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ABSTRACT Acoustic filters provide sound insulation unpleasant noises at a specific frequency only.
Ordinary passive acoustic filters made up of acoustic metamaterial structures can work without a power
supply. However, their working frequency is not adjustable. This study reports a tunable open planar
acoustic notch filter that incorporates a pneumatically controlled Helmholtz resonator (HR) array. The
HR array consisted of three layers: cavities, a membrane, and microchannels. The cavities function as the
HR chambers, whose volume determines the resonant frequency. The acoustic wave is effectively attenuated
at this frequency owing to the HR effect. The HR chamber volume can be varied by displacing the stretchable
membrane with air pressure through the microchannels. This helps in adjusting the resonant frequency,
thereby realizing a tunable acoustic notch filter. We conducted theoretical, and experimental examinations
along with simulations of the frequency response for an HR array with three different cavity thicknesses.
The prototype device realized a frequency tuning of approximately 4.1–4.9 kHz with 10 dB filtering.
Furthermore, an improved notch frequency tunability was observed for the thinner cavities, along with a
decrease in the notch performance. Thus, the proposed HR array filter can be useful for high-frequency
noise that is generally uncomfortable for humans.

INDEX TERMS Acoustic filter, Helmholtz resonator, passive noise control, pneumatic actuator, soundproof.

I. INTRODUCTION
Acoustic filters are expected to block noise at a specific
frequency in residential areas and worksites (Figure 1(a)).
Among them, acoustic notch filters can insulate only the
unpleasant noise with sharp peaks at specific frequencies,
such as those from rotating motors, periodic magnetic fields,
or natural vibrations of structures, without disturbing impor-
tant sounds such as speech and alerts.

Various sound insulation technologies such as passive
noise control (PNC) and active noise control (ANC) have
been developed. PNC is based on physical sound insula-
tion with sound insulating materials without a power sup-
ply. On the other hand, ANC attenuates acoustic noise by
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generating canceling waves from a loudspeaker. Electroni-
cally controlled ANC allows for complex functions, such as
transmitting only voices. Furthermore, recent studies have
shown that the improved algorithms have increased the
processing speed, enabling their applications to the higher
frequencies and the larger spaces [1], [2], [3], [4], [5].
In addition to this, ANC has been employed for open
windows, allowing air flows with an array of speakers and
microphones [6], [7], [8]. However, in principle, ANC’s per-
formance is poor for high-frequency noise owing to the lim-
itations in processing speed. Meanwhile, conventional PNC
can provide sound insulation over a wide frequency range
without a power supply. However, it is impossible to adjust
the filtering frequency and PNC must be sealed to stop the
air flow. Therefore, a tunable open passive acoustic filter is
necessary.
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FIGURE 1. (a) Concept sketch of a tunable acoustic notch filter utilizing the HR array. (b) The HR chamber size variations attained by membranes
deforming because of pressurized air. The resonant frequency of the HR shifts up and down when positive and negative pressures are applied,
respectively. (c) A schematic image of the proposed device wherein the air pressure is applied through a tube to the microchannel. (d) An expanded
view of the cavity and microchannel layers. (e) The overall view of the microchannel layer.

In contrast, materials with the designed microscale struc-
tures provide superior acoustic properties and have recently
gained attention as acoustic metamaterials [9], [10], [11],
[12], [13]. Compared to ANC, such metamaterials exhibit
special acoustic characteristics without a power supply and
do not require a complex system. In particular, some proposed
open acoustic metamaterials provide both sound insulation
and air ventilation [14], [15], [16], [17], [18]. Furthermore,
a recent study has shown that acoustic metamaterials with
adjustable structures or membrane tension enable the tuning
of working frequency [19], [20], [21], [22], [23], [24], [25].
However, a large structure is needed for a high tunability.
Further, it is difficult to implement it in a planar acoustic
filter. In contrast, the MEMS pneumatic actuators, which
achieve high power and force densities at themicroscale level,
have been applied in various fields, including the biomedi-
cal field [26], [27], [28]. The pneumatic actuators can store
energy as pressure, that can be used for tuning. In addition
to this, they work on a simple actuation principle. They can
be easily integrated into fine and complex structures. Some
previous works can be found which presented such concepts
and results of closed-acoustic absorbers or insulators using
such MEMS technology [29], [30]. Therefore, we applied
this MEMS pneumatic technology to actuate the microscale
acoustic metamaterials to tune the working frequency of open
acoustic filters.

