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Abstract: A soundwave is transmitted by adjacent molecules in the medium, and depending on the
type of sound, it exhibits various characteristics such as frequency, sound pressure, etc. If the acoustic
wavelength of the soundwave is sufficiently long compared with the size of an acoustic element,
physical analysis within the sound element could be simplified regardless of the shape of the acoustic
element: this is called “long wavelength approximation”. A Helmholtz resonator, a representative
acoustic element which satisfies the “long wavelength theory”, consists of a neck part and a cavity
part. The Helmholtz resonators can absorb certain frequencies of sound through resonance. To exhibit
attenuation properties at ultrasound range, the Helmholtz resonator should be made into a microscale
since Helmholtz resonators should satisfy the “long wavelength approximation”. In this study,
Helmbholtz resonator inspired acoustic elements were fabricated using MEMS technology, and acoustic
attenuation experiments in a water bath were conducted using various shapes and materials. As a
result, the fabricated samples showed admirable attenuation properties up to ~13 dB mm™! at 1 MHz.
The results were analyzed to derive the necessary conditions for the fabrication of acoustic elements
with acoustic attenuation properties in ultrasound range.
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1. Introduction

With the development of MEMS (Micro-Electro-Mechanical Systems) technology, micro/nano-
structure fabrication technology has enabled the fabrication of complex shaped micro-structures.
Much research into the development of various functional surfaces using micro/nano-structures has
been actively conducted and widely applied in various fields such as biomimetics inspired by nature,
lab on a chip, semiconductor manufacturing, optical field, and even acoustic field [1-14]. In addition,
research for improving the productivity of the functional surface composed with micro/nano-structures
has been actively carried out [15-22]. Recently, as mentioned before, in the acoustics field, many novel
studies have been introduced by using microscale acoustic devices to utilize new characteristics by
MEMS technology; generally, microscale acoustic elements have been covered in ultrasound range.
A soundwave is propagated in a manner in which energy is transmitted by molecules adjacent to
each other in the medium, and it exhibits unique characteristics such as frequency and acoustic
pressure according to the type of sound [23-26]. The intensity of sound decreases due to resonance
and absorption as the propagation progresses, which is called attenuation. The main causes of sound
attenuation can be largely divided into three factors, such the viscosity of the medium, heat conduction,
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and energy exchange between molecules. All attenuation is proportional to the square of the frequency,
and the attenuation rate increases rapidly as the frequency increases [27].

If the wavelength of the target soundwave is sufficiently long compared to the size of the acoustic
element, physical analysis within the acoustic element can be simplified regardless of the shape of
the acoustic element. This is called “long wavelength approximation” and the acoustic elements are
called lumped acoustic elements. The Helmholtz resonator, which is a representative example of
such an acoustic element, is composed of a neck part comprising an open hole and a cavity part in
the lower section. When soundwaves are transmitted from the outside to the Helmholtz resonator,
the air in the neck is moved to the cavity by the soundwave, the air in the cavity is compressed,
and the pressure in the cavity is increased. After this, the air is pushed out by the increased internal
pressure, and the air is compressed again by external soundwaves. In this way, the air in the neck
region vibrates up and down repeatedly, and the air in the cavity region repeatedly compresses and
expands. The air motion of the neck and the air motion of the cavity can be interpreted as a mass
and a spring, respectively. Using this, the Helmholtz resonator can be represented as a spring—mass
system and analyzed mechanically. Like typical spring—mass systems, the Helmholtz resonator has
a specific resonant frequency [23,28]. When a soundwave with the same frequency as the resonant
frequency is applied to the Helmholtz resonator, a large radiation wave is generated through the
resonance, causing a cancellation reaction with the external soundwave, and an acoustic attenuation
effect appears. In the metamaterial field, acoustic attenuation by resonance could be considered to
cause the negative modulus or density [5,25,26]. By using this property of the Helmholtz resonator,
some research groups have introduced materials with negative modulus [19]. Moreover, using the
fabrication method, some research groups have reported a microscale Helmholtz resonator based
on the MEMS process [5,6,28-30]. Like this, the Helmholtz resonator with novel acoustic properties
could be interesting material in many research fields. To utilize the resonant phenomenon of the
Helmbholtz resonator, as mentioned earlier, a Helmholtz resonator must satisfy the “long wavelength
approximation”, and a Helmholtz resonator of such a small size is required to produce a Helmholtz
resonator that attenuates high-frequency sounds. For example, a Helmholtz resonator that attenuates
sound in an ultrasonic band of 20 kHz or higher frequency must be manufactured in a microscale. In the
previous study, the fabrication of a Helmholtz resonator inspired sound absorbing material using MEMS
technology was presented and an admirable acoustic attenuation result was observed [28]. In this
study, based on the previous research, a Helmholtz resonator inspired acoustic element with various
materials was fabricated by using MEMS manufacturing technology. Furthermore, acoustic attenuation
characteristics were measured using various materials and micro-geometries, and analysis according
to the elastic modulus of the materials was conducted. To increase usage of the acoustic element at
broadband width, a sample with four sub-cavities was fabricated and an admirable attenuation result
was observed.

