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Abstract In this study, we fabricated multifunctional metastructures from carbon fiber-reinforced plastic composites using
additive manufacturing technology. These metastructures are characterized by their lightweight, load-bearing capacity, and
broadband low-frequency sound absorption properties. The metastructure consists of 36 unit cells, and non-local coupling
mechanism was considered for designing the sound absorption performance. We developed an acoustic impedance theory
tailored for the metastructure, facilitating an analysis of thermal and viscous dissipation mechanisms. It is proven theoretically

and experimentally that the proposed composite metastructure can achieve a noise reduction with an average sound absorption
coefficient greater than 0.9 across frequencies in the rage of 330—1500 Hz. We also studied the metastructure’s quasi-static and
cyclic compression performance, confirming its efficient absorption capabilities after cyclic compression. The proposed design
and additive manufacturing method for composite metastructures provides a novel pathway for creating lightweight, multi-
functional structures with diverse applications, such as aerospace engineering.
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1 Introduction

Recently, there has been an urgent demand for lightweight,
multifunctional structures within the aerospace and con-
struction industries. Composites are widely used because of
their high specific stiffness and strength [1,2]. Designable
lightweight composites have become reliable carriers for
designing and manufacturing lightweight multifunctional
structures. The challenge of mitigating noise, a growing
concern for both human health and equipment operation, has
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become increasingly prominent [3]. Equipment, especially
those with large structures, often suffer from low-frequency
noise, a problem that is inadequately addressed by traditional
sound absorbers owing to their insufficient mechanical per-
formance and limited low-frequency sound absorption cap-
abilities. The development of acoustic metamaterials and
metasurfaces has enabled the unprecedented control of sound
waves. The design and manufacturing method of combining
acoustic metamaterials with composites provides a novel
platform for lightweight, multifunctional structures.
Although the mechanical properties of these composites
are well-documented, the focus has shifted toward fibrous
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sound-absorbing materials for noise reduction, exploring
both continuous and short fibers [4-7]. Chevillotte and
Perrot [8] applied the widely used Johnson-Champoux-
Allard (JCA) model to systematically study the effects of
channels and pores on the sound absorption performance of
porous media and conducted a parametric analysis. Meng et
al. [9] studied the acoustic anisotropy of porous sintered
metal fiber materials. In the low-frequency range, the sam-
ples could not absorb sound, and the working frequency band
was mostly concentrated above 1000 Hz. Wu et al. [10]
studied the sound-absorption performance of an A356/SiC,
composite foam, demonstrating its narrowband absorption
characteristics focused at approximately 1000 Hz. Natural
fibers have also been investigated for their sound absorption
potential due to their low cost and environmentally friendly
nature. Choe et al. [11] studied the acoustic properties of
wood-fiber-reinforced polyurethane composite foams for
high-frequency sound absorption. Liu et al. [12] used plant-
fiber-filled honeycomb sandwich structures to manufacture
noise-reducing composites and studied their sound absorp-
tion performance; however, their sound absorption did not
exhibit a stable low-frequency broadband. Although com-
posites generally exhibit excellent performance in many
aspects [13,14], achieving low-frequency broadband noise
reduction using composite materials remains a challenge.

These structures and materials cannot achieve low-fre-
quency broadband noise reduction performance. Recently,
the development of metamaterials and metasurfaces has
provided new solutions for sound absorption [15]. Meta-
materials and metasurfaces can achieve physical properties
that natural materials do not possess by artificially designing
subwavelength structures, and they can modulate acoustic
and elastic waves in combination with inverse design
methods [16-25]. Many metasurfaces have been proposed
for sound absorption, including thin films, curled channels,
and local coupling resonators [26-29]. Yang et al. [30] re-
ported that sound waves also follow the causal criterion, and
proposed a coupling sound absorber that is close to the op-
timal thickness of the causal criterion. They used sound-
absorbing cotton to weaken the antiresonance phenomenon.
Huang et al. [31,32] developed an embedded neck-tube
sound absorber that considered viscous and thermal dis-
sipation and proposed a weak resonance non-local coupling
mechanism, which significantly reduced the structural
thickness. Zhou et al. [33] further proposed the suppression
of the over-response and over-damping effects, effectively
addressing the antiresonance problem. Combining metas-
tructures with composites provide a solution for designing
lightweight, multifunctional structures.