In this study, we propose a tunable acoustic notch fil-
ter for uncomfortable sound using a Helmholtz resonator
(HR) array. The proposed structure has a high aperture
ratio. It offers a permeability of non-target sounds and air
ventilation. Moreover, the pneumatically actuated deforming
membrane is used for tuning its notch frequency

(Figure 1(b)). The HR, consisting of a chamber with a
neck-shaped orifice (neck), has a muffling effect around the
resonant frequency. They have been utilized in the acous-
tic filters and absorbers in the previous studies [31], [32],
[33], [34]. The resonant frequency can be selected by chang-
ing the HR dimensions. Thus, we can design the appropriate
acoustic filter to achieve the desired sound insulation effect.
Previously, our team proposed a tunable acoustic notch filter
utilizing a pneumatic actuator [35]. This tuning technology
has expanded the possible applications of open acoustic
filters. In this study, we theoretically analyzed the transmis-
sion of the HR array filter using the transfer-matrix method.
Furthermore, we examined the HR array with thin cavities to
improve the tunability of the filter. The HR array with three
different cavity thicknesses was investigated.

II. DESIGN AND THEORETICAL STUDY
I’’ The proposed HR array consisted of three layers: the
cavities, membranes, and microchannels. The cavities and
microchannels sandwich the stretchable membrane, as shown
in the Figure 1(c). A slit hole was formed on the side of
each cavity as in the HR neck. A significant notch filter was
achieved by arranging the six HR arrays in parallel on the
side of one acoustic path hole. All the microchannels were
connected, and the air pressure was applied uniformly to
each membrane. Applying air pressure to the microchannels
deforms the membrane and changes the chamber volume.
This helps in adjusting the resonant frequency.

Figure 1(d) shows the design of the cavity and chan-
nel layers. The cavity and channel was fabricated using
4 mm and 3 mm thick stainless-steel sheets, respectively.
The HRs are designed to have a resonant frequency of
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approximately 5 kHz when no pressure is applied. A fre-
quency of 5 kHz is uncomfortable for the humans. We deter-
mined the dimensions of the HR array to have an aperture
ratio of approximately 0.3 for other sound permeability and
air ventilation. We designed three cavities with depths of
1 mm, 2 mm, and 3 mm. Each cavity volume was Vca =
50 mm3, 100 mm3, and 150 mm3. Each neck aperture area
was Ah = 1 mm2, 2 mm2, and 3 mm2. All the cavities were
having a same neck length l0 of 1 mm. The thinner the
cavity, the greater the volume change rate owing tomembrane
deformation. This increases the tunable range of the resonant
frequency. The membrane seals each cavity to form an HR
chamber. A 1 mm thick silicone rubber sheet was used as
the membrane. The membrane displaces by approximately
±1.5 mm with±100 kPa air pressure. Further, the HR cham-
ber volume changes by approximately ±40 mm3. When no
pressure is applied, the resonant frequency of the HR array
with a 3 mm thick cavity is calculated as f0 = 4.74 kHz using
the following equation:

f0 =
c
2π

√
Ah
lhVca

. (1)

where the speed of sound in air is c = 343 m/s, and lh is the
actual HR neck length corrected as lh = l0 + le, considering
the end correction. le is calculated as le = 2lee, where lee is
the end correction for one side of the neck. In this case, the
neck aperture is rectangular. However, the end correction of
the HR is calculated for the circular neck aperture [36]. Thus,
assuming the neck aperture to be a circle of the same area, the
neck radius rh =

√
Ah/π is converted and then substituted

into the correction equation as follows:

lee =
8rh
3π
. (2)

In addition to this, the change in the chamber volume because
of the membrane deformation shifts the resonant frequency to
approximately 4–5 kHz. The overall design of the microchan-
nel is shown in the Figure 1(d) (right). Eighteen HRs were
placed in the center of a 80 mm square plate. The hexagonal
holes and HRs were arranged in a honeycomb structure with
an aperture area ratio of 1:2. All the microchannels were con-
nected to an outer conduit, and the air pressure was applied
through a silicon tube.

We theoretically analyzed the transmission loss of the
HR array filter using the transfer-matrix method. When the
HRs were mounted on a penetration hole, the incident acous-
tic wave was drastically reduced at the resonant frequency.
Figure 2(a) represents a theoretical model with parame-
ters: the penetration hole’s first half-length lf 1, second half-
length lf 2, cross-sectional area A1, HR chamber volume Vh,
HR neck length lh, and cross-sectional area Ah. The acoustic
pressure p and the volumetric flow rate Q at five points,
the inlet and outlet of the first and second half hole and at
the HR neck, are marked with subscripts 1, 2, 3, 4, and h,
respectively, in the figure.

