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ABSTRACT

Reducing flanking sound transmission in buildings is chal-
lenging, with current options limited to mass increase and
structural decoupling. This study explores an alternative
approach using resonant metamaterial treatments, where
small resonators are added on a subwavelength scale to the
building elements connected via the junction. These offer
a promising lightweight approach to achieve vibroacous-
tic attenuation, by creating wave propagation bandgaps
that inhibit free-traveling waves within targeted frequency
ranges. Wave propagation through the junctions is mod-
eled using an analytical wave approach, in which thin
isotropic semi-infinite plates are considered, and equi-
librium and compatibility equations are imposed along
the junction line. The metamaterial treatment is intro-
duced in a computationally efficient way through effective
medium theory, which locally employs homogenized ma-
terial properties in the connected plates to capture the es-
sential effects of subwavelength resonators. Results show
that the structural transmission loss exhibits a significant
increase close to the frequency of local resonance. To ex-
plore the achievable performance of the proposed treat-
ments, various scenarios are analyzed, by varying the ex-
tent of the metamaterial treatment, from a narrow strip
close to the junction to the full receiver plate, as well as
the local resonator mass and multiple local resonances to
address broader band effectiveness.
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1. INTRODUCTION

Ensuring a sufficiently high level of sound insulation in
buildings is a challenging problem, due to the presence
of a multitude of sound transmission paths between the
rooms across junctions of building elements, also called
flanking transmission paths, through which vibrational en-
ergy is transmitted. Current solutions to suppress flank-
ing paths involve mass increase and structural decou-
pling through elastic interlayers or linings, which how-
ever do not always prove to be feasible in renovations or
lightweight constructions. To address these limitations, in
this paper a new solution for the suppression of flanking
sound is researched, based on resonant metamaterials.
Metamaterials are artificial structures, engineered to
manipulate wave propagation on the microscopic (i.e.,
sub-wavelength) scale, such that at the macroscopic scale,
an effective material is created with unconventional wave
propagation properties that surpass those of conventional
materials [1,2]. Of the various types of metamaterials
that have appeared over the years, resonant metamateri-
als (RMMs) are particularly attractive for noise control
in buildings. By small resonators (periodically) added
to a host structure on a subwavelength scale, RMMs
achieve the suppression of free elastic wave propagation
in a targeted frequency range [3, 4], while maintaining a
light weight. Furthermore, by employing resonators that
possess multiple resonances, known as multi-modal res-
onators, multiple frequency ranges can be targeted [5].
Recent developments make it possible to efficiently
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Figure 1: Schematic representation of a system of
thin plates connected through a junction.

predict and quantify the influence of flanking sound trans-
mission through junctions [6, 7], however these models
only include the application of elastic interlayers, not
RMMs. In this paper, the analytical model as described
in [8] will therefore be expanded to include RMM appli-
cations too, by means of effective medium modeling [9].
With this technique, the effect of the subwavelength res-
onators is approximated by locally considering equiva-
lent, frequency-dependent, material properties in the host
structure [9].

The present paper is organized as follows. Section 2
summarizes the wave-based method to analyze flanking
sound transmission across junctions, along with its exten-
sion through include RMM treatments. In Section 3, the
method is used to analyze flanking transmission across
a junction between two steel plates, for which different
RMM treatments are considered by varying the width of
the treated strip, the resonator mass, and the number of
local resonances. Section 4 concludes the work.

2. METHODOLOGY

The used methodology consists of a combination of an
analytical wave approach to model wave propagation
through junctions [8] with effective medium theory to in-
troduce the metamaterial treatment in a computationally
efficient way as described in [9]. The considered system
is a junction with n directly connected thin isotropic semi-
infinite plates, each inclined at an angle §;; relative to an
arbitrary reference plate (Fig. 1). The corresponding local
coordinate system (z’, 3/, 2’) for each plate is illustrated in
Fig. 2. The metamaterial treatment can be applied both on
the entire plate surface or a smaller strip close to the junc-
tion (Fig. 2). Due to both out-of-plane bending waves and

in-plane longitudinal and shear waves, the plates vibrate.

