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A B S T R A C T   

The recent development of Inertia Amplification (IA) acoustic metamaterial (AMM) opens a new venue for 
insulating low-frequency sound waves. This differs from conventional approaches that rely excessively on the 
structural density of the insulator and, therefore, lead to prohibitively heavy structures. The IA-AMM acquires a 
large effective density and a broad flexural bandgap by amplifying the inertia of many small mass elements 
periodically distributed in its unit cells, thus holding great promise as an effective yet lightweight solution for 
low-frequency sound insulation. This paper explores this possibility through numerical and experimental in
vestigations. A semi-analytical model of an IA-AMM plate is developed by combining analytical equations 
characterizing the kinematics of an IA mechanism and FEM equations governing the vibration of the host plate. 
Based on this model, sound transmission characteristics of the plate under various sound incidences are analyzed 
with different amplification angles. By comparing with a locally resonant AMM plate, we found that the IA-AMM 
plate’s sound transmission losses (STLs) are significantly and systematically improved over a wide frequency 
range of 116–544 Hz. To understand the underlying physics, the band diagram of the IA-AMM plate is calculated, 
which indicates the formation of a flexural bandgap covering the frequencies of the improved STL. The velocity 
contour of the plate at the center frequency of this bandgap also reveals much-suppressed vibration velocity 
amplitudes and a dipole-like sound radiation directivity, further explaining the observed enhancement of the 
sound insulation ability. Numerically predicted improvement of sound insulation is finally confirmed by 
experiments.   

1. Introduction 

Insulating sounds at low frequencies is technically challenging and 
practically important. At high frequencies, where acoustic wavelengths 
are short, acoustic waves can be efficiently attenuated by an insulator 
designed with small-sized soundproof treatments that interact strongly 
with the incident sound at a scale close to the wavelength [1]. Tradi
tional sound insulators, such as microperforated plates [2,3] and porous 
foams [4,5], can be lightweight and compact while performing reason
ably well. However, as the frequency moves downwards, acoustic 
wavelengths become more prolonged, and the insulator-sound interac
tion becomes less intensive, gradually decreasing sound insulation per
formance. As a promising solution, acoustic metamaterials (AMMs) have 
drawn increasing attention in recent years [6]. AMMs are built by 
periodically arranging a cluster of functional modules called unit cells. 

The collective resonant behavior of the unit cells endows AMMs with the 
unique property of bandgap – a continuous frequency range in which 
flexural waves, a dominant source of sound radiation, are prohibited 
from propagation [7,8]. Therefore, the bandgap property, whose cut-on 
frequency is favorably adjustable, offers a new dimension to tackle the 
low-frequency sound insulation problem [9–11]. 

The application of locally resonant (LR) AMMs for sound insulation 
has been widely studied, with extensive results found in the literature. 
Such efforts start from [12], which confirms the feasibility of using ar
rays of spring-mass resonators to enhance the sound insulation ability of 
a homogenous thin plate. This work also reported an intriguing phe
nomenon – early coincidence – during sound transmission through an LR- 
AMM plate. Like the classical coincidence between acoustic and bending 
waves [13], early coincidence causes a sudden and substantial fall on the 
STL curve. Alternatively, shunted piezoelectric patches can realize the 
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local resonators instead of mechanical spring-mass units [14]. Either 
way, it is found that the local resonance bandgap is effective only over a 
narrow frequency range. Improvements to this limitation include 
damping treatment [15], graded arrangement of resonators [16], or 
replacing every single resonator with a set of resonators tuned to reso
nate at successive frequencies [17]. To combine the advantages of 
acoustic metamaterials and traditional composite panels, the STL of 
metamaterial double panels is investigated in [18], focusing on sup
pressing the valley caused by the mass-air-mass resonance. In [19], the 
same idea is extended to a sandwich panel with a honeycomb core, 
where vibration and sound radiation reductions are numerically studied 
and experimentally verified. 

