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Sound waves propagate in a manner in which energy is transmitted by adjacent molecules in the medium. These adjacent

molecules exhibit inherent sound wave characteristics, such as height and wavelength, depending on the sound frequency.

The Helmholtz resonator, one of the well-known acoustic elements, comprises a neck and a cavity, and features a

resonance at a specific frequency related to structural dimensions. The acoustic characteristics of the Helmholtz resonator

can be explained by a lumped spring-mass system in mechanical engineering; the resonant frequency can be calculated

with the same analysis. The Helmholtz resonator is widely used as an acoustic filter as it can re-radiate sound waves with

the opposite phase and significantly attenuate the original sound wave in the resonance frequency range. In this study, we

fabricated a Helmholtz resonator-inspired film-type acoustic absorber (FAA), comprising a microscale resonator array made

with polydimethylsiloxane (PDMS). Through acoustic attenuation experiments, the FAA revealed that the novel attenuation

values reached up to 36.3 dB mm-1. Additionally, a continuous fabrication of the FAA was achieved via a custom-built roll-

type equipment.
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1. Introduction

The Helmholtz resonator, comprising a neck with an open hole

and a cavity with a rigid wall, exhibits resonance at a specific

frequency. In several cases, an array of the Helmholtz resonators

can serve as a good source of metamaterial given their simpler

structure compared with other typical resonators; Helmholtz

resonators present unpredictable parameter changes, such as

negative pressure or negative density, at a specific resonant

frequency.1-6 The pressure in Helmholtz resonator increases when

the air inside the cavity is compressed by incident sound pressure.

Thereafter, the air inside the Helmholtz resonator will be released

owing to the higher value of inner pressure than the outside

pressure. If incident sound pressure is supplied continuously, then

air flow is generated continuously. Considering this principle, the

Helmholtz resonator system with continuous air flow can be

considered a “spring-mass model” in mechanical engineering;

thus, the Helmholtz resonator exhibits a specific resonant

frequency.7 In this spring-mass system, attenuation occurs as the

incoming and outgoing signals cancel each other out. In other

words, acoustic attenuation is induced by the Helmholtz resonator

because the amplified and reradiated sound pressure from the

Helmholtz resonator is much stronger than the incident sound

pressure at resonant frequency, resulting in interference.2,8

Considering this phenomenon, the Helmholtz resonator can be

utilized as an acoustic filter.9-11 To use the Helmholtz resonator as

an acoustic filter, an easy-to-use material should be developed. As

the conventional Helmholtz resonator is a large bottle type, using

this equipment as an actual acoustic filter for machine parts or

household goods presents difficulty. For this reason, the research

on acoustic absorption and metamaterial based on the existing

Helmholtz resonator will have been conducted by simulation. The

size of the Helmholtz resonator must be drastically reduced to

increase its usability as an acoustic filter. The Helmholtz resonator
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is a simple and an admirable acoustic element; however, the

fabrication of microscale Helmholtz resonator arrays features

limitations.2 Meanwhile, to apply micro/nanostructures to practical

life or industrial field, numerous research groups have studied not

only large-area fabrication strategies but also continuous

fabrication methods. Other research groups have also exerted

efforts to develop continuous fabrication systems to overcome the

limitations of microelectromechanical system (MEMS) fabrication

methods given the gradually increasing demands for using novel

and functional materials comprising micro/nanostructures.12-20 In

this study, we present the fabrication of advanced film-type

acoustic absorber (FAA) with a microscale resonator array inspired

by the Helmholtz resonator. By using various MEMS fabrication

methods, a large-area FAA was fabricated. The microscale

resonators (0-100 µm) were arrayed easily with 184 µm period in a

40 × 40 mm square. We have conducted various experiments to

determine the acoustic characteristics of the FAA. First, the

performance of the FAA against ultrasonic waves was evaluated in

water. By fabricating microstructures with various shapes, the

relation between geometric values of the micro-Helmholtz

resonator and absorption characteristic was confirmed.

Furthermore, to enhance the productivity of the FAA, we have

implemented its continuous fabrication by using a thermal roll-

imprinting lithography system.

2. Materials and Methods

2.1 Fabrication of the Resonator Array Master Mold 

Conventional photolithography and rigiflex lithography were

used to prepare the Helmholtz resonator array master mold

(Positive Mold) (Fig. 1). In the first step, Helmholtz resonator

cavity parts were formed on a silicon wafer through the first

photolithography without a development process. Neck parts were

defined on the cavity-formed layer through delicate alignment of

the second mask followed by the second photolithography. 

During two photolithography processes, negative thick

photoresist (SU-8 series, Microchem) was used, and the

development process was performed at the same time. After

fabrication, the mold surface was treated with a silane agent (L-

SAM, Minuta Tech) for easy demolding during rigiflex lithography.

