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a b s t r a c t

Acoustic metamaterials possessing subwavelength characteristics can be used for low-frequency noise
and vibration control. Acoustic metamaterials with adjustable dynamic properties can further enhance
their possible applications. This paper designs a kind of tunable acoustic metamaterials consisting
of the frame structure, airbag, and balancing weight. And their dynamic characteristics can be
manipulated by tuning gauge pressure and gas temperature in the airbag. The calculation results
indicate that the tunable acoustic metamaterials can effectively suppress the wave propagation and
vibration in the ultralow-frequency band gap (about 13Hz∼90Hz) during manipulation. The complete
band gap is the overlapping frequency range of an out-of- and in-plane band gaps. Numerical analyses
indicate that the formation of out-of-plane band gap is due to the coupling between the out-of-plane
resonant mode of balancing weight and the anti-symmetric Lamb mode of the frame structure. In
contrast, the formation of an in-plane band gap is due to the coupling between the in-plane resonant
mode of balancing weight and the symmetric Lamb mode of the frame structure. Meanwhile, the
manipulation mechanism of these band gaps stems from the fact that through tuning gauge pressure
or gas temperature, the structural stiffness of the airbag (torsional stiffness, in-plane, and out-of-plane
stiffness) and frame structure (in-plane and bending stiffness) can be significantly tuned so that the
modes related to them can be manipulated. The tunable acoustic metamaterials can be used for active
control of low-frequency vibration and noise. It is possible to provide guidelines for designing other
acoustic metamaterials to suppress low-frequency vibration and noise.

© 2021 Published by Elsevier Ltd.
1. Introduction

Phononic crystals (PnCs) and acoustic metamaterials (AMMs),
hich are artificially engineered structures that exhibit phys-

cal properties not available in natural materials, possess the
xcellent manipulation performance to elastic wave propaga-
ion in these structures. Rationally designed PnCs and AMMs
an realize some interesting phenomena, such as negative re-
raction [1–3], self-collimation of wave [4], low-frequency super
bsorption [5,6], negative equivalent material parameters [6–
2], and so on. They can potentially serve for enabling various
pplications, such as waveguide [13,14], super-resolution imag-
ng [15,16], cloaking [17,18], wavefront modulation [19], noise
nd vibration control [20,21] and so on. From the view of the
ormation mechanisms of band gaps, the PnCs usually possess
he Bragg scattering band gaps caused by periodic variation in
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352-4316/© 2021 Published by Elsevier Ltd.
the impedance of the elastic medium, and they can attenuate
waves with a wavelength of the same dimensions as their pe-
riodic unit cell sizes [22]. For AMMs, not necessarily periodic,
they are material systems with internal resonating elements. The
greater importance is that they can attenuate waves much larger
than their unit cell sizes [6]. The dynamic performance of AMM
possessing the subwavelength characteristic can be described
by both dynamically equivalent material parameters and band
structure. The rationally designed AMMs can realize negative
effective density [6,11,23], negative effective modulus [10,24],
double negative [7–9] and even zero equivalent material param-
eters [12]. The PnCs and AMMs possess the band gap characteris-
tics, in which waves cannot propagate, so that they have potential
applications in noise and vibration control [20,21,25], seismic
protection [26–28], and so on. Especially, the resonant AMM is
more suitable for controlling the low-frequency (<500 Hz) noise
and vibration because of its subwavelength characteristic.

However, many studies mainly focus on passive PnCs and
AMMs with constant properties. Their dynamic properties are
difficult to change once they are fabricated, resulting in a fixed
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nd narrow working band gap and limiting their applications.
hus, there has been interested in developing tunable PnCs and
MMs with properties tuned on demand. The typical design
chemes of tunable PnCs and AMMs include reconfigurable de-
ign scheme and multi-physical field coupling design scheme.
ased on multi-physical field coupling design scheme, including
agnetic and/or electric field [29–33], temperature [24], piezo
hunting [14,20,34], pre-stress field [35–37], and so on, many
inds of tunable PnCs and AMMs have been designed. The typical
ealization approaches of the reconfigurable PnCs and AMMs
nclude rearrangement of unit cell [38–40], structural instabil-
ty [41–48], multistable system [49–52], and so on. For example,
u et al. [40] studied the effects of the rotation of weak symme-