Despite those proven advantages, the research of AMM still faces 
significant obstacles. The resonance frequency of the attached unit cell 
determines the cut-on frequency of the local resonance bandgap. 
Therefore, moving the bandgap to low frequencies inherently requires 
the unit cell to grow in weight (when spring-mass units act as local 
resonators) or in size (when Helmholtz resonators are used instead). 
Ultimately, it leads to excessively bulky or prohibitively heavy sound 
insulators that are not feasible for practical use. To address this problem, 
inertial amplification (IA) AMMs have recently attracted significant 
attention as an alternative to local resonance AMMs [20–22]. Besides 
the use of periodic IA mechanisms to create a bandgap far wider than its 
locally resonant counterpart, the most salient feature is the possibility of 
lowering the bandgap frequency by adding virtual inertia to the unit 
cells – achieved by simply turning up the amplification angle of the 
mechanism [23,24]. 

Compared with the LR-AMM, the inertial amplification AMM is less 
studied to date, but it has demonstrated the potential to cope with 
challenging vibration and noise reduction tasks. A network of studies on 
the design, analysis, and optimization of the IA-AMM lattice has been 
conducted by Yilmaz and co-workers in the past decade [25–27], 
showing its superiorities in bandgap generation, wave propagation 
manipulation, and lightweight structure design. The incorporation of IA 
mechanisms into continuous structures has been investigated by 
Frandsen et al. [28] for longitudinal wave control in elastic rods and Li 
et al. [29] for transverse vibration isolation in phononic beams. 
Recently, IA has been utilized to induce wide and low-frequency 
bandgaps in corrugated sandwich plates [30]. Synergies between local 
resonance and inertial amplification are also sought by Banerjee et al. 
[31] in their studies to couple a levered mass with an LR mass. 

Our primary motivation in this work is to explore whether the ad
vantages of the IA-AMMs could be leveraged to enhance the low- 
frequency sound insulation ability of a thin plate, which, limited by 
the mass law [32], is still heavy and bulky. As proof of concept, this idea 
was investigated using an inertially amplified AMM beam in our pre
vious work [33]. Despite the ease of theoretical deviation, beam struc
tures are unrealistic for real-life soundproofing. Therefore, whether 
those appealing properties could be sustained on a plate must be 
answered. Since a beam and a plate are fundamentally different, with 
the latter bearing much richer dynamics and a more complicated wave 
phenomenon, the extra dimension of a plate can be exploited to achieve 
further sound attenuation by redistributing vibration energy over the 
two-dimensional plane. Driven by such an energy redistribution, a 
beneficial cancellation of radiated sound is expected. In this work, a 
semi-analytical model for the IA-AMM plate is developed in Section 2, 
which is used to investigate the sound insulation properties of the IA- 
AMM plate in Section 3. The numerically predicted sound insulation 
improvement will be verified through experiments in Section 4. 

2. Theoretical model and formulation 

Fig. 1(a) illustrates the proposed IA-AMM plate impinged by an 
incident plane wave with sound pressure pi, generating reflected and 
transmitted waves pr and pt , respectively. The direction of the incident 
sound is denoted by azimuth θ and elevation φ angles. The plate has 
Young’s modulus E, Poisson’s ratio ϑ, mass density ρs, thickness h, and is 
assumed to be simply-supported along the boundaries. A unit cell of the 
IA-AMM plate consists of the substrate panel and the inertia amplifica
tion mechanism, as shown in Fig. 1(b). The main component of the 
mechanism is a linkage of four rigid bars forming a pyramid shape, 
which bridges the substrate panel and a small mass via eight moment- 
free pivots on both ends of each bar. These bars are made of high- 
stiffness and low-density material, so their masses and deformation 
will not be considered in the following formulation. 

The transverse vibration of the plate, induced by the incident plane 
wave, drives the small mass to move horizontally and vertically. The 
initial and deformed configurations of the mechanism are shown in 
Fig. 1(c). Specifically, the vertical distance between the lumped mass 
and the mid-surface of the host plate is defined as H. The relations be
tween the displacements of the mass, denoted respectively by q1, q2, and 
q3 in the x-, y-, and z-directions, and the transverse displacements of the 

Fig. 1. Schematic of the IA-AMM plate: (a) plane wave transmission through an IA-AMM plate; (b) close view of one single unit cell taken from the IA-AMM plate; (c) 
initial and deformed configurations of the IA mechanism. 
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plate, denoted respectively by w1, w2, w3, and w4 at the four hinge 
connections, are expressed as [29]: 
⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(q1 + d)2
+ q2