To apply the fabricated mold to the roll-type equipment, a belt-type

PUA mold (PUA 301RM, Minuta Tech) with the same structure as

the PR mold was fabricated from the PDMS replica through

rigiflex lithography (Fig. 1).

2.2 Replica Molding and Lamination of Film-Type Resonator

Arrays

The PDMS fabricated in the continuous system featured a

thickness of approximately 200 µm and a Helmholtz resonator

structure (Fig. 2). 

However, the FAA requires a support layer (Non-Patterned

PDMS) to produce perfectly closed resonator structures. The FAA

support layers or other FAAs were laminated using oxygen plasma

treatment exposed for 2 min at 120 W in a plasma chamber (PDC-

32 G, Harrick Plasma).

2.3 Acoustic Attenuation Measurement

An attenuation experiment was conducted to measure sound

pressure fluctuations between the transducer and receiver in a

water tank (Fig. 3). Two transducers, namely, the transmitter and

receiver, were located in either side of the water tank. Thereafter,

sound pressure was propagated from the transmitter to the receiver.

The water tank can be considered a reciprocal environment owing

to its sufficiently larger dimension compared with the frequency.

The FAA was located at the center of the water tank, and sound

Fig. 1 (a) Schematic for SU-8 master and flexible PUA mold. (b)

Photo-image of SU-8 master and (c) Photo-image of flexible

PUA mold

Fig. 2 (a) Schematic for fabrication flow of FAAs. (b) Photo-image

for PDMS film with microresonators and (c) Photo-image of

fabricated FAAs
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pressure at the receiver was converted into sound pressure level

using the equation 20log P, where P is pressure.

3. Results and Discussion

The Helmholtz resonator consists of a neck and cavity. In this

experiment, to form the neck and cavity, the Helmholtz resonator-

inspired microstructure was fabricated through two-step

photolithography. The microresonator shaped as a master was

fabricated with a negative photoresist (SU-8, Microchem), whereas

the polydimethylsiloxane (PDMS) resonator was fabricated through

a simple molding process. The negative-tone micropatterns were

arrayed with 184 µm period in a 40 × 40 mm square, and the

samples consisted of PDMS, one of the well-known thermosetting

polymers in the MEMS field. From the acoustics point of view, the

acoustic impedance of sound wave is represented by the product of

density and speed of sound in the medium. The difference in

acoustic impedances plays an important role in the propagation and

reflection of acoustic signals at the interface between dissimilar

materials. If the difference between the acoustic impedances of two

objects touching each other is small, the propagation of acoustic

signals will proceed efficiently. On the contrary, if the difference is

remarkably large, the acoustic signal will be reflected instead of

being allowed to passing through. As the acoustic impedance of

PDMS (0-1.04 Mrayl) is similar with that of water (0-1.5 Mrayl),

PDMS was selected as the FAA material for observation of the

attenuation effect. If a rigid polymer with significantly different

impedance from water is used, the reflection characteristics of the

sound itself will be measured rather than the characteristics of the

resonating effect. In acoustics, simple analysis of the acoustic

element can be achieved if the wavelength of sound wave in

medium is remarkably longer than the dimensions of the acoustic

device (Long Wavelength Approximation), which we consider a

“lumped acoustic device.” Also, if an acoustic device is satisfied

long wavelength approximation, specific morphologies of acoustic

element are not important such as device shape, alignment, and so

on. The resonant frequency of the Helmholtz resonator was

considered as a lumped spring-mass system model and can be

expressed as follows Eq. (1): 

(1)

where f refers to the resonance frequency of the Helmholtz resona-

tor, c denotes the sound speed in the medium, S represents the

cross-sectional area of the neck, V corresponds to the internal vol-

ume of the resonator, and L' is the effective length of the neck with

radius a. L' can be expressed as follows with respect to the flange:

L' = L + 1.7a (Flanged Outer End) and L' = L + 1.4a (Unflanged

Outer End).7 Fig. 4(a) shows the schematic and photo/SEM images

of FAA and the fabrication method. The entire fabrication process

consisted of two-step photolithography, that is, molding and bond-

ing, and the process yield was over 95%. Master mold production,

which is the key to the success of FAA fabrication, was minimized

by replicating the slave master with rigid polymers, such as poly-

urethaneacrylate (PUA), a UV-curable material for imprinting

lithography. FAA was fabricated by bonding the molded negative-

tone PDMS resonator-shaped array and supporting the PDMS sheet

by plasma bonding. Under an incident acoustic signal, the fabri-

cated FAA passes a part of the acoustic signal, whereas another por-

tion of the signal is reflected by the resonance of the resonator array.