Composites are special materials that must be considered
in both the design and manufacturing processes. Traditional
composite manufacturing techniques, including autoclave
and compression molding, have low molding efficiencies
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and long processing times. In contrast, additive manu-
facturing (AM) offers advantages such as lower cost, higher
work efficiency, and faster processing times, making it one
of the most effective technologies in advanced manufactur-
ing [34,35]. Fused deposition modeling (FDM), a type of
AM technology, is widely used in the manufacture of ther-
moplastic composites. Carbon-fiber-reinforced plastics are
used in three-dimensional (3D) printing because of their
excellent mechanical properties and designability. Tekinalp
et al. [36] used short carbon fiber-reinforced plastics for
FDM manufacturing and compared it with the compression
molding technology. The tensile strength and modulus of 3D
printed samples were improved. Yang et al. [37] conducted
the first experimental study on fiber flow and voids during
the 3D printing of short fiber-reinforced thermoplastic
composites. In terms of metastructure, Mizukami et al. [38—
40] used FDM technology to manufacture the local re-
sonance metastructure by combining short carbon fiber-re-
inforced nylon and continuous carbon fiber-reinforced
nylon. They used an inertial amplification mechanism to
design and manufacture various composite metastructures to
suppress vibrations. Given its ability to manufacture com-
plex periodic metastructures, AM technology holds great
promise for the design and manufacturing of multifunctional
composite metastructures that integrate load-bearing and
noise reduction capabilities.

2 Theory

In this section, we first introduce the theory used for the
acoustic absorption calculations and then introduce a com-
pact broadband sound absorption metastructure based on a
non-local coupling mechanism. Finally, the causal criterion
is employed to demonstrate that the proposed structural
thickness of our design is close to the optimal causal thick-
ness.

2.1 Acoustic impedance model

Our proposed multifunctional metastructure comprises 36
unit cells. To assess sound absorption, we initially analyzed
the acoustic performance of the unit cell before evaluating
the acoustic performance of the overall metastructure. As
shown in Figure 1(a), the metastructure is a double-layer
square honeycomb structure. Both the top and middle panels
of this honeycomb structure were microperforated. The
length and width of the metastructure were both L, and the
height was H. Sound waves incident on the metastructure
were reflected after being dissipated by it. The compact
square honeycomb exhibited excellent load-bearing and
impact energy-absorption performances [41]. The area en-
closed by the red dashed line in Figure 1(a) represents the
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unit cell of the metastructure. In Figure 1(b), the unit cell of
the metastructure consists of top, middle, and bottom panels
(orange) and two cavities (yellow). The heights of the cav-
ities were H, and H,, respectively. The thicknesses of the top,
middle, and bottom panels were ¢, f,, and t;, respectively.
The length and width of the unit cell were both 4. Figure 1
(c) shows the cross-sectional view of a unit cell, where the
gray part represents air. The diameters of the micropores
shown in the top and middle panels were d; and d,, respec-
tively. The wall thickness of the cavity was fixed, and the
length and width inside the cavity were both /. The dia-
meters of the two micropores and heights of the two cavities
in each unit cell were different, whereas the other geometric
parameters were the same.