2 + (q3 + H − w1)
2
= l2

(q1 − d)2
+ q2

2 + (q3 + H − w2)
2
= l2

q2
1 + (q2 + d)2

+ (q3 + H − w3)
2
= l2

q2
1 + (q2 − d)2

+ (q3 + H − w4)
2
= l2

(1) 

in which l is the length of the rigid bars. 
Equation. (1) could be linearized based on the assumption that the 

mechanism undergoes minor deformation so that w1, w2, w3, and w4 are 
much smaller than H. The following relations are steadily obtained after 
the linearization: 
⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

q1 =
H
2d

(w1 − w2) =
tanα

2
(w1 − w2)

q2 =
H
2d

(w3 − w4) =
tanα

2
(w3 − w4)

q3 =
w1 + w2 + w3 + w4

4

(2) 

The kinematics of the inertial amplification mechanism is derived 
based on Lagrange’s equation, written as 

d
dt

(
∂L
∂q̇

)

−
∂L
∂q

= 0 (3) 

The Lagrangian L in Eq. (3) is calculated as L = T − V +W where T, V, 
and W are kinematic energy, potential energy, and work done by the 
external forces, respectively. The detailed expressions of the three terms 
are: 
⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

T =
1
2
ma

(

q̇2
1 + q̇2

2 + q̇2
3

)

V = 0

W = F1w1 + F2w2 + F3w3 ++F4w4

(4) 

Substituting Eq. (2) into Eq. (4) and further into Eq. (3), we obtain a 
new set of equations written in terms of w1, w2, w3, and w4: 
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ma

4
tan2α

(

ẅ1 − ẅ2

)

+
ma

16

(

ẅ1 + ẅ2 + ẅ3 + ẅ4

)

− F1 = 0

ma

4
tan2α

(

ẅ2 − ẅ1

)

+
ma

16

(

ẅ1 + ẅ2 + ẅ3 + ẅ4

)

− F2 = 0

ma

4
tan2α

(

ẅ3 − ẅ4

)

+
ma

16

(

ẅ1 + ẅ2 + ẅ3 + ẅ4

)

− F3 = 0

ma

4
tan2α

(

ẅ4 − ẅ3

)

+
ma

16

(

ẅ1 + ẅ2 + ẅ3 + ẅ4

)

− F4 = 0

(5) 

Assuming a harmonic dependency on time t (wi = Wie− jωt, where ω is 
the angular frequency and j is the imaginary unit), Eq. (5) is organized to 
the matrix form: 

− ω2MaWa = Fa (6)  

in which (Wa)
T
= [W1 W2 W3 W4] is the displacement vector of the 

mechanism; (Fa)
T
= [F1 F2 F3 F4] is the load vector of the mechanism; Ma 

is the mass matrix of the mechanism, written as 

Ma =
ma

16

⎡

⎢
⎢
⎣

4tan2α + 1 1 − 4tan2α 1 1
1 − 4tan2α 4tan2α + 1 1 1

1 1 4tan2α + 1 1 − 4tan2α
1 1 1 − 4tan2α 4tan2α + 1

⎤

⎥
⎥
⎦ (7) 

Equation. (7) clearly shows the role of the amplification angle α 
through its diagonal submatrices and coupling of the x- and y-direction 
motions through its off-diagonal submatrices. 

Since Eq. (6) is expressed in terms of the plate displacement, it is 

straightforward to couple it with the finite element equation of the plate 
vibration by assembling the same degrees of freedom. By coupling Eq. 
(6) with the FEM equation of the host plate, the force term on the right- 
hand side of Eq. (6) will be balanced by its counterpart from the plate 
side and therefore naturally vanishes. The semi-analytical equation after 
the assembly is written as 
[

Kp − ω2

(

Mp +
∑n

i=1
Ma

i

)]

Wp = Fp (8)  

where Kp, Mp, and Wp are the finite element stiffness matrix, mass 
matrix, and displacement vector of the plate, respectively; n is the total 
number of the mechanisms. If Eq. (8) is applied to a single unit cell, the 
summation notion in Eq. (8) could be omitted. 