FIGURE 2. (a) Theoretical model of the HR mounted on the penetration
hole. Electrical circuit analogous to (b) a half penetration hole and
(c) a HR. (d) A unit of the HR array filter against the vertically incident
acoustic wave. (e) Acoustic transmission of the HR array filter calculated
with the transfer matrix method. For each pressure, the experimentally
measured chamber volumes were substituted for the calculations;
172 mm3 for −75 kPa, 166 mm3 for −50 kPa, 159 mm3 for −25 kPa,
150 mm3 for 0 kPa, 131 mm3 for 25 kPa, 118 mm3 for 50 kPa, 110 mm3

for 75 kPa, and 104 mm3 for 100 kPa.

The effect of the viscous loss should be considered when
the acoustic filter has a microscale structure. Viscous losses
were the most pronounced in the HR neck at the resonant
frequency. The boundary layer thickness dν is expressed as
follows:

d =
√
2η/ρf ω (3)

where η is the dynamic viscosity, ρ0 is the equilibrium
medium density, and ω is the angular frequency. When the
dynamic viscosity and density of air were η = 18.13 ×
10−6 Pa·s and ρf = 1.166 kg/m3, respectively, d = 0.
0457 mm was calculated at the resonance frequency f0 =
4.74 kHz. This diameter was sufficiently smaller than the
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FIGURE 3. (a) Simulation model of HR array unit. Here, the light blue area functions as HR, and the chamber volume change because of membrane
deformation is approximated by a pentagonal frustum. (b) Cross-sectional and perspective views of the simulation model. The Pressure distribution
at the notch frequency (4.54 kHz) is shown. Simulated frequency response of the HR array with cavities of (c) 3 mm, (d) 2 mm, and (e) 1.5 mm
thickness.

diameter of the pipe at the neck, indicating that the effect of
viscous loss was negligible.

This acoustic system can be represented as an analo-
gous electrical circuit model by assuming that the overall
dimensions of the structure are significantly smaller than
the wavelength. The first half-penetration hole is represented
in Figure 2(b) as an electrical circuit. The acoustic mass
and stiffness in this system are represented as Lf 1 = ρf
lf 1 /A1 and Cf 1 = A1lf 1 /Bf , respectively, where Bf is the
bulk modulus of air. The acoustic impedances of the induc-
tance and capacitance in the equivalent electrical circuit in
Figure 2(b) are given as ZLf 1 = jωLf 1 and ZCf 1 = 1
/jωCf 1, respectively. Here, we introduce the state vector
Wn = (pn Qn)T with any subscript n, and the transfer matrix
relation between two points as Wm = T Wn. The transfer
matrix between the inlet and outlet of the first-half penetra-
tion hole can be obtained as

Tf 1 =
[
1+ ZLf 1/ZCf 1 ZLf 1

1/ZCf 1 1

]
, (4)

where W1 = Tf 1 W2. Similarly, the transfer matrix relation,
W3 = Tf 2 W4, is obtained for the second-half penetration
hole. Then, in the HR, the neck and chamber function as
the mass and spring, neglecting the viscous loss from the
above discussion. Mh = ρf lhAh and Kh = Bf A2h /Vh are
the mass and stiffness of the HR, respectively. The acoustic
impedance of the HR can be given as Zh = Zlh + Zch, where
Zlh = Kh /jωA2h and Zch = jωMh /A2h are the impedances

of the inductance and capacitance in the equivalent electrical
circuit shown in Figure 2(c), respectively. Here, six HRs are
attached in parallel on the sides of the penetration hole; hence,
the overall acoustic impedance of the six HRs is calculated as
Zh6 = Zh /6. From these equations, the transfer matrix rela-
tionW2 = Th6 W3 can be obtained, where Th6 is represented
as:

Th6 =
[

1 0
1/Zh6 1

]
. (5)

From Eqs. (4) and (5), the overall transfer matrix of the
HR array unit can be expressed as:

T = Tf 1Th6Tf 2. (6)