The sound absorption performance can be characterized by
the acoustic impedance, and the boundary of the meta-
structure can be considered a hard boundary. Therefore, the
analysis of the metastructure’s acoustic impedance focused
solely on the air contained within. The time dependency of
this study is e/*’. The normal incidence absorption coeffi-
cient, which is characterized by the surface acoustic im-
pedance of the metastructure, is
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where r is the reflection coefficient, Z is the surface acoustic
impedance of metastructure, Z,= p,c, is the characteristic
impedance of air, p, and ¢ are the density and sound velo-
city of air at room temperature, respectively. Acoustic im-
pedance is defined as p /v, where p is sound pressure and v is
particle velocity. We applied transfer matrix theory to cal-
culate the surface acoustic impedance. The sound pressure
and velocity relationship between the top and bottom of the
air unit cell (Figure 1(d)) is as follows:

Pl PSI

=T
h Vs

(2

where T is the transfer matrix.

Acoustic energy is primarily consumed by viscous and
thermal dissipation in metastructures. Therefore, in the
transfer matrix, we considered the viscous dissipation of
micropores and cavities as well as the thermal dissipation of
cavities. The reasons for these considerations are discussed
in the results and discussion section. For an ideal gas pro-
pagating in an irregular tube, the sound pressure and speed
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Figure 1 (Color online) Schematic of (a) entire metastructure, (b) unit cell, (c) unit cell with air parts (gray), and (d) non-local coupling mechanism among

different unit cells.
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can be derived from the motion equation. According to
Stinson’s derivation [42,43], the sound pressure and speed
can be represented by considering the viscous and thermal
dissipation through the complex density and complex wa-
venumber. The complex wavenumber and complex density
of the air in the cavity are then represented as

N vt
3)

_P
pc_?‘(})y

where k = w / ¢ is the acoustic wave number; y is the specific
heat ratio of the air. For complex wavenumber and density,
the effects of thermal and viscous dissipation are represented
by the thermal and viscosity functions, respectively. The
viscous and thermal field functions in the square cavity
[31,42,43] are

>
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amh:A[khZ*Zm'/ll, k,=—jwp,/n and kh=*jwp0Cp/K

are the viscous and thermal wavenumber, respectively. In the
calculations, we retained the first ten terms of the infinite
series. In addition, w is the angular frequency; the dynamic
viscosity, thermal conductivity and specific heat at a constant
pressure of air are 77, K, and C,,, respectively. The thermal and
viscous wave numbers in the functions reflect the thermal
and viscous dissipation, and the Fourier series in the func-
tions depends on the boundary conditions of the square
cross-section. The two-dimensional Fourier series obtained
from the boundary conditions can be simplified to a one-
dimensional Fourier series [44].

Therefore, the complex characteristic impedance of air is
Z,=p.c.=p.w/k. When analyzing the impedance of the
micropores, the influence of thermal dissipation can be ig-
nored owing to the small thickness of the micropores.
Therefore, we used Maa’s theory [45] and only the viscous
dissipation of the micropores. The acoustic impedance of the
micropores is

oty )
" On HynJO(Hyn)
0.85jd pow | 25y,
>, o (5)

where n = 1,2 correspond to the top panel and middle panel
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respectively, y, =d, [poo / J4n, 0, is the area ratio of the
micropore to the panel in one unit, J; and J, are first and zero
order Bessel functions of the first kind, respectively. Sub-
sequently, based on the continuous conditions of sound
pressure and volume velocity, we derived the transfer matrix
of the unit cell. The transfer matrix from (P}, ) to (P, V5) is

P P.

_ o2
VJ T v (6)
1 Zy,
1= 7
1 [ . (7
The transfer matrix from (7, }5) to (P3, 13) is
Py | P
cos(Hlkc) jsin(Hk,)Z, )
jsin(Hk)/Z,  cos(Hk,) |

Similarly, the transfer matrices of (P;, }3) to (P, V,) and
(P, V) to (Ps, V5) can be described as
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Therefore, the total transfer matrix can be described as
T=LLGT,. (14)

Because the boundary of the metastructure is hard, V5 = 0.
The surface acoustic impedance of the unit cell is

_Pl _T(lal)

Zcell - 71 - T(Z, 1)- (15)