The right-hand side term of Eq. (8) Fp is the load vector induced by 
the incident plane wave pi: 

pi(x, y, z, t) = P0e− j(kxx+kyy+kzz)e− jωt (9)  

where kx, ky, and kz are the wavenumbers in the x-, y-, and z-direction, 
expressed as components of the acoustic wavevector k0 = ω/c0 (c0 de
notes the speed of sound): 

kx = k0sinθcosφ, ky = k0sinθsinφ, kz = k0cosθ (10) 

When the plate is in an infinitely large baffle, the radiated sound 
power can be calculated by 

Wrad =
ωρ0

4π Re
[∫

S

∫

S
v(rm)

je− jkR

R
v*(rn)dSdS

]

(11)  

in which ρ0 is the density of air; v(rm) and v(rn) are vibration velocities of 
the plate at rm and rn, respectively; v*(rn) denotes the complex conjugate 
of v(rn); R = |rm − rn| is the distance between rm and rn. 

The incident sound power can be calculated by 

Winc =

∫

S

P2
0cosθ

2ρ0c0
dS (12) 

The sound power transmission coefficient due to single plane wave 
incidence is defined as 

σs(θ,φ) =
Winc

Wrad
(13) 

The diffuse field sound power transmission coefficient is obtained by 
averaging σs over the incidence direction in the half-space: 

σd =

∫ 2π
0

∫ θl
0 σs(θ,φ)sinθcosθdθdφ
∫ 2π

0

∫ θl
0 sinθcosθdθdφ

(14)  

where θl is the upper bound of the elevation, usually valued by 78◦ . 
The sound transmission loss of the AMM plate is given by: 

STL = 10log10
1
σ (15)  

in which σ is obtained by either Eq. (13) or Eq. (14). 

3. Numerical results and discussion 

The sound insulation properties of the IA-AMM plate are first studied 
in this section. To validate the proposed semi-analytical model, its 
prediction accuracy is compared with the numerical results obtained 
using commercial software MSC. NASTRAN. The effects of varying 
structural parameters and incidence directions on the STL characteris
tics of the IA-AMM plate are further studied. The material constants used 
in this section are defined as follows: the host material is made of 
Aluminum with E = 71GPa, ϑ = 0.33, ρs = 2700kg/m3, and h =

0.002m; the fluid medium is air with c0 = 340m/s and ρ0 =
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1.225kg/m3. The geometric parameters of the periodic IA unit cells are 
that the lattice constant (separation distance between a pair of IA 
mechanisms) is a = 0.1m; the span of the IA mechanism is 2h = 0.08m. 
The numbers of unit cells in the x- and y-directions are 6 and 5, 
respectively. 

3.1. Model validation 

The advantages of the semi-analytical model lie in its ability to 
simplify numerical calculation and improve the efficiency of parametric 
study. Its validity and accuracy need to be thoroughly verified before 
further investigations. Fig. 2(a) illustrates a rendering of the IA-AMM 
plate built in the commercial software MSC. NASTRAN, with a 
zoomed view of one unit cell shown by the inset. The host plate is dis
cretized using CSHELL elements with an average size of 5 mm. Such a 
small element size is chosen, on one hand, to render a sufficiently dense 
mesh that ensures computational accuracy, and on the other hand, to lay 
at each connection location of the bar-and-hinge mechanism one FEM 
node to facilitate the subsequent assembly. The small mass is modeled 
using a CONM2 element. The hinge connections and the rigid bars are 
discretized with the CBUSH elements, which is a type of linear element 
with six property fields describing three translational stiffnesses and 
three rotational stiffnesses between its two end nodes, respectively. For 
the rigid bars, the six stiffness fields are all set to rigid. For the hinge 
connections, the first rotational stiffness is specified to zero to allow 
axially rotational movement, whereas the rest of the five stiffness terms 
are rigidified. Note that the FEM part of the semi-analytical model em
ploys the same mesh as the host plate of the MSC.NASTRAN model. 