The general aim is to determine the structural trans-
mission coefficients Tfjt between an incident wave type s
in plate ¢ and a transmitted wave type ¢ in plate j:

It .
Tisf (w, ¢;) := Iy—q’J (1)
Y,

with I ; (¢;) the incident intensity and I! ; (¢;) the trans-
mitted intensity in the local 3’-direction per unit length of
the connection. The transmission coefficient in Eq. (1) is
dependent on the angle of incidence. The diffuse trans-
mission coefficient, independent on the angle of inci-
dence, for homogeneous isotropic plates, can be found
as [6]:

1 s
i} (w) = 5/0 75y (w, ¢i) sin ¢ydep. 2

We here consider plane incident waves with incident an-

kx

along the x-direction and ky along the y-direction. Specif-
ically, we consider only bending incident waves. This in-
cident wave causes reflected and transmitted plane waves
from the junction to each receiver plate j for any potential
wave type ¢, which is considered to be a bending, shear
or longitudinal wave. Compatibility at the junction im-
poses that the frequency w and the wavenumber k along
the x-direction, for all reflected and transmitted waves, are
equal to the ones imposed by the incident wave.

gle ¢; = atan (k; -4 ), frequency w and wavenumbers ky

The structural transmission loss in dB can subse-
quently be computed from the transmission coefficient
as [10]:

Rij (w) = —10log (1) (w)) - 3)

The forces and displacements at the plate edge in the local
coordinate system are illustrated in Fig. 2. From these,
the incident and transmitted intensity can be computed as

[11]:

S — w sT Sk

Iy (6:) = =5 Tm (fe uiic,i) » )
t Y tT tx

I)’vj ((bl) T _Elm (fout,juout,j) ) (5)

with * denoting the complex conjugate. Specifically, the
intensities for incident bending and transmitted bending

11™* Convention of the European Acoustics Association
Milaga, Spain * 23" — 26" June 2025 *

SOCIEDAD ESPAROLA

SEA DE ACUSTICA



FORUM ACUSTICUM
ails EURONOISE

and in-plane longitudinal or shear waves are [8]:

w . X
13113,1 (¢l) = _Elm (fyz,inc,iuz,inc,i + myy,iHC7i0x,inc,i) ’
(6)
B w * *
Iy,j (¢l) = _Elm (fyZaOUtvjuz,out,j + my}’70Utaj6x,out,j)
)

w

L/S _
I () =2

(@)
2.1 Plate model for plates without RMM treatment

In order to compute the forces and displacements in
Egs. (6) - (8) for plates without RMM treatment, the as-
sociated dynamic stiffness matrices need to be derived,
which relate the forces and displacements at the plate
edge. The plate edge displacements u; (2',y, 2’,t) and
forces per unit length f; (z’,y’, 2’,t) for a plate j con-
sist of contributions from the outgoing transmitted and re-
flected waves at the junction u,,¢, ; and the incident wave
Winc,j [6]

®
(10)

U; = Uout,j + Winc,j,
fj = fout,j + finc,j7

where Uinc,; and fi,c ; are only non-zero for the source
plate.

The stiffness matrix D; € C%** relating the forces
fout,; to the edge displacements Uy, 5, is composed of
a contribution from the in-plane (IP) and out-of-plane
(OOP) wave motion, represented respectively by Dip and
Doop € C*2 [6]:

fyx Ux (y/ = O)
fyy _ |Pwr (kx) 0 uy (y' =0)
fyz 0 DOOP (kx) Uy (y/ = O)
Myy D, () tx (y' =0)
=fout,J Uout,J

(11
For compactness, the dependency from D on £ is omit-
ted in further equations. Eq. (11) can then be substituted
into Eq. (10), resulting in the total force per unit length
exerted by the plate on the junction:

fj = Djuout,j + finc,j~ (12)