There are coupling effects among different unit cells in the
metastructure [46,47]. We can observe that the surface
acoustic impedance of the metastructure is

s _ &S,

— , 16
VA i=1 Zicell ( )

where Z is the surface acoustic impedance of the metas-
tructure, S = L,L, is the surface area of the metastructure,
Z;. 1 the acoustic impedance of the i-th unit cell, Sy is the
surface area of the unit cell, and N is the number of unit cells.
Substitute eq. (16) into eq. (1) to obtain the sound absorption
coefficient o at angular frequency w.
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2.2 Non-local coupling metastructure

In the previous section, we discussed the coupling effect
among unit cells. A schematic diagram of the coupling effect
is shown in Figure 1(d). By modulating this coupling effect,
we can achieve a non-local coupling effect, which refers to
the interference between the reflected waves of a single cell
with insufficient sound absorption performance, resulting in
the enhancement of the sound absorption performance
[32,33]. This coupling mechanism does not rely on mod-
ulating the sound absorption performance of individual unit
cells but focuses on the coupling effect between unit cells.
This coupling mechanism achieves better sound absorption
performance by modulating the overall acoustic impedance
of the structure. Accordingly, we proposed a compact me-
tastructure with 36 unit cells. Reasonable use of this coupling
effect reduces the thickness of the structure.

Genetic algorithms based on MATLAB were used to op-
timize the acoustic impedance of the overall structure. The
aperture and cavity height of each unit cell were set as
variables. Because the overall thickness of the structure was
constant during optimization, only the height of the required
upper cavity was set as a variable. The fitness function of
genetic algorithm is

W= 2(|Re(z(ﬁ)) 13+ [im(z()) - 0

where M is the number of frequency points and Re and Im
are the real and imaginary parts, respectively. When W
reached its minimum value, the sound absorption perfor-
mance of the structure reached its optimal level. In addition,
composite design is a special structural design, and manu-
facturing must be considered. We considered manufacturing
constraints in our design and optimization, which are dis-
cussed in the results and discussion section.

) a7)

2.3 Causal optimal thickness

Sound waves belong to the causal wave system, and the
incident wave at any time ¢ depends only on the incident
wave before time ¢. The response of sound waves must sa-
tisfy the causality principle. The causal principle of sound
waves creates an inequality between the absorption spectrum
and structural thickness [30]:

1 0
> — L = .
D> % |J.0 In|l —a(A)|dA| = Dpyips (18)

where D is the thickness of the sample, ¢ is the volume
fraction of the sample, 4 is the wave length of the sound
wave, and a(/) is the absorption coefficient as a function of
wavelength. From eq. (18), it can be observed that for any
design objective, there is a minimum thickness. Under hard-
boundary conditions, the minimum thickness was used as the
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evaluation standard for the designed metastructure. When

D = D, the designed metastructure is the optimal absorber.

min>

3 Materials and methods

Additive manufacturing technology provides a novel plat-
form for complex metastructure manufacturing. To make the
metastructure lightweight and highly load-bearing, we used
composite AM technology to manufacture composite me-
tastructure.

This study used short carbon fiber-reinforced nylon com-
posite filaments, specifically Onyx to manufacture compo-
site metastructures through FDM. The Onyx filament,
processed using Markforged software, incorporates the short
fiber T300 carbon, and PA6 nylon plastic. We used a 3D
printer Mark Two (Markforged), as shown in Figure 2(c) to
manufacture the composite metastructure. The Eiger soft-
ware was used for slicing and path planning. Figure 2(a) and
(b) show the planning of the printing path and the 3D printing
model of the metastructure, respectively. The metastructure
had two layers of enclosed cavities and was divided into
three parts to facilitate manufacturing. The thickness of the
layer is 0.1 mm. Both the top and bottom panels had 10
layers, and the core layer had 620 layers. The accuracy of the
holes is much greater than that of the cavities in terms of their
impact on the sound absorption performance. As shown in
Figure 2(a), due to the manufacturing limitations of FDM
technology, the path of the small hole was formed by a cir-
cular short fiber wrapped around it. Therefore, the aperture
should not be smaller than 1 mm when designing a metas-
tructure. The core layer consisted of two layers of cavities,
and we used an Onyx support to manufacture the middle
panel. The Onyx supports were manually removed. Owing to
the Onyx support, we made the structural design strategy as
simple as possible and avoided using structures that are ea-
sily damaged. The model of the composite metastructure is
shown in Figure 2(d). We used Ergo5882 to bond the top and
bottom panels and core layer.