ry scatterers in the gas or fluid medium on band structures of
nCs. Meanwhile, it has been studied extensively that mechan-
cal instabilities may induce geometry reconfiguration (pattern
ransformations) of the architectures. They can be exploited to
lter the propagation of elastic waves or the direction of wave
ropagation, as in Ref. [42,43,45,46]. However, the deformed re-
onfigurations of the architectures require an external stimulus to
ustain their deformations. Thus, to design the architectures with
he shape memory effect, an alternative approach is to develop
multistable material consisting of multiple bistable elements,
hich can maintain a deformed configuration after removing the
xternal stimulus. Based on a multistable system, Meaud and
he [51] have designed the reconfigurable architected materials
ormed by a one-dimensional chain of bistable unit cells. These
rchitected materials have multiple stable configurations so that
hey have unique dispersion relations in the undeformed and
ully deformed stable configurations. However, for the above
econfigurable PnCs and AMMs, they need the large deformation
f structures to implement the tunable dynamic performance. In
ractical application, the implementation of large deformation is
lso tricky, and even the large deformation of construction is not
cceptable. At present, there is work to improve this situation.
uang et al. [53] have designed a soft PnC plate with spring-
ass-like resonators, in which substantial modification of band
aps under small deformation can be achieved through deliberate
tructural design. Differently, in this paper, the AMM consisting of
he frame structure, airbag, and balancing weight is also designed
o overcome the shortcoming, as shown in Fig. 1. Airbags are
idely used for tires, air-spring, soft robots, and so on. Utilizing
ring-shaped airbag as a connecting structure between frame

tructure and balancing weight, we can manipulate the dynamic
esponse of AMM through tuning gauge pressure in the airbag
ithout the large deformation of the matrix (frame structure).
esides, the temperature is another critical parameter for the gas
edium, and it can also be used to tune the dynamic performance
f AMM. Namely, the dynamic performance of the tunable AMM
resented in this paper can be adjusted simultaneously by tuning
auge pressure and gas temperature.
Low-frequency (<500 Hz) vibration and noise attenuation is

goal of environmental and architectural engineering. However,
n this frequency range, to achieve the ideal noise and vibration
ttenuation, it requires high mass and thickness structures, which
s not acceptable. We have known that the rationally designed
ocally resonant AMM possessing the sub-wavelength band gap
haracteristic can achieve low-frequency vibration and noise at-
enuation. For the AMM presented in this paper, we focus on
ts low-frequency band gap characteristic and investigate its ma-
ipulation performance through tuning gauge pressure and gas
emperature. We have found that the AMM possesses the ultra
ow-frequency locally resonant band gaps (about 13 Hz∼90 Hz),
nd it can be effectively manipulated through tuning gauge pres-
ure and gas temperature. Thus, it can be used for the suppression
f low-frequency vibration and noise. Through the research, it is
ossible to provide useful guidelines for designing other forms of
MMs to suppress low-frequency noise and vibration. Next, we
ill give the design scheme and analytical process in detail.
2

Table 1
The Ogden parameters of the neoprene airbag.
i αi µi (MPa) Di

1 1.3 0.4095 0.2367
2 5.0 0.003 0
3 −2.0 0.01 0

2. Design scheme of tunable acoustic metamaterial

Fig. 1 shows the designed AMM consisting of three compo-
nents: frame structure, airbag and balancing weight. The three
components are connected by tie constraint (ABAQUS/Interaction,
*Tie) [54]. The frame structure is made of aluminum and its
density, Young’s modulus and Poisson’s ratio are 2700 kg/m3,
71 GPa and 0.33, respectively. The balancing weight is made of
tungsten and its density, Young’s modulus and Poisson’s ratio are
19100 kg/m3, 354.1 GPa and 0.35, respectively. The airbag is made
of neoprene and its density is 1240 kg/m3. The response of the
neoprene is captured by an Ogden model [55]. The form of the
Ogden strain energy potential is

U =

N∑
i=1

2µi

α2
i

(
λ

αi
1 + λ

αi
2 + λ

αi
3 − 3

)
+

N∑
i=1

1
Di

(
Jel − 1

)2i
(1)

where λi is the deviatoric principal stretches, λi = J−1/3λi and
i is the principal stretches. The initial shear modulus and bulk
odulus for the Ogden form are given by µ0 =

∑N
i=1 µi and

K0 = 2/D1. Here N = 3, and the material parameters are listed
in Table 1 [55]. Note that in order to determine its bulk modulus,
we set its bulk modulus to 20 times its shear modulus and make
this material have some compressibility.