The stiffness matrices Dip and Doop for in-plane and
out-of-plane wave motion of isotropic plates can be com-
puted according to [8]:

)

* *
Im (fyX7OUt7jux,0ut,j + fy}’7011t»juy,out,j) .

with
i (ké — k2) kry
Dyq = ——>y X/ "7 14
11 NEDE (14)
Dioy — i (k%y + l/kiz) k'x _ iksyk’Lka (15)
12 1— 2 14+v
L(vk2+ k) ksy  ik2ks
Doy = — s 4 — = 16
22 T2 T+ (16)
iB D33 D3y
D ky) = ———m——— , 17
oop (kx) [—— {D34 D a7
with
Et3
B=___" 18
12(1 —v?)’ (18)
Dss = k1 kpay — ko b1y, (19)

Dyy = ikioy — ikiyy + (2 = v) (kpay — kpay) iK%,
(20)

Dy = ko, — kyy, 21
where F is the Young’s modulus, ¢ the thickness of the
plate, v the Poisson’s ratio and B the bending stiffness
of the plate. kpiy, kBay, kry and kg, can be found from
the equations of motion for OOP and IP motion and are
dependent on ky and the bending, longitudinal and shear
wavenumbers, given by:

1/4
e (pOOP,jtjw2> /
B,j — 9

22
B, (22)
prp ;i (1 — vip ;)%w?
ki = 23
L,j \/ EIP,j 5 ( )
2p1p (1 + vip j)w?
ke = ’ 3)” 24
S,7 \/ EIP,j ( )

In the case of plates without RMM treatment, the
mass densities poop,; and prp; are both frequency-
independent.

Subsequently, the forces and moment equilibrium and
displacement compatibility are imposed at the junction
line. The equations are expressed in the global coordinate
system, denoted with subscript g, with a transformation
matrix R; [6]:

N k;% + kSykLy

D D Uy = Rjuj, (25)
11 12 —1
1 f., =R;f; =R,D,R; 2
{—Du Dgg] ) (13) ej = Rjfj = R;D;R; ug, (26)
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where
1 0 0 0
~._ |0 cos 0;;j —sinf;; 0
R; = 0 sinf;; cosb;; O 27)
0 0 0 1

For the source plate, 0;; = 0, while for the receiver plate,
0;; is equal to the angle between the source and receiver
plate. The displacements and forces exerted on the junc-
tion by an incident bending wave are then found as [8]:

Uy 0
I R 0
Ujpe = = 28
inc u, Uy ine ) (28)
9x ax,inc
[ fyx 0
0
o= | I | = (29)
me fyz fyz,inc ’
[Myy Myy,inc
with Uz,inc = Q4, ex inc — iazky’ fyz inc — azBl (k -

(2 — vi00p)k2ky) and myy inc = OézB1(/€ — V100P]€2)
«; represents the amplitude of the 1nc1dent wave, here
taken equal to unity. The incident wave power in the y-
direction then becomes [6]:

2
prooptiwda

Iin =
¢ k1

sin ¢;. (30)
In the next step, the equilibrium equation can be rewritten
for n plates with a source plate ¢ as the sum of the forces

from Eq. (12) exerted by all plates [8]:

> fi=0, (31)
j=1
Z Rijllj = Rz (Diuinc — finc) . (32)
j=1

Taking into account the compatibility requirements at the
junction, Eq. (25) is substituted into this expression:

n
> R,D;R]
j=1

Eq. (33) is solved for the displacements uy at the junction.
The displacements for every receiver plate j in the local
coordinate system can then be found as:

Ug = R; (Diuinc - finc) . (33)

u; =Rjug ;. (34)
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From this result, uoys,; can be computed as u; — Ujne
when the considered plate contains the incident wave.
Otherwise, uqys,; is equal to u;. The related forces can
be found as f,u¢ ; = Djuout,;. In that way, all the input
values for Egs. (6)-(8) are determined.

