high sound insulation peak value.

The reconfigurable metamaterial honeycomb sandwich panel not 
only offers a wider sound insulation peak frequency band and a higher 
sound insulation peak but can also meet different sound insulation re
quirements by changing its configuration. These results verify the theory 
proposed in this paper; that is, by actively adjusting the cavity wall 
configuration of the resonator, the sound insulation peak can be formed 
in the desired frequency band based on the sound insulation re
quirements of different frequency bands in practical applications, 
achieving adjustable macroacoustic performance.

7. Analysis of sound insulation performance of reconfigurable 
metamaterial honeycomb sandwich panels with different 
configurations

As shown in Fig. 7.1, the wave number of the reconfigurable meta
material honeycomb sandwich panel was changed to study its sound 
insulation performance while maintaining the same configuration arc 
length. It can be observed from Fig. 7.2 that the change of wave number 

Table 6.1 
Numerical statistics of the TL curves of reconfigurable honeycomb sandwich 
panels.

Configuration/mm The highest STL/ 
dB

Optimal frequency range of STL/ 
Hz

Configuration I/(h = 24) 66.56 532–1268
Configuration II/(h = 21) 57.62 748–1052
Configuration III/(h =

18)
59.14 692–1600

Fig. 7.1. Reconfigurable metamaterial honeycomb sandwich panels with different wave numbers and the same arc length.

Fig. 7.2. Sound insulation performance analysis of reconfigurable meta
material honeycomb sandwich panels with different wave numbers.
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has little effect on the sound insulation performance of the honeycomb 
sandwich panel. This is because, on the premise of keeping the arc length 
of the configuration unchanged, the change of the wave number of the 
sine function will only lead to a slight change in the configuration of the 
cavity wall of the structure, and the propagation path of the sound wave 
is almost unchanged, so the sound insulation performance tends to be 
consistent.

Based on the above research on hexagonal reconfigurable meta
material honeycomb sandwich panels, this section discusses the sound 
insulation performance of honeycomb sandwich panels with different 
configurations under the same volume conditions. Fig. 7.3 and Fig. 7.4
show the single cell structures of different configurations and the 

honeycomb sandwich panels composed of them, respectively. Table 7.1
compares the sound insulation performance and stability of reconfig
urable metamaterial honeycomb sandwich panels with different con
figurations. First, it can be observed from Fig. 7.5(a) and Table 7.1 that 
triangular honeycomb sandwich panels exhibit two significant peaks in 
sound insulation performance. However, in the middle and high fre
quency bands, the sound insulation effect of the structure fluctuates 
greatly. This is due to the simplicity of the triangular structure, so that 
small geometric changes can significantly change the reflection path, 
thereby increasing the energy dissipation and improving the sound 
insulation effect.

Next, it can be seen from the analysis of Fig. 7.5(b) that quadrilateral 
honeycomb sandwich panel has the best performance in sound insu
lation effect, but it also shows greater fluctuation. This phenomenon is 
mainly because the quadrilateral structure contains sharper angles, 
resulting in the reflection path concentrated in these areas, thus 
increasing the number of reflections and energy dissipation.

Finally, Fig. 7.5(c) shows that the pentagonal honeycomb sandwich 
panel has excellent sound insulation performance and stability, and has 
continuous sound insulation peaks. This excellent performance is 
attributed to the fact that the honeycomb sandwich panel shown in 
Fig. 7.4(c) consists of four pentagons of different configurations, the 

Fig. 7.3. Triangular, quadrilateral, and pentagonal unicellular cells.

Fig. 7.4. Reconfigurable metamaterial honeycomb sandwich panels with different configurations.

Table 7.1 
Performance comparison of reconfigurable metamaterial honeycomb sandwich 
panels with different configurations within 1600 Hz frequency range.

configuration sound insulation effect stability

triangular inferior moderate
quadrilateral optimal inferior
pentagonal moderate optimal
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combination of which effectively enhances the number and effect of 
sound insulation peaks. These findings provide an important basis for 
subsequent research.

8. Conclusion

In this paper, a reconfigurable metamaterial honeycomb sandwich 
panel based on microstructure reconfiguration and macroacoustic per
formance adjustment is developed by taking advantage of the active 
deformation characteristics of SMPs. This approach is highly important 
for noise reduction and the acoustic stealth design of equipment oper
ating in complex mechanical environments. The conclusions are as 
follows.

With the decrease in the diameter of the embedded tube and the 
thickness of the external structure, the resonance frequency of the 
embedded tube Helmholtz resonator exhibits a corresponding reduction. 
In contrast, a shortening of the tube length leads to an increase in its 
resonance frequency. Moreover, the influence of structural parameter 
variation on the resonance frequency (transmission loss) of the 
embedded tube Helmholtz resonator is systematically verified by theo
retical and simulation results.

The shape memory effect of the Helmholtz resonators was verified 
via the 4D printing of SMP material. By modifying the cavity wall 
configuration of the resonator, the optimal sound insulation perfor
mance was achieved across different frequency bands.

In the middle- and high-frequency bands, the initial configuration of 
the reconfigurable metamaterial honeycomb sandwich panel demon
strates exceptional sound insulation performance. In the low-frequency 

range, the sound insulation performance of the reconfigurable meta
material honeycomb sandwich panel can be intelligently adjusted under 
four configurations.

Drawing upon the outcomes of finite element simulations and 
experimental investigations, we concluded that the reconfigurable 
metamaterial honeycomb sandwich panel not only exhibits a wider peak 
frequency band for sound insulation and a higher sound insulation peak 
but can also meet different sound insulation requirements by changing 
its configuration.

When the structural arc length of the reconfigurable metamaterial 
honeycomb sandwich panel remains unchanged, the change of wave 
number has little effect on its sound insulation performance. In addition, 
under the same volume conditions, the triangular honeycomb sandwich 
panel has week sound insulation performance, but its stability is well. 
The quadrangle honeycomb sandwich panel has the best sound insu
lation performance, but the stability is the worst. Pentagonal honey
comb sandwich panel has good sound insulation performance and 
stability.
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