4 Results and discussion

4.1 Sound absorption properties

We optimized and designed a 36 unit cells composite meta-
structure with a thickness of 64 mm and a cross-section of
99.4 mm x 99.4 mm, considering manufacturing limitations.
We conducted standing wave tube experiments to validate
the accuracy of the theory and the feasibility of composite
AM. The impedance tube, accommodating the 99.4 mm X
99.4 mm composite metastructure, had inner wall dimen-
sions of 100 mm X% 100 mm. Figure 3(a) shows a photograph
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Figure 2 (Color online) (a) Printing path planning strategy of the metastructures; (b) 3D printing model of the metastructure; (c) a photo of 3D printing

system; (d) a photo of composite metastructure.

of the impedance tube and other components of the experi-
mental system. A speaker connected to a power amplifier
was positioned at one end of the tube while the composite
metastructure was placed near the inner wall at the opposite
end. A microphone connection acquisition card was used to
capture the sound pressure and phase. The experimental
system complied with international standard ISO 10534-2.
The impedance tube’s cut-off frequency is approximately
1700 Hz, with the selected testing range being 300—1500 Hz.
For comparison with conventional manufacturing methods
for metamaterials, resin samples were manufactured using
stereolithography (SLA). The resin used was a DSM8000,
and the 3D printer was a Lite 600HD.

As shown in Figure 3(b), it is a comparison diagram of the
sound absorption coefficient o and relative acoustic im-
pedance Z/ Z, between theoretical and experimental results.
In the sound absorption coefficient spectrum, the blue solid
lines represent the theoretical results, the black dashed lines
represent the experimental results for the resin sample, and
the gray dotted lines represent the experimental results for
the composite sample. The results indicate that the sound
absorption curve of the resin sample fits well with the the-
oretical results and that there are slight differences in the
composite sample from 350 to 600 Hz. This is caused by the
manufacturing accuracy. SLA technology has a higher ac-
curacy than FDM technology. The line width, layer height,
and path of printing materials limit the manufacturing ac-
curacy of FDM technology. The low-frequency region (be-
low 600 Hz) had more resonance modes than the high-
frequency region (above 800 Hz); therefore, the low-fre-
quency region was more susceptible to the impact of accu-
racy in sound absorption design. The theoretical results show

that the average sound absorption coefficient is greater than
0.9 from 330 to 1460 Hz. The average sound absorption
coefficient of the composite metastructure was greater than
0.9 from 330 to 1500 Hz, and it was almost perfect in the
frequency domain greater than 600 Hz. The optimal causal
thickness corresponding to the theoretical absorption spec-
trum was 54 mm. The difference between the composite
metastructure and the causal optimal thickness was only
10 mm.

We deduced from eq. (1) that the necessary and sufficient
condition for a = 1 is Z/ Z, = 1, meaning that the impedance
matching condition is the real part value of the relative im-
pedance as 1, and the imaginary part value as 0. In the im-
pedance diagram in Figure 3(b), the solid, dashed, and dotted
lines represent the theoretical, resin, and composite samples,
respectively. Dark blue represents the real component of
relative acoustic impedance, which is the acoustic resistance,
whereas red represents the imaginary component of the re-
lative acoustic impedance, which is the acoustic reactance.
The research data indicated continuous impedance matching,
both theoretically and experimentally, thus validating the
accuracy of the theory. Interestingly, the acoustic resistance
was slightly greater than 1 in most frequency bands, in-
dicating that the metastructure is an overdamping structure,
which is beneficial for reducing the thickness of the structure
and making it easier to approach the causal optimal thick-
ness.