2.2 Plate-strip model for plates with RMM treatment

To reduce flanking sound transmission through junctions,
RMMs can be applied to a full plate or only in a strip close
to the junction. When plates are fully treated with RMMs,
the same methodology as described in Section 2.1 can be
applied, with only one difference: in that case the mass
density in Eq. (22) is not frequency-independent anymore.
Due to the resonators, the OOP mass density will be in-
fluenced by inertial contributions of each resonator mode
k. This results in an effective mass density, taking into
account the modal effective masses. The effective mass
density of a multi-modal metamaterial panel is obtained
as [9]:

R(L+in)

(w/wg)?

Peft, z 29 (35

wy=rtg Z 1+177

with p the mass density of the host plate, n,, the modes of
interest, ¢ the thickness of the host plate, m/ 2. the modal
effective translational masses, 7 the damplng loss factor of
the resonators and wy, the fixed base natural frequencies of
the resonator.

If only a RMM strip close to the junction is consid-
ered, this strip has a frequency-dependent OOP effective
mass density, while the OOP mass density of the untreated
connected plate is frequency-independent. The IP mass
density is always frequency-independent, but due to the
added resonators, an additional static mass needs to be
added to the mass density of the host structure. To in-
clude the effect of a RMM strip between the junction and
an untreated connected plate, the prediction model as de-
scribed in section 2.1 needs to be expanded, following the
methodology developed in [7, 8] for thin plate interlayers.
Contrary to the previously considered plates, the RMM
strip has a finite dimension in the y’-direction. Thus not
only the displacements and forces at the junction line (2)
need to be taken into account, but also the forces and dis-
placements at the interface between the RMM strip and
the connected plate (1), as illustrated in Fig. 2. The re-
lation between the forces per unit length f; and the dis-
placements u at both endplanes of the RMM strip can be
expressed in the local coordinate system through a stiff-
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Junction line

-
-

-
-

RMM strip

Figure 2: Exploded view of a plate/strip system.

ness matrix Dy [8]:

fi =Dju, (36)

where
fi=[fi, o] =[f(y=d) fi(y=0)]", G
w=[w w' =[u(y =d) u@y =0)]". @8

For each plate j connected to the junction through a RMM
strip, the exerted forces f; ; at position (1) and f5 ; at posi-
tion (2) can be divided into a direct contribution from the
plate f;, ; as in Eq. (11) and a contribution related to the
RMM strip itself f; ; [8]:

(39)
(40)

f; =fp5 +fij,

fyj = Dgp,jug + Dg 1 jug,

where the subscript g denotes the global coordinate sys-
tem and

R.D.RT o0
D,,,; = { Jj Oj g 0}7 41
D, = {Rj 0 } {Dl,j,ll Dl,j,lz} {R}r 0 ]
&:1J 0 Ry;] |Dij21 Dijae] | 0 REJ’ ’
Dlyj
(42)

with D being the dynamic stiffness matrix for a thin plate
J as in Egs. (13) and (17). The stiffness matrix Dy ; of
a RMM strip consists of four block matrices Dy j p,n €
C**4, The strip is considered as a waveguide, in contrary
to the two steel plates which are considered as halfspaces.
Due to the finite y’-dimension, waves in both the positive
and negative 3’-direction are considered for the deforma-
tion of the layer. The stiffness matrices can be computed
in a similar way as in section 2.1, and can be found in [8].
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Since the endplane of the RMM strip could have oft-
sets ey ; and ey, ; relative to the theoretical junction line,
as illustrated in Fig. 2, the transformation matrix (27)
needs to be adapted for the RMM strip as [8]:

1 0 0 0
|0 cosf;; —sinf;; 0O

Rij = 0 sinf;; cosb;; O (43)
0 elz,j ely,j 1

where the transformation matrix (27) corresponded to the
situation in which these offsets are zero.