As shown in Fig. 1, the geometrical parameters are listed as
below: L = 100 mm, h = 5 mm, D = 65 mm, R = 12.5 mm
and H = 20 mm. In this paper, the gas filled in the airbag is
ir. At standard atmospheric pressure (273.15 K and atmospheric
ressure P0 101.325 kPa), its density and molecular weight are
.293 g/L and 28.9 g/mol, respectively. The absolute zero and
as constant are 0 K and 8.314 J/(mol K). In the simulation,
he heat capacity at constant pressure must be specified when
odeling an adiabatic process for the ideal gas. It can be defined

n polynomial form based on the Shomate equation according
o the National Institute of Standards and Technology and its
arameters can refer to Supplementary Material S2 and [54].
The dynamic response of AMM can be tuned by tuning the

auge pressure or gas temperature in the airbag. The gauge pres-
ure or change of gas temperature is applied to deform the unit
ell of AMM, and then the propagation of elastic wave in the de-
ormed unit cell of AMM is investigated. Thus, the computational
nalysis process can be divided into the following two steps: (1)
tructural deformation induced by gauge pressure or change of
as temperature and (2) wave propagation or vibration analy-
is. The commercial finite element code ABAQUS was used for
imulating the inflation process of airbag and wave propagation
nalysis [54]. The finite element models of the frame structure
nd balancing weight are constructed by solid element C3D8 and
3D4, respectively. For the airbag, because of the ratio t/R > 0.1,
ts finite element model should be constructed by solid element
3D8R.
In the first step, because of the minor deformation of frame

tructure during inflation, to simplify the analysis, the symmetri-
al boundaries are adopted on the boundaries of frame structure.
he inflation process of airbag is simulated with the help of the
nalysis technique of surface-based fluid modeling in ABAQUS.
he *fluid cavity and *fluid inflator are adopted to model the
luid-filled structure and the actual inflator to inflate a fluid
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Fig. 1. The geometrical model of tunable acoustic metamaterial. (a) and (b) display the geometrical configuration. It consists of three parts: frame structure, airbag
and balancing weight. Its dynamic response can be tuned through inflating air into the airbag. Meanwhile, given the mass of inflated air, adjusting gas temperature
can also achieve the manipulation purpose of dynamic response. (c) is for the displacement field of AMM structure in the inflated state (thickness of airbag: 3 mm;
mass of inflated air: 0.187 g; gauge pressure: 0.117 MPa; gas temperature: 25 ◦C) and (d) for the primitive and deformed cross-section configurations of airbag. (e)
s for the finite-sized AMM structure consisting of 12 unit cells. In and Out denote the applied positions of load and the measure position of output, respectively.
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avity [54]. In the second step, the Bloch-type periodic bound-
ry conditions are applied to the boundaries of frame structure
o perform the frequency domain wave propagation or vibra-
ion analysis to obtain the dispersion relation. The detailed de-
criptions of inflation process and its implementation approach,
ave propagation or vibration analysis and the corresponding
umerical calculating procedure are provided in Supplementary
aterials S2 and S3.
The thickness of airbag is t . In this paper, we design AMMs

with t = 3 mm and t = 4 mm airbags, respectively. Keeping
the outer diameter R of the airbag constant, their interior vol-
umes V0 are 5.79e4 and 4.64e4 mm3, respectively. At standard
tmospheric pressure, the mass of air m0 in the airbag of stress-

free state (n = 0.0, T = 0 ◦C) is 0.07486 g and 0.05993 g,
respectively. After inflating air into the airbag, the total mass of
air is assumed as m. Next, we will investigate the relationships of
actual mass of inflated air (m − m0), gauge pressure (△p) in the
irbag, gas temperature and cavity volume of airbag (V = V0 +

V , where V , V0 and ∆V are the current volume, initial volume
nd change of volume of cavity). There is a variant balance among
hem. At a given gas temperature, the gauge pressure in the
irbag can be determined by providing the mass of inflated air.
hus, in this paper, we study the effect of gauge pressure on the
ynamic performance of AMM by giving the mass of inflated air.
urther, we will investigate the effects of gauge pressure and gas
emperature on the dynamic performance of AMM.

. Numerical results and discussion

.1. Relationships of airbag state parameters and structural stiffness

.1.1. Relationships of airbag state parameters
In the process of inflation, the gauge pressure leads to the

eformation of the airbag while the gauge pressure and the cavity
olume also change until they reach a new balance. For example,
ig. 1(c) and (d) show the deformed configuration of AMM with
3 mm airbag when the mass of inflated air, gauge pressure
3

and gas temperature in the airbag are 0.187 g, 0.117 MPa, 25 ◦C,
respectively. It can be seen that the cavity volume of airbag
significantly increases after inflation. Later we will see that this
deformation can significantly tune the dynamic response of AMM.
Here, in order to quantificationally depict the change relation-
ships of the state parameters of airbag such as mass of inflated air
(m−m0), gauge pressure (△p), gas temperature and cavity volume
of airbag (V ) during inflation, the dimensionless indexes such
as dimensionless gauge pressure ∆p/P0, dimensionless change
of cavity volume ∆V/V0 and dimensionless mass of inflated air