Fig. 2(b) and (c) compare the band diagram and the STL, calculated 
by the FEM model, the elastic model, and the semi-analytical model, 
respectively. In both figures, the three sets of results are in good 
agreement. Compared with the semi-analytical results, the FEM results 
exhibit a minor shift towards the high-frequency direction, while the 
elastic results shift towards lower frequency. The former shift could be 
caused by the rigidification of the CBUSH elements, which is realized by 
assigning a very large number to the rigidified property fields and, 
unavoidably, introduces spurious stiffness into the system. For the 

elastic model, the mass and stiffness of levers are considered in IA 
mechanisms, leading to heavier and softer IA mechanisms compared 
with the semi-analytical model. Overall, rigid and massless assumptions 
in the proposed semi-analytical model are reasonable for predicting the 
sound insulation performance of the proposed IA-AMM plate. 

3.2. Results and discussion 

In Fig. 3(a), the STL of the IA-AMM plate with an amplification angle 
α = 70◦ is compared with that of a bare plate and a LR-AMM plate. The 
sound incidence angles are θ = 45◦ and φ = 0◦ . The masses in the unit 
cells of the two AMM plates are equal, while the stiffness of the spring in 
the LR-AMM plate is carefully tuned to synchronize the peak frequencies 
of the two curves. The STLs of a bare plate and an IA-AMM plate with 
α = 0◦ are also added for comparison. Simply-supported boundary 
conditions are applied to all four edges of the finite IA-AMM plate. Note 
that the bandgap location is insensitive to the different boundary con
ditions if enough unit cells are employed. The results shown in Fig. 3(a) 
highlight the differences in soundproofing behavior between the two 
types of AMM plates. Compared with the bare plate, both LR-AMM and 
IA-AMM plates possess a wide STL peak around 557 Hz caused by their 
locally resonant or anti-resonant effects. For the two AMM plates, the 
most prominent difference is that, while the LR-induced peak tuned at 
557 Hz is indeed higher than its IA-induced counterpart (shaded with 
dark grey), the IA-AMM plate outperforms the LR-AMM plate over the 
rest of the attenuation band spanning 116–685 Hz (shaded with light 
grey). In addition, such an advantage is also manifested by two notably 
dissimilar STL profiles: for the LR-AMM plate, the improvement of STL is 
mainly within a narrow band around the peak. Apart from the peak, the 
curve largely resembles that of the IA-AMM plate with zero amplifica
tion angle, suggesting the improvement outside that narrow band is 
merely a result of statically added weight, not that of the local resonance 
effect. By contrast, the STL curve of the IA-AMM plate with α = 70◦

ramps up steadily over the entire attenuation band (defined as the fre
quency range over which the AMM plates outperform the bare plate), 
leading to a higher enhancement of the sound insulation spreading the 
low-frequency range. 

Fig. 2. Validation of the proposed semi-analytical model: (a) schematic of the FEM model built using the commercial software MSC.NASTRAN; (b) and (c): com
parisons of the results calculated based on the FEM model and the proposed semi-analytical model in terms of the band diagram and the sound transmission loss, 
respectively. 
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The curves in Fig. 3(a) also undergo several STL valleys after the 
attenuation band. The first appears immediately after the peak, followed 
by two others at higher frequencies. The first valley is the deepest and 
appears in both LR- and IA-AMM plates, while the latter two, which are 
less severe, appear only on the curve of the IA-AMM plate. Such a pattern 
suggests these valleys could be a byproduct of the IA effect, so it is 
worthwhile to study how the STL evolves when we gradually enlarge the 
amplification angle α. Intriguingly, Fig. 3(b) shows that the valleys are 
not sensitive to α – the three curves almost coincide with each other after 
the first valley. In comparison, the improvement of the STL in the 
attenuation band becomes ever more pronounced during the parametric 
variation: each increase in α bringing about extra benefits emerging at 
even lower frequencies. Similar observations could also be made from 
Fig. 3(c), where the effect of the incidence direction is analyzed. While 
the results still follow the general law of sound insulation – the largest 
STL happens at a normal incidence, which becomes progressively 
weaker as the incidence direction becomes more oblique – the IA- 
induced attenuation band is still present on each curve. Although the 

amplitudes in the random incidence are slightly smaller than those of the 
normal incidence case, the improvements of STL are still noticeable. 