To further analyze the sound absorption potential of the
metastructure, we conducted a complex frequency plane
analysis (Figure 4). Complex frequency analysis involves
introducing the imaginary part f; into the actual frequency f,
that is, the complex frequency F = f'+(f, +f;), where f; is



Yang Y L, et al.

Sci China Tech Sci

Acquisition card Computer

Mitrophonie

(b)

1 T = RIS T RIS T
%y N .. &'\\/T?- A o o /X e
8 08 /\/}L‘.’pt.f\"\\"m({f% { L\W MMJV“M}%‘M R
é;:') ' '] ~—Theory
|5} T e Composite
8 0.6 ===Resin
=
204 E
202 R .
<

N .

- ——Theory resistance Y, T
= Theory reactance
----- Composite resistance
""" Composite reactance
===Resin resistance
—--lfesin resistance .

400 600 800 1000 1200 1400
Frequency (Hz)

Figure 3 (a) A photo of experimental impedance tube setup. (b) Com-
parison of the sound absorption curves from theory (blue solid line) and
experiments on composite (gray dotted line) and resin (black dashed line)
metastructures. The corresponding relative impedance with real part (dark
blue) and imaginary part (red).

the inherent dissipation of the system, which can be mathe-
matically characterized by acoustic impedance equations.
The imaginary part of the complex frequency represents the
gain or loss in the system. Therefore, complex frequency
analysis can help predict the acoustic performance of an
acoustic system in gain or loss states. The color of the
complex frequency plane represents the logarithm of the
absolute value of the reflection coefficient. According to eq.
(1), the points in Figure 4 that approach yellow are quasi-
perfect sound absorption areas (i.e., zero). When f; = 0, the
true state of the system is represented. The three thin lines
surrounding the area in Figure 4 represent predictions when
the sound absorption coefficients were greater than 0.8, 0.85,
and 0.9, respectively. When the system is lossless, the zero
and pole are symmetrical about the horizontal axis. The
additional loss increases or decreases, and this curve moves
upward and downward, respectively. Under this inherent
loss, the true frequency range surrounded by the thin gray
lines is the largest, and moving the curve up or down reduces
the working bandwidth. It can be concluded that the sound
absorption potential of the metastructure reaches its max-
imum value at this inherent loss f;. In addition, the upward
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Figure 4 Complex frequency plane illustration of the metastructure, and
the three thin lines represent the contour lines for sound absorption coef-
ficients of 0.8, 0.85, and 0.9, respectively.

shift of the zero and pole points in Figure 4 is a result of the
increased loss, and most of the zero and pole points are on the
same side of the plane. Therefore, the metastructure is in an
overdamped state. The overdamping principle brings the
thickness closer to the optimal causal thickness [33].
Therefore, the composite metastructure was significantly
closer to the causal optimal thickness, even when consider-
ing the manufacturing limitations.

To elucidate the sound absorption mechanism, we con-
ducted a simulation analysis of energy dissipation using a
multi-physical field simulation. When sound waves propa-
gate in a fluid near a solid wall, viscous and thermal me-
chanisms primarily account for energy dissipation. Viscous
dissipation, which entails energy loss due to friction from
molecule diffusion and mutual attraction, causes air velocity
to be zero at the wall and increase with distance, leading to a
velocity gradient and consequent friction that is converted
into thermal energy. Thermal dissipation, or heat transfer due
to molecular collisions (also referred to as thermal conduc-
tion dissipation), is significant given that solids’ thermal
conductivities vastly exceed those of fluids, necessitating
consideration of losses during thermal conduction. For our
analysis, the thermal-viscous-acoustic module was employed
to simulate the entire metastructure’s dissipation, with non-
slip boundary and isothermal conditions as the boundary
parameters. We explained that when conducting theoretical
calculations, only the viscous dissipation of the hole must be
considered without thermal dissipation.