= m/m0 − 1 are adopted. The actual data of gauge pressure
and cavity volume at specify temperature and mass of inflated
air is listed in Tables S3 and S4 of Supplementary Materials. Fig. 2
shows the changes in the relationship among them. Fig. 2(a) and
(b) are for the AMMs with 3 mm and 4 mm airbags, respectively.
As shown in Fig. 2, at the given temperature and dimensionless
mass of inflated air (n), the dimensionless gauge pressure ∆p/P0
nd the dimensionless change of cavity volume ∆V/V0 can be
etermined. Because the thicker airbag can withstand more sig-
ificant inflation pressure, the gauge pressure in a 4 mm airbag is
ore significant than that in a 3 mm airbag. It is obvious that both

he dimensionless gauge pressure ∆p/P0 and the dimensionless
hange of cavity volume ∆V/V0 increase with increase of gas
emperature and mass of inflated air (nm0). In addition, it can be
bserved that the change of gauge pressure decreases with the
ncrease of mass of inflated air. The gauge pressure and change
f cavity volume curves in the same mass of inflated air are
inear versus gas temperature. On the basis of Fig. 2, Fig. 3(a)
hows the relationship curves of gauge pressure and change of
avity volume. In this figure, the same identifiers on the same
ine denote the starting and end points of this line. It can be seen
hat there is a significant nonlinear relationship between gauge
ressure and change of cavity volume. This is mainly because of
he nonlinear relationship between gauge pressure and mass of
nflated air (refer to Supplementary Material S2).
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Fig. 2. The relationships of the dimensionless gauge pressure, dimensionless change of cavity volume, gas temperature and dimensionless mass of inflated air in the
steady state. (a) is for AMM with a 3 mm airbag and (b) for AMM with a 4 mm airbag, respectively. The black and red lines correspond to the dimensionless gauge
pressure and change of cavity volume, respectively. The actual data of gauge pressure and cavity volume at specify temperature and mass of inflated air is listed in
Tables S3 and S4 in Supplementary Materials.
Fig. 3. (a) The relationships of dimensionless gauge pressure and dimensionless change of cavity volume at the given temperatures. The same identifiers on the
ame line denote the starting and end points of this line, respectively. The black and red lines correspond to AMM with 3 mm and 4 mm airbags, respectively. (b)
s for the displacement–force relationships of airbag in the uninflated (n = 0, T = 0 ◦C) and inflated (T = 25 ◦C) configurations. (c) and (d) are for the bending
eformations of the uninflated (n = 0, T = 0 ◦C) and inflated (n = 2.5, T = 25 ◦C) cantilever AMM structure consisting of 6 unit cells with a 3 mm airbag under
he same load (0.05 MPa/mm2), respectively.
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.1.2. Discussion of structural stiffness
Further, the gauge pressure in the airbag can lead to the

hange of structural stiffness of airbag, which can be used to
anipulate the dynamic performance of AMM. Because of the
onlinear hyperelasticity of airbag material, it is difficult to de-
cribe quantitatively the change of structural stiffness of airbag
uring inflation. Here, we will qualitatively represent the struc-
ural stiffness of airbag in the uninflated (n = 0, T = 0 ◦C)
nd inflated (T = 25 ◦C) configurations. Following f = k · x,
he equivalent longitudinal and transverse stiffness are measured
hrough given the applied concentrated force f . x is the measured
mall displacement. Fig. 3(b) shows the displacement–force rela-
ionships in the uninflated and inflated states, respectively. It can
e observed that in the uninflated state, the structural stiffness
f airbag is in linear elastic state. The structural stiffness in the
-direction is more significant than that in the z-direction. And
he structural stiffness of the airbag of 4 mm is greater than that
f 3 mm. However, in the inflated configuration, the material pa-
ameters of the airbag are changed because of its hyperelasticity,
nd thus its structural stiffness is also changed. It can be seen
rom Fig. 3(b) that in the inflated state the displacement–force
4

elations exhibit significant nonlinearities. However, it can be
ualitatively gotten that the structural stiffness in the x-direction
s still greater than that in the z-direction. Meanwhile, the struc-
ural stiffness in the inflated state is greater than that in the
ninflated state.
Also, the airbag can be regarded as a variable stiffness inclu-