2. Materials and Methods

2.1. Fabrication of Master Mold

To fabricate a master mold for the acoustic element composed of a micro-hierarchical structure
inspired by the Helmholtz resonator, conventional photolithography was carried out twice. In the first
process, the cavity part was made on substrate via the 1st photolithography without development
process. The neck part was formed on the cavity-defined surface with precise alignment of the second
photo mask followed by the 2nd photolithography. At this time, SU-8 series (Microchem) was used as
photoresist (PR). After the 2 photolithography processes, through the development process and rinsing
by using deionized water, the fabrication process for the master mold was successfully completed.
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2.2. Fabrication of the Acoustic Element (Soft Lithography)

The acoustic element was fabricated by soft lithography with polydimethylsiloxane (PDMS),
a thermosetting polymer with low Young’s modulus (~1.8 MPa). Generally, PDMS is utilized in a 10:1
mixture ratio of the elastomer base and the curing agent (Sylgard 184, Dow Corning Corp, Midland, TX,
USA). To achieve uniform thickness among experimental samples, a constant amount of PDMS mixture
was poured on the master mold. After the degassing process in vacuum chamber, the PDMS mixture
was cured in oven at 70 °C for 2 h. The fully cured PDMS was carefully demolded from the master
mold. Through this process, the acoustic element inspired by Helmholtz resonator was prepared.

2.3. Fabrication of the Acoustic Element (Rigiflex Lithography)

The acoustic element composed with UV-curable material was fabricated by using “rigiflex (rigid
+ flexible)” lithography, rigid enough to replicate fine structures up to a few nanometers but also
flexible on the film support. A polyurethaneacrylate (PUA) (product name: MINS-301 RM, MINS-311
RM, Korea) was used as resin of rigiflex lithography and the PUA was cured for 3 min in a UV chamber
with 10 mW cm™2 UV intensity after an adequate amount of PUA resin was dropped onto the mold.
The acoustic element consisted of the PUA prepared with careful demolding.

2.4. Measurement

The acoustic element composed with a microscale hierarchical structure was optically characterized
by optical microscopy (LV150L, Nikon, Tokyo, Japan) and scanning electron microscopy (SEM) (S5-4800,
Hitachi, Marunouchi, Japan) after Pt sputtering to form a thin metal layer (<5 nm) to prevent
electron charging.

2.5. Acoustic Attenuation Experiment

To observe the acoustic attenuation performance, the experimental sample was located in the
center of the transducers (transmitter and receiver) and sound pressure change between the transmitter
and the receiver in a water bath was measured. The water bath could be considered a reciprocal
environment since the dimension of the water bath was sufficiently large compared to the target
acoustic frequency and measured sound pressure at the receiver represented the sound pressure level.

3. Results and Discussion

As shown in Figure 1a, the Helmholtz resonator is composed of a neck part composed of an open
hole and a cavity part at the lower part. The resonant frequency of a conventional Helmholtz resonator
composed of a cavity of volume V and a neck of area S and length L is expressed by

2nf = ¢ X

v

where c is the speed of sound in a particular medium, L’ is the effective length of the neck with a
radius a due to the influence of the air outside and inside the Helmholtz resonator. Effective length, L’,
is expressed as L’ = L + 1.7a (outer end flanged) and L’ = L + 1.4a (outer end unflanged) according to
the shape of the Helmholtz resonator.