Subsequently, the transmittance of the HR array filter for a
vertically incident wave was calculated. In Figure 2(c), A0 is
the occupancy area of one unit, and the aperture ratio r = A1
/A0 needs to be calculated. We set the complex amplitudes of
the incident, reflected, and transmitted waves as A, B, and C ,
respectively. The acoustic pressure and particle velocity at the
front and back of the HR array filter are represented as(

p0
v0

)
=

(
jωρ

{
Aejωt + Bejωt

}
jk
{
Aejωt − Bejωt

} ) , (7)(
p5
v5

)
=

(
jωρCejωt

jkCejωt

)
, (8)

where k is the wavenumber. Considering the boundary
condition and constant volumetric flow rate, the following
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FIGURE 4. Photographs of (a) the aperture in the fabricated HR array and
(b) the assembled membrane and microchannel layers. (c) Measurement
results; (d) profiles; and (e) variation in HR chamber volume change
resulting from membrane deformation with air pressure.

equations can be obtained using the aperture ratio: (p0v0)T =
(p1 rv1)T and (p5 v5)T = (p4 rv4)T . Substituting Eqs. (6), (7),
and (8) into the above, we can obtain the acoustic transmis-
sion of the HR array filter, |C /A|.
We calculated the transmission of the HR array filter with

a 3 mm thick cavity at 2-10 kHz (Figure 2(e)). The follow-
ing values of the parameters were used: A0 = 210 mm2,
A1 = 631 mm2, lf 1 = 2.5 mm, lf 2 = 5.5 mm, Ah = 3 mm2,
and lh = 3.26 mm. The chamber volume Vh was varied from
150 mm3 at no pressure from −46–22 mm3, which was
obtained in the experiment with air pressure in the range of
−75–100 kPa (see below in the later chapter). The trans-
mission decreased rapidly at the resonant frequency, and
shifted by 4.00–5.16 kHzwhen the chamber volume changed.
The notch filtering effect of the HR array was theoretically
confirmed. However, when the cavity is thinner, the cham-
ber shape deviates from the ideal shape, and the calculated
values are far from the experimental values (mentioned in
APPENDIX and Figure 6). Hence, the finite-element method
(FEM) was used to analyze the filtering effect of the HR array
more accurately.

III. ACOUSTIC SIMULATRIONS
We calculated the acoustic characteristics of the proposed
structure using a simulation software (COMSOL Multi-
physics 6.0, COMSOL, USA). The simulations were per-
formed using HR array models with 3, 2, and 1.5 mm
thick cavities. A pentagonal frustum model was used to

approximate the change in the chamber volume1Vm because
of membrane deformation (Figure 3(a)), which varied in the
range of −46–22 mm3. The total chamber volume, Vh =
Vca + 1Vm, was varied according to 1Vm and the cavity
volume Vca, which was set to 150, 100, and 75 mm3 for each
of the thick cavities. Figure 3(b) depicts the simulationmodel.
The hexagonal prismatic region was used as the computa-
tional region, and periodic boundary conditions were set on
the six side surfaces. The incident and radiation plane-wave
conditions were set at the front and back surfaces of the
region.

The simulated frequency response in the range of 2–10 kHz
is shown in Figure 3(c–e). The acoustic transmission was cal-
culated using the acoustic pressure and particle velocity at the
center point of the front and back surfaces. A sharp decrease
at the resonant frequency due to the HR effect was evident in
the spectra. Moreover, the resonant frequency shifted as the
volume of the HR chamber changed. The simulation results
indicated that the notch frequency of the HR array filter with
a 3 mm thick cavity varied in the range of 4.29–5.10 kHz for
an air pressure of −75–100 kPa (Figure 3(c)). Furthermore,
the notch in the graph was smaller when the chamber volume
was smaller, because the extremely thin geometry of the HR
chamber prevented the resonant effect. This phenomenonwas
more apparent when a higher pressure was applied to the
HR array filter with a 1.5 mm thick cavity.

IV. MEMBRANE DEFORMATION
The fabricated HR array filter is shown in Figure 4(a).
A 1 mm thick flat silicone membrane was placed between
the stainless-steel cavities and the microchannel housings.
Figure 4(b) shows a photographic image of the entire
membrane and microchannel layers. The microchannel was
connected to a pressure calibrator (KAL200, Halstrup-
Walcher GmbH) using a silicon tube. An air pressure of
−75–100 kPa was applied, and the resulting membrane
deformation was observed with a microscope (VHX-6000,
Keyence). The displacements of the membrane deformation
at air pressures of 0 and 100 kPa are shown in Figure 4(c). The
membrane was deformed upward by approximately 1.5 mm
at an air pressure of 100 kPa. The cross-sectional deformation
profiles measured along the centerline of each unit are shown
in Figure 4(d). The membrane deformed by ±1.5 mm in
height for air pressures in the range of−75–100 kPa. The cal-
culated HR chamber volume shifts are shown in Figure 4(e).
The volume was varied from 150 mm3 to 104–172 mm3 at no
pressure.