ion, and it is embedded into the frame structure. The airbag and
rame structure couples together. During inflation, the change
f structural stiffness of the airbag leads to a significant shift
n out-of-plane structural stiffness of frame structure. As shown
n Fig. 3(c) and (d), it can be seen that under the same load
0.05 MPa/mm 2), the deflection of finite-sized AMM structure
n the inflated (n = 2.5, T = 25 ◦C) state is much less than
hat in the uninflated (n = 0, T = 0 ◦C) state, which indicates
he bending stiffness of frame structure is significantly increased
fter inflation. However, the in-plane structural stiffness of frame
tructure is mainly determined by its own stiffness before and
fter inflation. Later, the result of mode analysis indicates that the
n-plane torsional stiffness of the airbag decreases with increase
f gauge pressure because the thickness of the airbag becomes
hin after inflation. In the following, we will note that the changes
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Fig. 4. (a) and (b) are for the band structures of AMMs with the airbag of thickness 3 mm in the uninflated (I, n = 0, T = 25 ◦C) and inflated (II, n = 2.5, T = 25 ◦C)
states, respectively, and (c) and (d) show their transmittances in the finite-sized AMM structures consisting of 12 unit cells, respectively. The gauge pressures are
0.00609 MPa and 0.11704 MPa, respectively. (e) shows the evolution of mode frequencies and band gaps in the band structure versus gauge pressure in the airbag.
A, B, C, D, E and F denote the mode frequencies of choice, and (f) shows their Bloch mode shapes at these frequency points of choice. A, B, C and E is at X, and D and
F at G. The inset map in (a) shows the first Brillouin zone (square area) and irreducible Brillouin zone (Triangle GXM). (I) and (II) denote the uninflated and inflated
configurations of an airbag, respectively. Because of the symmetry of unit cell, there are repeated frequency modes (at B, C and F) in the band structure. These mode
frequencies at A, B, C, D, E and F are listed in Supplementary Material S4. Frequency range A∼D corresponds to the out-of-plane band gap and B∼F to in-plane band
gap. (g) shows the mode shape of the finite-sized structure at mode frequency C (53 Hz). Fx, Fz and Fxz represent applied x-axis, z-axis and xz-direction loads.
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of structural stiffness of airbag and frame structure during in-
flation determine the tunability of the dynamic performance of
AMM.

3.2. Characteristics and manipulation of band structure

3.2.1. Characteristics of band structure of AMMs
Next, we will investigate the effects of gauge pressure on

the band structures of AMMs and the transmittances of finite-
sized AMM structures. Figs. 4 and 5 show the calculation results
of AMMs with 3 mm and 4 mm airbags, respectively. Fig. 4(a)
and (b) show the band structures of AMM in the uninflated
(n = 0, T = 25 ◦C) and inflated (n = 2.5, T = 25 ◦C)
configurations, respectively. Correspondingly, Fig. 4(c) and (d)
show their transmittances of finite-sized AMM structures. Fur-
ther, Fig. 4(e) displays the evolution of band gaps versus gauge
pressure. Fig. 4(a)∼(e) have the same y-axis and symbols A, B, C,
D, E and F in them denote the mode frequency points of choice.
A, B, C and E locate at X, and D and F locate at G. Fig. 5 follows
the same description. Fig. 4(f) exhibits the mode shapes at these
frequency points. The flat modes A, B, C and E correspond to
the locally resonant mode of balancing weight, and modes D
and F correspond to the Lamb mode of frame structure [5]. For
AMM with a 4 mm airbag, it has the same mode shapes at the
same tagged frequencies in Fig. 5 and thus they are not repeated.
Because of the symmetry of unit cell, there are repeated mode
frequencies. The repeated mode frequencies locate at mode B, C
and F in Figs. 4 and 5. For example, point B, point C and point
F in Fig. 4(a) have the repeated frequencies: 26.68 Hz, 36.49 Hz
and 81.83 Hz, respectively, and in Fig. 4(b) have the repeated
frequencies: 28.45 Hz, 52.31 Hz and 87.59 Hz, respectively.

The band gaps in Figs. 4 and 5 include the in-plane band
gap (B∼F) and out-of-plane band gap (A∼D). Their overlapping
range is the complete band gap (B∼D). Taking AMM with a 3 mm
5

airbag as an example, as shown in Fig. 4(a), the out-of-plane
band gap is at 13.37 Hz∼39.17 Hz (A∼D) and the in-plane band
gap is at 26.68 Hz∼81.83 Hz (B∼F). Their relative band widths
defined as the ratio between the band gap width and the center
requency of the band) are about 0.982 and 1.016, respectively.
fter inflation, these band gaps shift to 27.59 Hz∼82.16 Hz (A∼D)

and 28.45 Hz∼87.59 Hz (B∼F), respectively, as shown in Fig. 4(b).
heir relative band widths are about 0.994 and 1.019, respec-
ively. The overlapping frequency ranges (B∼D) of out-of- and in-
lane band gaps are 26.68 Hz∼39.17 Hz and 28.45 Hz∼82.16 Hz
efore and after inflation, which are their complete band gap.
or AMM with a 4 mm airbag, it has the same characteristic.
he detailed mode frequencies at A, B, C, D, E and F are listed
n Supplementary Material S4.