As shown in Figure 1b, a two-step photolithography process for fabrication of the master mold
was performed to fabricate the shape of the cavity and neck to create the microscale acoustic element
whose shape resembles the Helmholtz resonator. Then, softlithography and rigiflex lithography using
PDMS (polydimethysiloxane) and the PUA were conducted to replicate the micro-structures from the
master mold. Since the attenuation experiment was implemented in the water bath, to prevent the
filling of external water into the micro-structures and maintain an air layer in the sample, the sample
was attached with a supporting layer. Finally, the shape of the microscale Helmholtz resonator-like
structures was well realized, as shown in the SEM image (Figure 1c).
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Figure 1. (a) Illustration of the Helmholtz resonator. (b) Fabrication process of samples. (c) Photograph
of sample. Scale bar is 200 and 50 pm, respectively.

As shown in Figure 2a,b, to measure the acoustic attenuation performance, the experimental
system was set with the acoustic elements which had around 47,000 hierarchical micro-structures
arranged in an area of 40 X 40 mm. Although the acoustic element inspired by the Helmholtz resonator
did not follow the above equation exactly, considering that the material affects not only the Helmholtz
resonator inspired structures, resonance frequency could be predicted as ultrasonic range based on
“long wavelength approximation” since all dimensions of samples were under 100 um. A fabricated
sample was placed in the center of the experimental jig and a soundwave was generated using a
transducer. The acoustic signal passing through the sample was measured by the receiver to analyze
the degree of acoustic attenuation.

The microscale structured acoustic elements have a resonant frequency in the MHz range.
Since soundwaves in the MHz range easily dissipate in the air, the experiment was conducted in a
water bath, and the spacing of the measuring element was adjusted in consideration of the planar
wave (Figure 2b). Since the attenuation of soundwaves is proportional to the square of the frequency,
the attenuation increases as the frequency increases. First, to find out the attenuation effect of the
material itself, a measurement was conducted using a PDMS slab without any pattern. As shown
in Figure 2c, no specific attenuation characteristics were observed in the non-patterned PDMS slab.
When a soundwave of a resonant frequency is applied to the Helmholtz resonator, the soundwave
of the opposite phase emitted from the Helmholtz resonator causes destructive interference with
the input soundwave, resulting in a sound absorption effect at a specific frequency. In this study,
observing the attenuation change according to material is important since a lot of micro-resonators
(around 47,000) were reacted by the sound pressure at the same time, causing not only the vibration
effect of the medium in the resonator but also the vibration of the material effect of the resonator.
In order to examine the effect of the material, an experiment was conducted using various materials
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such as PDMS and UV-curable materials which include hard-type polyurethaneacrylate (PUA) and
soft-type PUA. The hard PUA, which is called RM311, has 300 MPa of elastic modulus and soft PUA
(RM301) has 150 MPa. As a result of conducting a test using a sample with a cavity diameter of
60 um, the acoustic element made of PDMS showed a large attenuation characteristic around 1 MHz
(Figure 2d). The attenuation rate at 1 MHz was measured as 7.20, 4.71, and 4.56 dB mm~! for the
acoustic elements composed of PDMS, hard PUA, and soft PUA, respectively. As shown in Figure 2e,
a similar trend was also observed in the experimental results using a sample with a cavity diameter
of 40 pym. At 1 MHz, the attenuation rates of the acoustic elements composed of PDMS, RM311,
and RM301 were measured to be 12.21, 5.48, and 4.61 dB mm™!, respectively.
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Figure 2. (a) Photograph of the experimental jig. (b) Illustration of the experimental setup.
(c) Attenuation result of non-patterned polydimethylsiloxane(PDMS). (d) Attenuation result of 60 um
diameter sample with various materials. (e) Attenuation result of 40 um diameter sample with

various materials.

Specifically, the acoustic element composed of PDMS showed a maximum attenuation rate of
7.60 dB mm~! higher than that of other materials. This acoustic attenuation phenomenon occurs
because a material with a low elastic modulus could radiate a relatively large number of reflected
acoustic signals that can cause resonance while actively deforming its shape against sound pressure.
In other words, the fabricated acoustic element generates large radiated sound pressure by the resonance
and has an acoustic attenuation effect.