V. EXPERIMENTAL RESULTS
We experimentally measured the frequency response of the
fabricated HR array filter using a speaker (E4000, S’Next
Co., Ltd., Japan) and microphone (MI-3170, Ono Sokki Co.,
Ltd., Japan) (Figure 5(a)). The gains were calculated based
on the measurement results corresponding to the model with-
out HRs. The HR array filter with a dca = 3 mm thick
cavity had a maximum transmission loss of approximately
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FIGURE 5. (a) Experimental setup. (b) Frequency response of the HR array filter with dca of (b) 3 mm, (c) 2 mm, and (d) 1.5 mm. Variation of
(e) simulated and (f) experimental notch frequency with air pressure. The thinner the dca, the larger the change in rate of the notch frequency.

10 dB in each case, whereas the notch frequency varied from
4.14 to 4.89 kHz according to air pressure change in the
range of −75–100 kPa (Figure 5(b)). Furthermore, as the
cavity thickness decreased, the notch depth and sharpness
decreased and the notch frequency shift range increased. The
HR array filter with dca = 1.5 mm had a maximum trans-
mission loss of approximately 4 dB and a notch frequency
shift range of 4.14–5.52 kHz. The variation of simulated and
experimental notch frequencies with the applied air pressure
is shown in Figures 5(e) and (f), respectively. Evidently, the
notch frequency shifts more significantly, particularly at the
high-pressure side for HR array filters with thinner cavities,
where the rate of chamber volume change is large. The notch
frequency shifts were most sensitive to pressures of approxi-
mately 0–25 kPa. This tendency was consistent between the
simulation and experimental results.

VI. DISCUSSION
The proposed notch filter has a frequency tunability of
4.14–5.52 kHz, corresponding to a fractional bandwidth of
28.9%. A similar research had achieved 17% tunability for a
pneumatically actuated membrane-type acoustic metamate-
rial [21]. By contrast, an acoustic metamaterial consisting an
array of resonators actuated by dielectric elastomer realized

14% tunability [22]. These acoustic metamaterial membranes
can be easily minimized and integrated; however, they exhibit
poor tunability compared to metamaterials with adjustable
structures [19], [25]. This study proposes an acoustic filter,
consisting of a pneumatically actuated HR array with thinner
cavities, providing a wide band tunability than the previous
study. Furthermore, the proposed structure has a high aperture
ratio of 0.3, which offers better ventilation and a sharp notch
of transmission.

However, the notch of the fabricated HR array filter was
not as sharp as that of the simulated one. The experimental
FWHM of the frequency response was approximately 300 Hz
compared to the 30 Hz derived in the simulation. This may be
due to variations in the dimensions of the fabricated HRs and
membrane deformation.

By contrast, the difference in the evaluation method
resulted in a discrepancy between the simulated and exper-
imental spectra. The acoustic transmission was calculated
from the acoustic simulation as described in section III. The
simulated spectra were almost consistent with the theoretical
ones (presented in APPENDIX). Furthermore, we calculated
the gain of the HR array by comparing two measurement
results. It slightly deviated from the ideal transmission due
to reflection and the fact that the acoustic source is not a

118218 VOLUME 10, 2022



F. Mizukoshi, H. Takahashi: Tunable Open Planar Acoustic Notch Filter Utilizing a Pneumatically Modulated HR Array

perfect plane-wave source unlike assumed in the simulation.
In addition, simulations were performed (APPENDIX) under
conditions for a point acoustic source similar to the exper-
imental one. These results confirmed that the experimental
spectrum exhibited a blend of simulated spectra under two
different conditions. This suggests that the acoustic source
used in the experiment has a form between a point and a
plane. Nevertheless, the experimental and the simulated notch
spectrum of the HR array were similar.

The notch frequencies obtained via theory, simulation, and
experiment differed slightly. This may be because of dimen-
sional errors introduced during the fabrication and inaccuracy
in the aperture correction of the HR. Notably, the aperture
correction (equation 2) assumed circular neck apertures [36].
Moreover, the notch frequency for the HR with a thin cavity
could not be calculated accurately from the theoretical model
(described in APPENDIX). In cases where the HR chamber
and neck have a complicated geometry, complex theoretical
models are required to determine the end correction [37],
[38], [39]. In future studies, these considerations will be
required to develop an optimal design for HR arrays.