As a result, a high sound pressure is observed on the side where the

sound wave enters, and a low sound pressure is measured on the

opposite side (Fig. 4(b)).

To measure the performance of the fabricated FAA and

minimize the dissipation of acoustic signals, a measuring system,

which includes a piezo transducer and a hydrophone (Fig. 4(c)),

was set up inside a water bath. The fabricated FAA was fixed by a

clamp between the transducer and hydrophone. As shown in Table

1, impedances of water and PDMS are similar enough to not need

2f c
s

LV
--------=

Fig. 3 Photography and schematic image of the attenuation experiment device
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any buffer layers during the experiments. Furthermore, as PDMS is

hydrophobic and shows no swelling in water, it is a suitable

material in this experiment. Simulation was conducted to predict

the resonance phenomenon of the FAA. As shown in Fig. 5(a), an

incident sound signal (0-1 MHz) was propagated on the FAA

sample composed of PDMS, followed by the amplified sound

pressure by the microscale resonator (0-60 µm) reradiating onto

the incident sound pressure direction. Based on these results, we

expected that reradiation of the acoustic signal due to resonance of

the resonator will yield the same effect as attenuation due to

interference and reduction of the transmitted acoustic signal.

Furthermore, the FAA could be considered ‘lumped acoustic

deviced’ since maximum length of unit element in the FAA (0-

100 µm) is much smaller than the wavelength of the 1 MHz

acoustic wave (0-1.5 mm) and could be applied ‘long wavelength

approximation’.

Prior to measurement of the attenuation performance of the

fabricated FAA, a non-patterned PDMS sheet was first tested as the

control sample. 

The result for the control sample indicates that the attenuation

value of the ultrasound signal is proportional to the input signal

frequency, as shown by the green line (Reverse Triangle Symbol)

in Fig. 5(b). This tendency is typically observed in common

materials as the absorption coefficient is proportional to the square

of the frequency. By contrast, in the case of the FAA sample, given

a 60 µm cavity diameter, 12 µm cavity height, and 20 µm neck

diameter, 19 µm neck height, the resonance frequency calculated

for this sample is 0.88 MHz, and the actual measured maximum

attenuation equals 1 MHz.

The maximum attenuation values for single, double, and triple

layers reached 7, 9.5, and 12.8 dB mm-1, respectively, at around

1 MHz. In every sample, the peak attenuation performance was

observed at around the resonance frequency. From these

Fig. 4 Schematic and photo/scanning electron microscopy (SEM) images of the (a) Fabrication process of FAA inspired by the Helmholtz

resonator. Scale bars are 2 cm, 100 and 50 µm, and 2 cm, respectively. (b) Acoustic attenuation principle of FAA and (c) Measurement

system for the acoustic attenuation phenomenon

Table 1 Description of Impedance21

Property Water PDMS

Density (kg m3) 1000 970

Speed of sound (m s-1) 1500 1080

Impedance (rayl) 1.5 × 106 1.04 × 106
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attenuation values, the multiple FAA can enhance the attenuation

value by stacking the layers; the attenuation is proportional to the

number of laminated layers.

From the Eq. (1), we can predict that the resonance frequency of

Helmholtz resonator can be controlled by changing the resonator

dimensions. Although, the Eq. (1) is not applied in the FAA

samples perfectly, to observe the influence of resonator dimension,

various samples were fabricated, and the attenuation values were

measured. To identify the relation of attenuation performance and

resonator dimension, as shown in Figs. 6(a)-6(c), we measured the

geometric values of various FAAs (Table 2).

Fig. 6(e) indicates the comparison on performances of different

geometric FAA samples. As shown in Table 2, three different

Fig. 5 (a) Simulation result of resonance in FAA. (b) Measured attenuation performances of FAAs with microscale resonators (Resonance

frequency: 0.88 MHz) depending on input acoustic signal frequencies. The attenuation value of the non-patterned PDMS layer was

measured as the control sample, and the values of the single, double, and triple layers of FAA were measured. Scale bar is 20 µm

Fig. 6 SEM images of various FAAs. (a) Sample 1. (b) Sample 2. (c) Sample 3. (d) Double layers (Scale bars in (a)-(c) 50 µm; (d) 100 µm). (e)

Attenuation data for three FAAs with various geometrical microscale resonators and (f) Attenuation data of the stacked absorbing sample

by laminating two different resonator arrays (Samples 1 and 2).

Table 2. Geometric values of microresonator shown in Fig. 6(Cavity

and neck diameters are fixed as 100 and 20 µm, respectively.)