For the finite-sized AMM structure, it can be seen from Fig. 4(c)
nd (d) that only applying out-of-plane load (along z-axis, Fz),
ts transmittances are significantly reduced in the out-of-plane
and gap frequency range (A∼D). Meanwhile, under in-plane load
along x-axis, Fx), its in-plane transmittances in the in-plane band
ap frequency range (B∼F) are less than those in other frequency
anges. Under both out-of- and in-plane load (Fxz), its transmit-
ances are still reduced significantly in the band gap frequency
ange, but the effectiveness of suppression is less than that only
nder out-of-plane load because of the influence of in-plane load.
n short, the transmittances of finite-sized AMM structures are
ignificantly reduced in the band gap frequency range, which
grees well with the prediction of band structure in Fig. 4(a) and
b). In addition, in these frequency ranges, the passing frequency
oints such as C and E are almost single frequency points and thus
hey have almost no influence on the band gaps. However, their
nfluences can be observed from the transmittances of finite-
ized AMM structures. Later, we will explain the roles of these
requency points in the formation of band gaps. From Fig. 5(c)
nd (d), the same phenomena can be observed.



S. Ning, Z. Yan, D. Chu et al. Extreme Mechanics Letters 44 (2021) 101218

s
p
f
b
o

3
3
o
g
w
s
b
t
s
g
t
b
o
a
t
p
b
f
(

q
g
t
(
d
c
n
t
o
c
t
b

3
c
i
a
p
t
C
L
r
B
c
b
(
o
f

We can assure now that the tunable gauge pressure can be
used to tune the dynamic responses of AMM. To reveal the
manipulation performance of band gap through tunable gauge
pressure, Figs. 4(e) and 5(e) exhibit the evolutions of mode fre-
quencies and band gaps versus gauge pressure in the airbag. It
can be seen that modes A, C and D shift to high frequency, and
modes B and F almost keep constant. Differently, for mode E,
its mode frequency shifts to low-frequency with the increase of
gauge pressure. Thus, the out-of-plane band gap (A∼D) moves
to high-frequency with the increase of gauge pressure while its
width increases, but the in-plane band gap (B∼F) almost keeps
constant. Just because of these, the complete band gap (B∼D)
hifts to the high-frequency range with the increase of gauge
ressure. Based on these calculation results above, next we will
urther analyze the formation and manipulation mechanism of
and gaps and investigate the roles of each mode in the formation
f band gaps.

.2.2. Formation and manipulation mechanism of band gaps

.2.2.1. Mode A and mode D. Next, we will reveal the role of each
f the modes (A, B, C, D, E, and F) in the formation of the band
ap. As shown in Fig. 4(f), for the flat mode A, the balancing
eight vibrates along the z-axis (out-of-plane) while the frame
tructure remains stationary. At this frequency, the vibrating
alancing weight applies a reacting force to the frame structure so
hat the out-of-plane waves cannot propagate through the AMM
tructure. At this mode frequency point, the out-of-plane band
ap (A∼D) is opened. On the contrary, the mode D corresponds
o an anti-symmetric Lamb mode of the frame structure. The
alancing weight remains stationary at this frequency, but the
ut-of-plane anti-symmetric Lamb mode of the frame structure is
ctivated so that the out-of-plane waves can propagate through
he AMM structure. At this mode frequency point, the out-of-
lane band gap (A∼D) is closed. The formation of the out-of-plane
and gap (A∼D) is due to the coupling between the out-of-plane
lat mode (A) of balancing weight and anti-symmetric Lamb mode
D) of the frame structure.

It can be seen from Figs. 4(e) and 5(e) that the mode fre-
uencies A and D move to high-frequency with the increase of
auge pressure. And the increase of mode frequency D is greater
han that of mode frequency A so that this out-of-plane band gap
A∼D) shifts to high frequency and its width increases drastically
uring inflation. As mentioned above, the tunable gauge pressure
an change the structural stiffness of the airbag and frame stiff-
ess. Mode A relates to the out-of-plane structural stiffness of
he airbag, and mode D relates to the structural bending stiffness
f frame structure. During inflation, their structural stiffness in-
reases so that the mode frequencies A and D relating them shift
o high-frequency. Just because of these effects, the out-of-plane
and gap is significantly manipulated during inflation.