In this study, we examined the performance of an
HR array against vertically incident waves. Analyses of
obliquely incident waves have already been performed for
acoustic metamaterials [14], [15]. Although the effectiveness
and tunability of the HR array filter were confirmed, further
studies should be conducted to gain deeper insights.

In addition, when the unit number and area of the HR array
filter are increased, the transmission can be influenced by
the coincidence effect [40]. In this study, this effect was not
observed for the HR array filter on a small scale, but careful
consideration is necessary on a large scale.

The advances in fabrication techniques will allow precise
and complex structures, which can enable the construction
of proposed acoustic filters with a sharper notch at higher
frequency, and this may expand the scope of the present
study. Meanwhile, such acoustic filter designs may make the
effect of viscosity more pronounced. The effects of geometric
parameters on viscosity will be analyzed in future studies.

In this study, we developed a tunable acoustic notch filter
with an HR array. However, arraying HRs with multiple
parameters would extend the insulating frequency bandwidth
and could be applied to bandstop filters. In addition, multiple
pneumatic actuators would provide tunability of the band-
width, which could improve the applicability of HR array
filters.

VII. CONCLUSION
In this study, a tunable acoustic notch filter that utilizes a
pneumatic-deforming HR array was developed. We investi-
gated the frequency response of an HR array with cavities of
three different thicknesses using the transfer matrix method,
acoustic simulations, and experiments. The notch frequency
was tunable in the range of 1 kHz via pneumatic control. Fur-
thermore, thinner cavities improved the tunability of notch
frequency while decreasing the notch performance. In the

FIGURE 6. Variation in notch frequency with air pressure derived from
theoretical study.

experiments, the filtering effect was approximately 10 dB at
the notch frequency corresponding to the HR array with the
thickest cavity. The proposed acoustic notch filter is effective
for noises of a specific frequency in residential spaces and
work sites.

APPENDIX
The variation in notch frequencies as a function of the applied
air pressure derived from the theoretical study is shown
in Figure 6. The notch frequency for the cavity thickness
dca = 3 mm shifted from 4.00 to 5.16 kHz as seen from the
figure. This is consistent with the simulation and experimen-
tal results. However, the notch frequencies for dca = 2 and
1.5 mm, at higher pressure, were far from the simulation and
experimental values. This is attributed to the deviation in the
HR chamber shape from the ideal sphere due to the thin cav-
ity. Therefore, the Helmholtz resonator formula, equations (1)
and (2), cannot be applied. By contrast, acoustic simulations
predicted the notch frequency of the HR array for all cavity
thicknesses more accurately.

We compared the frequency responses obtained by the
acoustic simulations with the transfer matrix method.
Figure 7 shows the acoustic transmission obtained from the
simulations as described in Section III. It was confirmed that
the spectra (Figure 7 (a)) for dca of 3 mm were similar to
that of theoretical ones presented in Figure 2(e); however,
increased transmission was obtained for high frequencies
from the simulation. This is probably because the simulation
did not generate a perfect plane-wave, which is especially true
with short wavelengths. In conclusion, these results validated
the consistency of the theoretical model and simulations.

In addition, the difference in the simulation and experimen-
tal evaluation methods caused the discrepancy in the spectra.
We conducted additional simulations under the conditions
similar to the experimental setup (section V). The simulation
model is shown in Figure 8 (a). A sound point source was
positioned at a distance of 5 mm from the center hole of the
HR array. The detector was positioned on the opposite side at
a distance of 10 mm from the center hole.

The simulated results are shown in Figure 8 (b–d). The
gains (Gain(H /H0)) were calculated based on the simula-
tion results of the model without HRs as in the experiment.
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FIGURE 7. Simulated frequency response of the HR array with cavities of (a) 3 mm, (b) 2 mm, and (c) 1.5 mm thickness.

FIGURE 8. (a) A cross-sectional and perspective views of the simulation model similar to the experimental setup. Simulated frequency response of
the HR array with cavities of: (b) 3 mm, (c) 2 mm, and (d) 1.5 mm thickness.

A sharp decrease in gains was observed at the resonant fre-
quency of the HR. The peak just before the notch is due to
the constructive interference at the HR in the acoustic path.
Accordingly, this peak frequency depended on the position
of the source and detector. By contrast, in the experiment, the
sound from the loudspeaker was expected to be in the form
between a point and a plane source. Hence, the experimental
frequency response exhibited the blend of spectra depicted in
Figures 3 (c-e) and 8 (b-d). Nevertheless, the experimental
and simulation notch spectrum of the HR array were similar.
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