The acoustic attenuation performance of the fabricated acoustic element using various materials
was observed. However, unlike an acoustic element composed of soft PDMS, a special attenuation
performance did not appear in an acoustic element composed of a relatively hard UV-curable material.
As shown in Figure 3a, in the acoustic attenuation mechanism simulation, (i) when a sound wave is
applied to a micro-scale acoustic element, (ii) the element contracts by the sound wave, and (iii) radiation
by expansion occurs, resulting in an acoustic attenuation effect. The 1.8 MPa as Young’s modulus of
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material and 1 MHz soundwave were used as initial conditions in simulation. Additionally, the planar
wave was incident to the acoustic element and all elements were considered reciprocal and isotropic.
PDMS is a silicone-based rubber and is used in various fields due to its low surface energy, high
transparency, and high replication performance. The Young’s modulus of PDMS is 1.8 MPa, and its
shape can be easily changed according to external stimuli. However, as shown in Table 1, since RM311
and RM301 have a relatively large Young’s modulus of 300 and 150 MPa, respectively, it is difficult to
realize sound attenuation with a mechanism such as Figure 3a. To observe the attenuation performance
intuitively, by using the ratio of the attenuation rate at 1 MHz and the attenuation rate at 5 MHz,
attenuation result according to materials is more clearly indicated (Figure 3b). Through the attenuation
ratio between 1 and 5 MHz, attenuation performance could be shown easily. Generally, the attenuation
ratio is much less than 1 since the attenuation rate at 5 MHz must be higher than the attenuation rate at
1 MHz. For example, in the non-patterned PDMS case (Figure 2c), the attenuation ratio value was
just 0.24. If the sample exhibits good attenuation rate by resonance at 1 MHz, the attenuation ratio
would be close to 1. Thus, if acoustic attenuation by resonance occurs, the attenuation ratio would
be increased. Therefore, the attenuation ratio means the larger the attenuation ratio, the greater the
attenuation. When the diameter of the cavity was 40 um, the sample made with PDMS showed a
high attenuation ratio of 1.26, but the samples made with RM311 and RM301 showed a low ratio of
0.42 and 0.47, respectively. Moreover, when the diameter of the cavity was 60 um, the sample made
with PDMS showed an attenuation ratio of 0.87, whereas the samples made with RM311 and RM301
showed values of 0.46 and 0.49, respectively. In both cases, as in the simulation results, the sample
composed of PDMS showed high attenuation performance. Moreover, the attenuation ratio of the
RM311 with a higher Young’s modulus was observed to be lower than the attenuation ratio of the
RM301 and this could be additional evidence of the simulation result.

(a)
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Figure 3. (a) Simulation result of acoustic attenuation by sample. (b) Attenuation ratio according to

various materials.
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Table 1. Young’s modulus of materials.

PDMS RM311 RM301
Young’s modulus (MPa) 1.8 300 150

In addition, in order to find out the difference in acoustic attenuation performance according to
the size of the neck, a sample with a cavity volume of 60 um in diameter and a different height of
the neck was made in order to perform acoustic attenuation experiments. The attenuation test was
conducted using samples with a neck length of 11.5 ym and a sample of 3.6 um, whose SEM images
are shown in Figure 4. As a result, the acoustic attenuation characteristics were very poor in the case of
the sample with the short neck length. This is because the air in the neck and the cavity interacts and
compresses and expands. When the acoustic element contracts by soundwaves, the air pressure in the
neck and cavity changes instantaneously due to the difference in the cross-sectional area of the neck
and cavity of the acoustic element, and contraction occurs, and accordingly, radiation occurs with a
greater pressure. However, when the length of the neck is short, there is not enough air in the neck for
this mechanism to occur, and the acoustic attenuation rate decreases. Moreover, this is more clearly
exhibited by using the attenuation ratio. When expressed as the ratio of the attenuation rate at 1 MHz
and the attenuation rate at 5 MHz, the attenuation ratio of the long neck and the short case was 0.87
and 0.58, respectively. In samples with a neck length of 11.5 um, the attenuation ratio was shown to be
1.5 times higher than the sample of the 3.6 um case. Through this experiment, it was found that the
length of the neck has an important effect on the acoustic attenuation performance.

