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The study analyzed the mechanical wave transmission for a source with a sound pressure level of
90 dB through all possible distributions of a finite multilayer structure made of air and polylactic acid.
The structure was surrounded by air. The influence of thickness and spatial distribution of layers on
the shifts of transmission peaks and the reduction of its value are presented. The analyzed structures
showed the existence of bandgaps, i.e., wave frequencies, where, due to destructive interference, no
propagation through the structure occurs. The transmission was determined using the transfer matrix
method algorithm.
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1. Introduction

Phononic structures consist of mechanical wave
diffusing elements embedded in the matrix mate-
rial. The mechanical wave, interacting with the el-
ements of the phononic structure due to diffrac-
tion and destructive interference, may not propa-
gate in the structure for the given frequency ranges.
This phenomenon is called the phononic band gap
(PhBG) [1–9]. It enables the manipulation of me-
chanical waves, and thus the design of devices such
as, for example, acoustic filters [10–12], selective fil-
ters [13–15], medical devices [16, 17], acoustic cloak-
ing [18], mechanical wave lenses [19–23], waveg-
uides [24–26], sensors [27], acoustic diodes [28], noise
suppression devices [29], acoustic barriers [30], or
energy harvesting [31–33].

The study investigated the influence of the ar-
rangement of layers, their thickness, and number on
the formation of the band gap in one-dimensional
structures in terms of designing multi-layer acoustic
partitions.

2. Transfer matrix method (TMM)

The transmission matrix algorithm is used to
obtain the frequency response of the mechani-
cal wave propagating in one-dimensional phononic
structures, thanks to which it is possible to deter-
mine the width and location of the gaps [13, 34].
The theoretical foundations of the method are pre-
sented in [35–37].

Propagation of the disturbance in the pressure
field p(x, t) in the multilayer medium is determined
by the partial differential equation of the hyperbolic
type (Helmholtz equation) in the form

1

c2i

∂2p (x, t)

∂t2
−∇2p (x, t) = 0, (1)

where ci is the phase velocity of the mechanical
wave in the i layer of the given material. The solu-
tion of (1) for the one-dimensional case in the layer
i takes the form

pi (x, t) =
(
Ai e

ikix +Bi e
− ikix

)
e− iωt, (2)

where Ai is the amplitude of the component of the
wave propagating in the direction of the incident
wave, and Bi is the amplitude of the component of
the wave propagating in the direction opposite to
the direction of the incident wave. The wavenum-
ber ki for a given layer i is defined by the circular
frequency ω or its frequency f as

ki = ω
ci

= 2πf
ci
. (3)

The incident mechanical wave with the amplitude
p+in is transmitted to the layer structure made of ma-
terials A and B. The amplitude of the mechanical
wave leaving the structure is marked as p+out, while
the amplitude of the reflected wave is marked as p−in.
The relationship between the incident wave passing
through the structure and the reflected wave is de-
scribed by the matrix equation(

p+in
p−in

)
= M

(
p+out

0

)
, (4)
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where M is the matrix characteristic of an N lay-
ered structure, the form of which is influenced by
the type of materials used and the topology of the
structure and is defined as

M = Φin,1

(
N−1∏
i=1

PiΦi,i+1

)
PNΦN, out. (5)

The characteristic matrix M consists of the propa-
gation matrix Pi, inside a given layer i and thickness
di, defined by

Pi =

(
e ikidi 0

0 e− ikidi

)
. (6)

The second component of the characteristic matrix
M is the transmission matrix Φi,i+1 at the interface
i and i+ 1 defined as

Φi,i+1 =
1

ti,i+1

(
1 ri,i+1

ri,i+1 1

)
, (7)

which consists of the Fresnel transmission ti,i+1 and
reflectance ri,i+1 coefficients, given by

ti,i+1 =
2Zi+1

Zi+1 + Zi
, (8)

ri,i+1 =
Zi+1 − Zi
Zi+1 + Zi

. (9)

The acoustic impedance Zi for a given layer i is the
product of the phase velocity ci of the mechanical
wave and the density of the material %i, from which
the layer is made.

The transmission T of the mechanical wave
through the multilayer structure is determined from
the characteristic matrix M from the dependence

T =
Zout

Zin

∣∣∣∣ 1

M11

∣∣∣∣2 . (10)

In lossless structures, the transmission T and the
reflectance R are related to each other by the rela-
tionship from the equation T +R = 1.

3. Results and discussion

Mechanical wave transmission was analyzed for
a source with a sound pressure level of 90 dB for
a structure made of air as material A with a layer
thickness of 1 cm and polylactic acid (PLA) as ma-
terial B with a thickness of 1 mm. The structure
was surrounded by air.

In this work, the air was assumed as material A,
and material B was assumed to be PLA, for which
the phase densities and velocities were respectively
ρA = 1.29 kg/m3 and ρB = 1240 kg/m3, and cA =
331.45 m/s and cB = 2220 m/s [38–40].