Cavity height 

(μm)

Neck height

(μm)

Resonance 

frequency

(kHz)

Sample 1 100 40 142

Sample 2 35 15 323

Sample 3 100 15 191
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samples featured various cavity heights and neck lengths with the

same diameters of cavity and neck. The single layer of Sample 1,

which exhibited a 142 kHz resonance frequency, recorded the

maximum attenuation value of 20.1 dB mm-1 at 1 MHz. To

modulate the FAA performance, cavity volume was modulated by

reducing the cavity height. The result indicates that the resonance

frequency of Sample 2 changed to 323 kHz, and its maximum

attenuation value was 12.1 dB mm-1 at 1 MHz. Given the similar

resonance frequencies of these samples, their attenuation values at

1 MHz must be similar. However, the attenuation value of Sample

2 accounted for 59.8% of the result on Sample 1, resulting from the

higher stiffness of Sample 2 than that of Sample 1. The stiffness of

the Helmholtz resonator can be expressed as follows:

(2)

where k refers to the stiffness of the Helmholtz resonator, c denotes

the sound speed in the medium,  represents the density of the

medium, S corresponds to the cross-sectional area of the neck, and

V is the volume of the cavity. From the Eq. (2), k1 (Stiffness of Sam-

ple 1) and k2 (stiffness of Sample 2) were calculated at 1.7577 and

5.0221 mN m-1, respectively. k2 is three times higher than k1. There-

fore, decreasing cavity volume increases stiffness and decreases air

displacement in the neck and cavity. This result indicates that a con-

siderably high stiffness decreases the attenuation property of FAA.

Such finding is attributed to the attenuation induced in the Helm-

holtz resonator by the elastic behavior of the PDMS microresonator

and natural air-moving reaction between the air and neck. However,

from a fabrication point of view, a long neck part, such as that of

Sample 1, is difficult to fabricate with high yield and unsuitable for

continuous fabrication. To secure high attenuation performance andk
c

2
S
2

V
-------------=

Fig. 7 Schematic description of the three parts of the roll-to-roll fabrication apparatus: belt-type PUA mold, continuous soft molding unit, and

laminating unit. The belt-type PUA mold is wrapped around the pulleys of two neighbors. As heat is transmitted from the hot plate to the

passing PDMS-coated substrate, the microscale resonator structures are continuously replicated on the feeding substrate
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production yield, Sample 3 was produced with the same cavity as

Sample 1 but with a shorter neck. In the results, Sample 3, with the

same stiffness as Sample 1, recorded an attenuation of 17.5 dB

mm-1 for a single-layer FAA. Consequently, a larger-sized cavity

expressed higher attenuation performance due to the low stiffness

of microscale resonators. In other words, geometrical values of res-

onators can be modulated for productivity without remarkable

changing the attenuation performance.

As mentioned above, stacking the FAA layers enhances

attenuation. Fig. 6(f) shows the attenuation performance of single-

layer and double-layers FAAs, which have been fabricated by

stacking different resonant FAAs (Samples 1 and 2), at 1 MHz

(Fig. 6(d)). Both cases showed that the attenuation values of

double-layer FAAs reached 36.3 and 22.5 dB mm-1, which are 170

and 180% higher, respectively, than that of the single-layer ones

(20.1 dB mm-1 for the single layer of Sample 1 and 12.3 dB mm-1

for the single layer of Sample 2). Especially, the double layer of

Sample 1 achieved 36.3 dB mm-1 attenuation for 400 µm sample

thickness; this value was recorded as the maximum attenuation in

this study. Therefore, the fabricated FAA was measured with

sufficient attenuation performance compared with typical acoustic

absorbers.

To increase the productivity of the FAA, we have implemented

continuous fabrication of FAAs by using custom-built roll-type

equipment from our previous work.15 Fig. 7 shows the schematics

of the roll-to-roll fabrication system comprising a belt-type flexible

PUA mold, hot plate, and motorized substrate feeding system.

Using the master mold, the belt-type flexible PUA mold was

produced via multiple lithography processes because the belt-type

mold used in the roll-to-roll process should feature the same

structure as the master mold on the flexible substrate.

After fabricating the flexible PUA mold, additional PDMS

molding and laminating processes were performed to produce FAA

samples continuously. As a result, we have achieved scalable

fabrication of FAA via a continuous production system with

fabrication speed of 100 mm min-1.

4. Conclusions

In this study, Helmholtz resonator-inspired FAAs were produced

by constructing arrays of microscale resonators. We observed that

FAAs can absorb acoustic signal efficiently within the ultrasonic

range, and the target frequency can be determined by modulating

the geometric values of the resonator units. For enhancing

productivity, FAA was fabricated via a roller-based continuous

fabrication system. The fabricated FAAs exhibited several practical

advantages, including high attenuation performance (0-36 dB mm-1),

easy production, controllability of resonance frequency, and

potential in terms of broadened attenuation characteristics. With

these developments, feasible applications will be sought in medical

diagnosis equipment and military related devices through follow-

up research.
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