Figure 5(a) and (b) show the nephograms of the viscous
and thermal power densities for one cross section of the
metastructure. To illustrate the similar dissipation char-
acteristics between low and high frequencies, we selected
two absorption frequencies: 600 and 1200 Hz. The colors in
the nephogram represent the logarithm of the power density.

In terms of viscous loss, regardless of whether it is 600 or
1200 Hz, the viscous dissipation of the holes was higher than
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Figure 5 (a) Viscous loss at 600 and 1200 Hz; (b) thermal loss at 600 and 1200 Hz; (c) the proportion of viscous and thermal loss between cavity and hole

at 600 and 1200 Hz.

that of the cavities, and energy loss mainly occurred near the
inner walls of the holes and cavities. Energy dissipation
varies by frequency due to different cavity and hole re-
sonance frequencies, where strong resonance amplifies tan-
gential air velocity, thus increasing viscous power and
enhancing sound absorption.

In terms of thermal loss, energy losses were also con-
centrated on the inner wall. Unlike viscous dissipation, the
thermal dissipation of the cavity was greater than that of the
hole. Note that the cavity with high viscous dissipation also
exhibited significant thermal dissipation since thermal power
is directly correlated with external pressure on the thermal
boundary layer. High resonance cavities, consequently, had
elevated sound pressure.

Figure 5(c) shows the energy-dissipation ratios of the
cavities and small holes at 600 and 1200 Hz. The total power
of the overall metastructure is

0=0y+0c=[, EydVy+], EcdVe, (19)

where Q) and Q¢ are the power of the holes and cavities,
respectively, V;,and V¢ are the total volumes of the holes and
cavities, respectively, and E), and E¢ are the power densities
of the holes and cavities, respectively. The specific values of
Figure 5(c) are shown in Table 1. We can deduce that viscous

dissipation dominated, accounting for approximately 97% to
98% of the total dissipation. The lowest proportion of energy
dissipation was the thermal dissipation of the holes, which
was less than 1% of the total dissipation. At different fre-
quencies, the proportion of energy dissipation was almost the
same. Therefore, in theory, we neglected the thermal dis-
sipation of the holes. However, if the thickness of the hole is
large, thermal dissipation cannot be ignored owing to the
increase in the area of thermal conduction.

4.2 Mechanical properties

To further verify the mechanical properties of the composite
metastructure, quasi-static compression experiments were
conducted. Figure 6(a) shows the quasi-static compression
process and static rebound of the composite metastructure,
and Figure 6(b) shows the load-displacement curve during
the compression process. The experimental equipment was a
universal testing machine with a load range of 100 kN. The
speed of quasi-static compression was 1 mm/min. The
composite metastructure was compressed to a deformation
rate of 60%, and the photo was taken every 10% deformation
(A—F in Figure 6(a) and (b)).

From the load-displacement curve analysis, it is evident
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Table 1 Viscous dissipation power and thermal dissipation power of
holes and cavities at Case 1 (600 Hz) and Case 2 (1200 Hz)

Components Case 1 (W) Case 2 (W)
Cavity thermal 3.11 x 1077 227 x 1077
Cavity viscous 450 x 107° 3.89 x 107°
Hole thermal 6.80 x 107° 234 x107°
Hole viscous 6.50 x 107° 6.72 x 107°

10 % 20 % 30 % 40 % 50 % 60 %

21% Static for 10 minutes 60 %

25.6mm rebound to 50.72mm

Load(kN)
S & 8
S
=1

wn

12.8 192 256 32.0 384
Displacement(mm)

0 6.4

Figure 6 (Color online) (a) Photos of the loading process and the static
rebound of composite metastructures; (b) the load-displacement curve of
composite metastructure.