Figure 1 shows the effect of increasing the number
of layers on the transmission structure. Figure 1a
shows the reference curve. Figures 1b–h show the
sound pressure level as a function of frequency for
2 to 8 PLA layers in the structure, respectively.
Above the frequency of 1 kHz for the given num-
ber of layers, the number of transmission peaks was
1 lower than the number of PLA layers. The vertical
lines in Fig. 1 indicate the frequencies (4.1, 5.36, 7.6,

Fig. 1. The sound pressure level (SPL) as a func-
tion of frequency with increasing the number of
PLA layers from 2 to 8.

Fig. 2. Sound pressure level as a function of fre-
quency for structures with a single PLA layer of
different thicknesses and reference transmission (no
PLA layer).

and 9.3 kHz) for which there were common trans-
mission peaks for more than one structure. Figure 2
shows the transmission curves from Fig. 1.

As shown in Figs. 1 and 2, increasing the num-
ber of layers increases the transmission peaks in the
spectrum. For an even number of layers, there was
a transmission peak common to all analyzed struc-
tures for a frequency value of 7.6 kHz.

As shown by the conducted research, the number
of transmission peaks increases with an increase in
the number of layers. In order to analyze the influ-
ence of the thickness of A and B materials on the
transmission, a five-layer system was analyzed.

93



S. Garus et al.

Fig. 3. Sound pressure level as a function of fre-
quency for structures with a single PLA layer of dif-
ferent thicknesses and reference transmissions (no
PLA layer).

Fig. 4. Sound pressure level as a function of fre-
quency for structures with two identical PLA layers
and increasing distance between them and with ref-
erence transmission (no PLA layer).

TABLE I

Sound pressure level values [dB] for selected frequen-
cies and given layer A thickness.

Thickness
of the PLA
layer [mm]

5 kHz 10 kHz 15 kHz 20 kHz

0 90.55 87.57 83.99 80.66

1 63.80 49.02 38.52 30.21

2 52.07 37.06 26.51 18.19

3 45.08 30.03 19.47 11.15

4 40.10 25.04 14.47 6.15

5 36.24 21.17 10.60 2.28

Figure 3 shows the transmission of the mechanical
wave through structures with a single PLA layer of
different thicknesses, where the number of repeats
of the B layer determines the multiplier of the layer
thickness. The transmission of the AAAAA struc-
ture has a reference character, where the transmis-
sion is equal to 100%, and the shape of the sound
pressure curve results only from the shape of the
correction curve A. As the thickness of the PLA
layer increases, the sound pressure level decreases,
which is shown in Table I for frequencies 5, 10, 15,
and 20 kHz.

Figure 4 shows the sound pressure level as a func-
tion of frequency for structures in which there are
two layers of the same thickness made of PLA with

Fig. 5. The sound pressure level as a function
of frequency for structures with two different
thickness of PLA layers and increasing distance
between them and with reference transmission
(no PLA layer).

Fig. 6. The sound pressure level as a function of
frequency with a simultaneous increase in the thick-
ness of the layers and reduction of the distance be-
tween them.

a changing distance between them. For a 1 cm
distance between B layers, a single A layer had
a peak for a frequency of 7582 Hz. Increasing the
distance between the layers to 2 cm shifted the
peak to 5341 Hz, and another increase in the dis-
tance between the layers lowered the peak frequency
to 4356 Hz.

The increase in the distance between layers of dif-
ferent thicknesses shown in Fig. 5 shifts the trans-
mission peak towards lower frequencies, in a man-
ner similar to that shown in Fig. 4 for layers with
the same thicknesses. For the BABBB structure,
as compared to the BABBA structure (Fig. 5),
there was a slight shift of the frequency peak, and
the increase in the thickness of the second PLA
layer resulted in a decrease in the transmission
value.

The simultaneous increase in the thickness of
both layers in Fig. 6, while reducing the dis-
tance between them, decreased the transmission in
the entire analyzed frequency range with a mini-
mal shift of the transmission peak towards higher
frequencies.

4. Conclusions

As part of the research, the properties of mul-
tilayer acoustic partitions modeled with the use of
the TMM algorithm and made of PLA and air were
analyzed.

94



Transmission in Two-Element Quasi One-Dimensional Acoustic Barriers

It was shown that increasing the thickness of
a single PLA layer decreased the transmission of the
mechanical wave, but did not result in the occur-
rence of the audio band gap. Adding another layer
created an additional peak in the transmission spec-
trum, and increasing the distance between the lay-
ers shifted the peak in the spectrum towards lower
frequencies. The successive increase in the number
of layers in the structure resulted in the appearance
of successive peaks in the analyzed frequency range
of the mechanical wave.

The observed 30 dB SPL reduction occurring in
the selected frequency bands in the analyzed mul-
tilayer structures means that there is 99.9% of the
reduction emitted by the energy source and indi-
cates the presence of the band gap.
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