The global force equilibrium per unit length is then
evaluated both at the junction line and at each interface
between a RMM strip and at its connected plate:

- R; (Djujne — fine), ifj=1
> = { (Dittine = fine) . HT=100 )
= 0, if j £
n O -f . _ .
Yt =4 0 T )
j=1 Ri (Diuinc - finc) 9 lf.] 7é 1

3. APPLICATION

In this Section, the methodology described in Section 2 is
applied to a rigidly connected horizontal junction of steel
plates, where both fully treated RMM plates and plates
with only a small RMM strip close to the junction are
considered. The results are compared with the junction
models without any RMM treatment, to quantify the at-
tenuation provided by RMM treatments on flanking sound
transmission.

The steel plates without RMM treatment are consid-
ered isotropic and so the OOP and IP properties are the
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same. The properties of the considered steel plates are:
p = 7850 kg/m?, E = 210 - 10° Pa, t = 0.002 m,
v = 0.3. From these parameters, the surface mass,
shear modulus and bending stiffness can be computed as
m = pt, G = E/2(1+v) and B = Et3/12(1 — 1?)
respectively.

A distinction is made between OOP and IP material
properties for the parts of the structure with RMM treat-
ment. The IP properties remain the same as for the un-
treated plate, except for the mass density, where an ad-
ditional static mass is added due to the presence of the
resonators. In this paper, the added static mass due to
the resonators will be initially taken equal to 10% of the
mass of the host structure belonging to one resonator. The
OOP mass density can be found through effective medium
modeling with Eq. (35). The resonance frequency of the
resonators is set to 500 Hz.

999999

Plate i Plate j

29¢

Plate i Plate j

(a)

(b)

Figure 3: Junction between two plates (0;; = )
with a fully treated RMM receiver plate (a) and with
a treated RMM strip close to the junction (b).

3.1 Fully treated receiver plate

The first case we consider, is a junction of two steel plates
of which the receiver plate is fully treated with resonators,
as illustrated in Fig. 3a. The source plate ¢ is further de-
noted as plate 1, the receiver plate 5 as plate 2.

The structural transmission loss for the transmitted
bending waves is shown in Fig. 4 for a junction between
two plates with an angle 615 = 7. The receiver plate is
fully treated with resonators with a damping of 0 and a
local resonator mass of 10 % and 20 % with respect to
the mass of the host plate. The structural transmission
coefficient for longitudinal and shear waves is very small
with respect to the transmission coefficient for bending
waves, and therefore the structural transmission loss for
these wave-types is not further considered in this paper.
The graphs show that due to the RMM treatment of the

receiver plate, at the resonance frequency of 500 Hz, less
vibrational energy is transmitted from the source into the
receiver plate and so the RMM treatment is effective to
reduce wave propagation at the targeted frequency.

10 T
----- untreated plate
treated plate
(1es = 0.1+ Mplate)
8r e treated plate )
(Mes = 0.2 Mplate)

structural transmission loss (dB)

315 400 500 630 800 1000

Figure 4: Comparison between the structural trans-
mission loss for the transmitted bending waves
through a junction (612 = ) with an untreated and
fully treated receiver plate with no damping in the
resonators and a local resonator mass of 10 % and
20 % with respect to the mass of the host plate.

3.2 Influence of the local resonator mass

In a second case, the influence of the added resonator mass
with respect to the host structure is analyzed, which is also
shown in Fig. 4. In a first case, the local resonator mass is
taken to be 10 % of the mass of the host structure. In a sec-
ond case, the local resonator mass is taken to be 20 % of
the mass of the host structure. The graphs in Fig. 4 show
that in the case of 20 % added mass, the bandgap that in-
hibit free-traveling waves at the resonance frequency of
the resonators widens, resulting in a broader frequency
range in which the transmitted vibrational energy is re-
duced. Even though not shown here, similar results have
been obtained for another resonator damping, other angles
012 of the junction and in the case only a strip of resonators
is applied.