.2.2.2. Mode B and mode F. As shown in Fig. 4(f), the flat mode B
orresponds to in-plane vibration mode of balancing weight. Sim-
larly, at this frequency the in-plane vibrating balancing weight
pplies a reacting force to the frame structure so that the in-
lane waves cannot propagate through the AMM structure. At
his mode frequency, the in-plane band gap (B∼F) is opened.
orrespondingly, mode F corresponds to the in-plane symmetric
amb mode of frame structure. At mode F, the balancing weight
emains stationary while the frame structure vibrates in-plane.
ecause the resonant mode F is activated, the in-plane wave
an propagate through the AMM structure so that the in-plane
and gap (B∼F) is closed. Then, the existent of in-plane band gap
B∼F) is due to the coupling between the in-plane resonant mode
f balancing weight and the in-plane symmetric Lamb mode of

rame structure.
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It can be seen from Figs. 4(e) and 5(e) that the mode frequen-
cies B and F have tiny changes during inflation. They are closely
related to the in-plane structural stiffness of airbag and frame
structure. As mentioned above, the in-plane structural stiffness
of airbag and frame structure has tiny changes during inflation,
so that the mode frequencies related to them only have small
differences. Thus, the in-plane band gap (B∼F) almost keeps
constant during inflation. However, the complete band gap (B∼D)
is the overlapping frequency range, and therefore the increase of
this band gap (B∼D) is mainly due to the rise of the out-of-plane
band gap during inflation.

3.2.2.3. Mode E. Mode E corresponds to the in-plane rotation of
balancing weight, as shown in Fig. 4(f). This vibration of balancing
weight is non-coupling with the frame structure, and this means
that no reacting force is applied to the frame structures, so that
this type of vibration mode has no contribution to the formation
of band gaps. As shown in Figs. 4(e) and 5(e), this mode frequency
moves to low-frequency with the increase of gauge pressure.
This is mainly because, during inflation, the thickness of the
airbag becomes thin so that the torsional stiffness of the airbag
decreases (refer to Supplementary Material S8).

3.2.2.4. Mode C. Mode C corresponds to the rotation of balancing
weight around a specific axis paralleling to the x–y plane, as
shown in Fig. 4(f). The areas of positive and negative vibrations
and their amplitudes are the same so that no z-direction reacting
force is applied to the frame structures. Thus, this vibration mode
still has no contribution to the formation of out-of-plane band
gaps. However, its effect on the transmittance of finite-sized
AMM structure can be observed from Figs. 4(d) and 5(d). As
shown in Figs. 4(d) and 5(d), there is a peak of transmittance at
frequency C. Namely, and the out-of-plane waves can propagate
through the AMM structure at this frequency. Fig. 4(g) shows
the vibration mode of the finite-sized AMM structure at this
frequency (53 Hz). The balancing weights vibrate as the same as
the prediction shown in Fig. 4(f). Because of the rotation vibra-
tion of balancing weight, the waves are propagated downstream.
Similar to mode A, this mode relates to the structural stiffness of
the airbag. The increase of out-of-plane structural stiffness after
inflation leads to the rise of this mode frequency.

In short, the formations of out-of-plane and in-plane band
gaps are closely related to the structural stiffness of airbag and
frame structure. They determine the flat mode (A and B) of
balancing weight and Lamb mode (D and F) of frame structure [5],
respectively. During inflation, their structural stiffness is changed
so that the out-of-plane and in-plane band gaps can be tuned.
The complete band gap is the overlapping frequency range and its
manipulation is mainly determined by the anti-symmetric Lamb
mode (D) of frame structure.

3.3. Effect of gas temperature on band structures of AMM

Fig. 2 have shown the relationships of the dimensionless gauge
pressure, dimensionless change of cavity volume, gas temper-
ature, and mass of inflated air in the steady-state. It can be
seen that the gauge pressure in the airbag increases with the
increase in gas temperature. Thus, similar to the above gauge
pressure control strategy, we can consider utilizing temperature
to manipulate the dynamic performance of AMM.

Here, to study the effect of gas temperature on the dynamic
performance of AMM, the mass of inflated air is given. For the
AMM with a 3 mm airbag, the given dimensionless mass of
inflated air is n = 0.5 and n = 2.0, respectively, and for that with
a 4 mm airbag, the given dimensionless mass of inflated air is n =

1.0 and n = 5.0, respectively. Fig. 6(a) and (b) and Fig. 6(c) and (d)