The bandgaps are derived by assuming that the IA-AMM plate is 
infinitely large. In practice, the plate must have a finite size. To under
stand how this finiteness affects the sound insulation behavior of the 
plate, we show in Fig. 4 the STL curves of three IA-AMM plates with 5×

4, 6× 5, and 7 × 6 unit cells, respectively. Other parameters are the 
same as those used in Fig. 3(a). The STL of the bare plate is also added for 
comparison. The results suggest that the first valley on the STL curve 
moves to lower frequencies as the number of unit cells increases. This is 
expected, since the first-order bending mode of the plate – the cause of 
that STL valley – happens earlier when the plate becomes larger. On the 
other hand, the overall STL performance of the plate within and after the 
bandgap changes only slightly. The explanation is that both the lattice 
constant and the amplification angle of the IA mechanisms are kept 
unchanged for the three STL curves. Therefore, the behavior of the plate 
within and after the bandgap, which is dominated by the IA mecha
nisms, remains relatively stable despite the expansion of the host plate. 

Fig. 3. Parametric studies of the STL of the IA-AMM plate: (a) STLs of a bare plate, a LR-AMM plate, and two IA-AMM plates with 0◦ or 70◦ amplification angle. (b) 
STLs of a bare plate and three IA-AMM plates with 60◦ , 70◦ , or 80◦ amplification angle. (c) STLs of an IA-AMM plate impinged by plane wave incidence from θ = φ =

0◦ , θ = φ = 45◦ , or θ = φ = 85◦ . STL due to random incidence is also added for completeness. 
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To understand the formation mechanism of the attenuation bands 
observed above, we examined the band property of the IA-AMM plate. 
Taking the configuration of α = 70◦ , θ = 45◦ , and φ = 0◦ as an example, 
its band diagram is shown in Fig. 5(a) where the dispersive curves are 
overlaid by the trace wavenumber curve of the incident sound. In 
accordance with the incidence angles, only the band diagram in the x 
direction is plotted for better visualization. The first finding from Fig. 5 
(a) is the three intersections between the structural and acoustic 
dispersive curves (also marked as V1, V2, and V3) occurring at three 
frequencies, which correspond exactly to the three valleys observed in 
Fig. 3(a). Hence, it is the coincidences between the bending waves and 
the acoustic waves that cause the sudden declines of the STL curves. 
These early coincidences appear at much lower frequencies than the 
classical coincidence frequency usually found on a bare plate, but the 
STL valleys suggest these early ones are still capable of producing strong 
sound radiation, a coincidence-specific phenomenon. Meanwhile, we 
discover two flexural bandgaps respectively within 116–405 Hz and 
544–1360 Hz, explaining the formation of the attenuation bands found 

in Fig. 3. Note that the second attenuation band between V1 and V2 is not 
obvious in Fig. 3 because its effect is largely offset by the STL valley right 
before it. 

In Fig. 5(d) and (e), the vibration velocity contour of the IA AMM 
plate at the center frequency of the bandgap is compared with that of the 
bare plate, which indicates that the magnitude of the vibration velocity 
of the AMM plate is suppressed by almost an order of magnitude. 
Moreover, a close observation of Fig. 5(d) shows that, besides the 
magnitude, the distribution of the vibration velocity is also drastically 
altered. To analyze the implication of such a change, we calculated the 
sound radiation directivity of the bare plate and that of the IA-AMM 
plate, shown respectively in Fig. 5(b) and (c). The curves consist of 
sound pressures (normalized to the value of θ = 0◦ ) at 180 points uni
formly sampled over a circle in the x-z plane. The circle has a radius R =

10m, centered at the origin. Note that both directivity curves are slightly 
skewed because of the oblique sound incidence. Dictated by the first few 
bending modes of the bare plate, the directivity pattern in Fig. 5(b) takes 
on a monopole-like and radiation-efficient shape. In contrast, the 

Fig. 4. STLs of three finite-size IA-AMM plates with 5 × 4, 6 × 5, and 7 × 6 unit cells, respectively.  