that the initial small deformation range exhibited linear
elastic mechanical behavior, with the force displacement
presenting as a straight line. The elastic limit was reached
before point A. Subsequently, the structure entered the
plastic yield stage. From point B to point C, the load in-
creased owing to the compaction of the upper cavity folds.
From point C to point D, buckling folds appeared in the
lower cavity. After point D, the overall metastructure was
compacted and the strength gradually increased. After
loading at a deformation rate of 60%, we immediately un-
loaded it. After 10 min of static placement, we measured the
overall thickness of the composite metastructure to be
50.72 mm. Moreover, the microcracks generated by ductile
fracture can increase the loss of sound energy and enhance

February 2025, Vol.68, Iss.2, 1220206:9

sound absorption performance. The compression property of
Onyx was better than that of pure nylon. Notably, the
bending and tensile properties of the metastructure were
significantly enhanced owing to the reinforcement of the
carbon fiber. The combination of composites and meta-
structures provides a new platform for the design and man-
ufacturing of lightweight multifunctional integrated struc-
tures.

Cyclic compression experiments were performed to study
the cyclic utilization and cyclic loading recovery character-
istics of the composite metastructures. The compression
speed was 1 mm/min, and five cycles were conducted, with
each compression reaching a deformation rate of 20%. The
unloading rate was the same as the loading rate. When the
deformation rate was 20% each time, it was placed statically
for 10 min before proceeding to the next loading. Figure 7
shows the load-displacement curves of the composite me-
tastructure under cyclic loading. The structure has high
stiffness at the first cycle, and then the cyclic strength be-
comes lower and buckling becomes simple. However, each
time, the composite metastructure recovered to a deforma-
tion rate of less than 8%. The high resilience of this structure
was attributed to its nylon matrix. The carbon fibers in this
structure provide high-strength mechanical properties. The
design and manufacturing of this composite metastructure
have broad application prospects in working environments
under cyclic loading.

After five compression cycles, the acoustic performances
of the samples after static placement were evaluated. Inter-
estingly, the composite metastructure not only restored its
original size but also conserved efficient broadband sound
absorption performance. Figure 8 shows a comparison of the
sound absorption coefficients of the composite metastructure
pre and post cyclic compression. The compressed composite
metastructure exhibited a significant improvement in sound
absorption performance at low-frequencies (400-600 Hz),
whereas the sound absorption performance decreased
slightly at 800 and 1400 Hz. The compression of the com-
posite metastructure caused a change in the size of the cavity
and the shape of the micropores underwent unforeseen
changes; however, the boundary conditions did not change.
Although the coupling results changed within this frequency
band, there was still efficient broadband sound absorption
performance. Therefore, the composite metastructure is a
reusable noise-reduction structure with a high bearing
capacity. Carbon fibers provide better strength and stiffness
to the structure, whereas the nylon matrix provides
good toughness and acoustic robustness. The lightweight,
high-strength, and multifunctional composite metastructure
is suitable for multiple industries such as aerospace
and construction. Moreover, the design concept of this
structure can be extended to sandwich structures with other
cores.



Yang Y L, et al.  Sci China Tech Sci

Load(kN)
v 8 ﬁ =

(=]

0 ;
0 32 6.4 9.6 12.8
Displacement(mm)

Figure 7 The cyclic compression curve of composite metastructure.
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Figure 8 Comparison of sound absorption of composite metastructure
before and after cyclic compression.

5 Conclusion

In summary, we proposed a short fiber-reinforced nylon
composite metastructure based on AM, developed the
acoustic impedance theory of the metastructure, including
the thermal dissipation of the cavity, and further analyzed the
thermal viscous dissipation mechanism using the finite ele-
ment method. The constraints of composite additive manu-
facturing were considered in the design. The metastructure
achieves notable noise reduction, with an average sound
absorption coefficient greater than 0.9 in the range of
330-1500 Hz, showcasing low-frequency wideband cap-
abilities. The quasi-static compression performance of the
structure was studied, and the sound absorption perfor-
mances of the structure before and after cyclic compression
were compared, proving that the structure was reusable.
These findings underscore the potential of this approach in
developing multifunctional, lightweight composite struc-
tures, with a particular focus on continuous-fiber-reinforced
composites.
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