show the band structures of AMM with 3 mm and 4 mm airbag in
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Fig. 5. (a) and (b) are for the band structures of AMMs with the airbag of thickness 4 mm in the uninflated (I, n = 0, T = 25 ◦C) and inflated (II, n = 5.0, T = 25 ◦C)
states, respectively, and (c) and (d) show their transmittances in the finite-sized AMM structures, respectively. The gauge pressures are 0.00653 MPa and 0.18835 MPa,
respectively. (e) shows the evolution of mode frequencies and band gaps in the band structure versus gauge pressure in the airbag. Implications of symbols in this
figure are the same as those in Fig. 4. The mode shape of each mode is the same as Fig. 4(f). The mode frequencies at these symbols are listed in Supplementary
Material S4.
Fig. 6. Effects of temperature on the low-frequency band structures of AMMs. (a) and (b) are for AMM with a 3 mm airbag, (c) and (d) for that with a 4 mm airbag.
(a) n = 0.5, T = 0 ◦C,T = 80 ◦C; (b) n = 2.0, T = 0 ◦C,T = 80 ◦C; (c) n = 1.0, T = 0 ◦C,T = 80 ◦C; (d) n = 5.0, T = 0 ◦C,T = 80 ◦C.
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◦C and 80 ◦C gas temperatures, respectively. It can be seen from
ig. 6 that the in-plane band gaps are almost unrelated to the gas
emperature. However, the temperature can significantly alter the
ositions and widths of the out-of-plane band gaps. For example,
n Fig. 6(a), the out-of-plane band gaps are at 18.5 Hz∼54.5 Hz
nd 21.8 Hz∼64.5 Hz at 0 ◦C and 80 ◦C, respectively. And the
orresponding complete band gaps are at 28.2 Hz∼54.5 Hz and
8.2 Hz∼64.5 Hz, respectively. In Fig. 6(b), the out-of-plane band
aps are at 26.0 Hz∼77.5 Hz and 27.5 Hz∼82.4 Hz at 0 ◦C and
0 ◦C, respectively. And the corresponding complete band gaps
re at 28.5 Hz∼77.5 Hz and 28.4 Hz∼82.4 Hz, respectively. The
emperature can effectively tune the dynamic performance of
MM. With the increase of gas temperature, the band gaps shift
o high-frequency, and their widths increase. Also, we find that
7

he higher the inflation pressure in the airbag is, the lower the
anipulation of the dynamic performance of AMM through tem-
erature is. These same conclusions can be further verified from
ig. 6(c) and (d). The formation and manipulation mechanism
f band gap through temperature manipulation is the same as
hrough tunable gauge pressure manipulation.

At last, it is worth noting that besides the effect of gauge
ressure and gas temperature on the low-frequency band gaps
bove, the high-frequency band structures can also be tuned
refer to Supplementary Material S5 and S6). The high-frequency
odes mainly reflect the dynamic characteristics of airbag struc-

ures, and these modes of vibration are dense and complex. For
he designed AMM structure and the used material model, with
ncreases of inflation pressure and gas temperature, the high-
requency mode frequencies shift to low-frequency because of the
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ecrease of structural stiffness and the increase of the geometrical
ize of the airbag after inflation.
In short, the dynamic performance of the AMMs presented in

his paper can be manipulated through tuning gauge pressure and
as temperature. Especially, their low-frequency band gaps can
e effectively manipulated to be used for the active control of
ow-frequency vibration and noise.

. Conclusions and discussion

In this paper, a kind of AMMs consisting of the frame structure,
irbag, and balancing weight are designed to suppress the low-
requency vibration and noise. The band structures of AMM in
ifferent gauge pressures and gas temperatures are calculated,
nd numerical calculations analyze the formation and manipu-
ation mechanism of band gaps. The following conclusions can be
otten:

1. The formation of an out-of-plane band gap is due to the
coupling between the out-of-plane resonant mode of bal-
ancing weight and the anti-symmetric Lamb mode of the
frame structure. And the formation of the in-plane band
gap is due to the coupling between the in-plane resonant
mode of balancing weight and the symmetric Lamb mode
of the frame structure. The overlapping frequency range of
out-of- and in-plane band gaps is the complete band gap.

2. The manipulation mechanism of band gaps stems from the
changes of structural stiffness of airbag and frame structure
through tunable gauge pressure and change of tempera-
ture. The resonant modes of balancing weight relate to the
in-plane, out-of-plane and torsional stiffness of the airbag.
The Lamb modes of balancing weight relate to the in-
plane and bending stiffness of frame structure. The gauge
pressure and change of air temperature can change the
structural stiffness associated with the above structural
modes so that their structural modes can be tuned.

3. The AMM can manipulate ultralow-frequency band gaps
about 13 Hz∼90 Hz, and they can be used for low-
frequency vibration and noise control. The gauge pressure
and gas temperature mainly tune the out-of-plane band
gaps.

The resonant element consisting of airbag and balancing
eight can be used to design other forms of AMMs. For example,
he resonant element can be embedded into a sandwich structure
o form the sandwich AMM possessing a low-frequency band
ap. Also, the airbag and the holes (used to fix the airbag) in
he frame structure can be designed in other forms so that the
MM has other dynamic performance, such as anisotropy. In the
ollow-up study, the gas viscosity and material viscosity should be
onsidered, which may affect the dynamic performance of AMM.
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