Fig. 5. Mechanism studies for the enhanced STL of 
the IA-AMM plate: (a) band diagram of the IA-AMM 
plate with parameters α = 70◦ and 2h = 0.08m, 
overlaid by the trace wavenumber of the incidence 
sound. (b) and (c): sound radiation directivity drawn 
at the center frequency of the bandgap (330 Hz) for 
the bare plate and the IA-AMM plate, respectively. (d) 
and (e): vibration velocity contour drawn at the cen
ter frequency of the bandgap (330 Hz) for the bare 
plate and the IA-AMM plate, respectively.   
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directivity of the IA-AMM plate presents a dipole-like, radiation- 
cancellation shape – due to phase opposition, sound pressures produced 
by the left and the right halves of the plate partially cancel each other 
out, the effect of which further adds on to the STL improvement arising 
from the magnitude reduction of the vibration velocity which has 
already achieved. 

4. Experimental validation 

To verify the numerically predicted results shown above, we per
formed experiments to measure the sound pressure level (SPL) radiated 
by the IA-AMM plate. Following the parameter settings of the plate in 
Fig. 3(a), several specimens were fabricated to have increasingly larger 
amplification angles. One test sample is illustrated in Fig. 6(a). In each 
unit cell, the small mass is designed as a steel block, and the rigid bars 
are made of acrylic material which is stiff and light at the same time. The 
connections between the bars and the plate, as well as those between the 
bars and the mass, are realized using acrylic hinges with proper lubri
cation to minimize friction. As shown in Fig. 6(b), the SPL is measured in 
an anechoic chamber where the test sample is mounted to the opening of 
a sound enclosure by bolts. An omnidirectional loudspeaker is placed 
inside the sound enclosure, the walls of which are made of thick concrete 
to prevent sound leakage other than through the plate. The radiated 
sound pressure is measured by three microphones in front of the 
enclosure, with one facing the center of the plate at a 3 m’ distance and 
the other two placed on the sides at an angle of 30◦ . The SPL is calculated 
as the mean value of the data read from the three microphones. For each 
specimen, the SPL is taken as an average of the results from five 
experimental runs. 

The experimental results of the SPL are shown in Fig. 6(c) and (d), 
measured on IA-AMM plates with amplification angles of 50◦ and 80◦ , 
respectively. The SPL of the bare plate is also included for easy com
parison. Below 1000 Hz, the radiated SPL of the IA-AMM plate is 
considerably smaller than that of the bare plate, confirming the atten
uation bands found in the numerical analysis above. The largest 
disparity between the two curves happens close to the cut-off frequency 
of the attenuation band (between the vertical dash lines), which agrees 
well with the peak frequency of the STL discussed in Fig. 3. In addition, 
the reduction of the SPL around the peak in Fig. 6(c) is clearly sharper 
than that in Fig. 6(d), a result of a greater inertial amplification effect 

caused by a larger amplification angle. Intriguingly, we find no obvious 
deteriorations in the sound insulation performance of both specimens 
after the attenuation bands, as opposed to the STL valleys found in the 
numerical results. Considering the coincidence nature of the valleys, the 
absence of these deteriorations could be attributed to the structural and 
material damping inherent in these test samples. 

5. Conclusions 

In this paper, the sound insulation characteristics of an IA-AMM plate 
are investigated. The AMM plate consists of a host plate with a cluster of 
periodically attached bar-and-hinge mechanisms. A semi-analytical 
model is developed for the ensemble by combining the FEM equation 
of the plate vibration and the analytical equation of the bar-and-hinge 
kinematics. Based on this model, the sound transmission properties of 
the AMM plate are thoroughly studied and validated by experiments. 
The main findings of this work are: 

(1) A systematic and significant improvement in the sound trans
mission loss of the IA-AMM plate is discovered, evidenced by a broad 
attenuation band at the subwavelength scale. We also confirm that 
increasing the inertial amplification angle widens the attenuation band 
and moves it downwards in frequency without the need of adding extra 
weight to the plate. 

(2) Dispersion analysis suggests that flexural bandgaps are formed 
due to the periodicity of the inertial amplification mechanisms, further 
substantiating and explaining the formation of the attenuation band. 
Meanwhile, the transmitted sound through the IA-AMM plate features a 
dipole-like directivity with impaired sound radiation efficiency due to 
the partial cancellation of radiated sound waves. All told, the proposed 
IA-AMM plate entails enhanced sound insulation. 

In future work, the formation of complete IA bandgaps as well as 
bandgap tunability is worth deeper exploration. Moreover, the minia
turization of the IA-AMMs is also a pivotal topic to promote their 
practical applications. 
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