3.3 Receiver plate with RMM strip

Thirdly, only a small strip of resonators is applied close
to the junction, as illustrated in Fig. 3b. The strip is mod-
eled as a part of the junction as discussed in Section 2.2,
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and so the structural transmission loss is computed for the
transmitted bending waves after the strip. The results are
shown in Fig. 5 for a junction between two plates with an
angle 615 = m, with a resonator damping of 0 (Fig. 5a)
and 0.02 (Fig. 5b). The results are shown for a strip with
a width of 0.03 m, 0.05 m, 0.10 m, 0.15 m and 0.3 m.
From these graphs it is clear that we can achieve already a
significant reduction in wave propagation from source to
receiver plate at the resonance frequency by applying only
a small strip of resonators close to the junction. Fig. 5a
shows that the frequency range in which free wave propa-
gation is inhibited becomes larger by increasing the width
of the strip. From Fig. 5b it is clear that the larger the
width of the strip is, the larger the structural transmission
loss through the RMM strip will be. Similar results are
obtained for another resonator damping and other angles
012 of the junction. When a strip of resonators with very
low damping is considered, additional drops in the struc-
tural transmission loss are visible, caused by Fabry-Perot
standing waves. However, this is only significant at very
low damping values, and thus has no impact in practice.

3.4 Influence of multi-modal resonators

As a fourth case, the influence of multi-modal resonators
is examined. Multi-modal resonators allow to have multi-
ple resonance frequencies, resulting in broader band effec-
tiveness. As an example, a junction with an angle 615 = 7
is considered, with a treated strip of 0.15 m close to the
junction in the receiver plate and a damping of 0, 0.02,
0.05 or 0.1 in the resonators. Three resonance frequencies
(500 Hz, 460 Hz, 420 Hz) are considered. The results are
shown in Fig. 6. A peak is visible at each resonance fre-
quency of the multi-modal resonator, resulting in a more
broadband reduction of the transmitted vibrational energy.
Even though not shown here, similar results have been ob-
tained for another resonator damping, other angles 615 of
the junction and in the case a fully treated receiver plate is
applied.

4. CONCLUSION

In this paper, an analytical wave approach to model wave
propagation through junctions was combined with effec-
tive medium theory to introduce a metamaterial treatment
in the junction design. The proposed model has been used
to study flanking transmission across junctions with steel
plates, exploring various scenarios in which the width of
the treated strip, the resonator mass, and the number of lo-
cal resonances were changed. Varying the width of the
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Figure 5: Comparison of the structural transmission
loss for the transmitted bending waves between a
junction (f12 = ) with a treated strip close to the
junction in the receiver plate for a damping of 0 (a)
and 0.02 (b) in the resonators. Results are shown for
a strip width of 0.03 m, 0.05 m, 0.10 m, 0.15 m and
0.3 m.

metamaterial strip has proven that already a significant
reduction in wave propagation can be obtained for suffi-
ciently wide strips. Increasing the mass of the local res-
onators broadens the frequency range in which bending
wave transmission to the receiver plate is reduced, but it
can however conflict with lightweight requirements. An-
other way of widening the band of effectiveness is there-
fore to use multi-modal resonators, allowing to include
multiple resonance frequencies. The methodology pro-
posed in this work sets a framework to analyze and de-
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----- untreated plate

treated strip (n = 0)
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Figure 6: Comparison of the structural transmis-
sion loss for the transmitted bending waves through
a junction (f12 = ) with a treated strip of 0.15 m
close to the junction in the receiver plate, for a damp-
ing of 0, 0.02, 0.05 and 0.1 in the resonators. Three
resonance frequencies (500 Hz, 460 Hz, 420 Hz) are
considered.

sign metamaterial treatments for the suppression of flank-
ing sound transmission across junctions of plates. Future
research will focus on further validation against numerical
and experimental results for practical applications.
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