N
o

KN
(@)

I

—&— D60 _short
—e— D60 _long

o 2 4 6 8

Frequency (MHz)

Attenuation (dB/mm)
o

Figure 4. Attenuation result depending on height of the neck. Scale bar is 30 pm.

Finally, to observe the performance of the acoustic element for broadband width, an acoustic
element in a shape in which micro-resonators of various sizes coexist was fabricated, as shown in
Figure 5a. A sample with four additional cavities of 40 X 40 um in the neck of 20 pm in diameter and a
cavity with a diameter of 60 pm was prepared. Since each cavity and neck in the unit acoustic element
could play the role of “spring-mass system”, to induce the resonance of the wide range, the designed
acoustic element for broadband width was fabricated with an additional four springs and masses in
the unit acoustic element. As shown in Figure 5b, the attenuation value was not relatively high in the
single layer sample, but it was confirmed that the sample in which three samples were stacked had
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sufficiently high attenuation performance to compensate for this. The attenuation performance of
the single sample and stacked sample at 1 MHz was 6.70 and 13.81 dB mm™!, respectively, and the
attenuation ratio shown in Figure 5c also showed high attenuation performance of 0.73 and 1.06.
In particular, in the case of the three-layer stacked sample, only the attenuation rates of 1 and 3.5 MHz
were shown to be higher than the attenuation rate at 5 MHz in this experiment. This result was
meaningful in that acoustic attenuation characteristics could be exhibited for a wide range of 1 to
3.5 MHz, and this means that this acoustic element could be utilized at the broadband width. Through
this unique design with additional cavity and neck, the possibility for a new design for the broadband
width sample could be suggested.
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Figure 5. Microscopic image of sample with sub-cavities. Scale bar is 100 um. (b) Attenuation result of
samples. (c) Attenuation ratio data of triple-layer sample and single-layer sample.

4. Conclusions

In this study, a micro-structured acoustic element inspired by the Helmholtz resonator applied
with “long wavelength approximation” was fabricated by using conventional photolithography and
soft lithography and rigiflex lithography. The acoustic element with hierarchical micro-structure
arrays was composed of polymers with various Young’s modulus values (1.8~300 MPa) and could
attenuate soundwaves via acoustic resonance. Through various experiments in a water bath, the novel
acoustic attenuation characteristics at ultrasonic range were verified. In addition, the mechanism of
acoustic attenuation characteristics was analyzed according to the shape of micro-structure in the
acoustic element and various materials based on the Young’s modulus. Through the experiment with
various materials, change in the acoustic attenuation was observed despite the samples having the
same dimensions. High acoustic attenuation performance of up to 13 dB mm™!
possibility of utilization with broadband width was confirmed. Based on the admirable performance
observed in this study, we expect that we could provide new perspectives and topics about microscale
acoustic elements composed of various materials to readers and believe that this acoustic element
could be utilized in various fields, such as medical, military, industrial fields, and so on.

was observed and the

Author Contributions: Conceptualization, S.H.L., BSK.,, GMK, Y.RR. and M.K.K,; funding acquisition, M.K.K.;
investigation, S.H.L. and M.K.K; methodology, S.H.L. and B.S.K.; supervision, GM.K,, YR.R. and M.K.K,; writing
of original draft, S.H.L., B.S.K. and M.K.K,; writing (review and editing), S.H.L., B.5S.K. and M.K.K. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was supported by Kyungpook National University Development Project Research
Fund, 2018.

Conflicts of Interest: The authors declare no conflict of interest.



Micromachines 2020, 11, 983 90f 10

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Raut, HK,; Baji, A.; Hariri, H.H.; Parveen, H.; Soh, G.S.; Low, H.Y.; Wood, K.L. Gecko-inspired dry adhesive
based on micro—nanoscale hierarchical arrays for application in climbing devices. ACS Appl. Mater. Interfaces
2018, 10, 1288-1296. [CrossRef] [PubMed]

Bernstein, ].J.; Bancu, M.G.; Cook, E.H.; Duwel, A.E.; Elliott, R.D.; Gauthier, D.A.; Golmon, S.L.; LeBlang, ].J.;
Tomaino-lannucci, M.J.; Ung, J.S. Resonant acoustic MEMS wake-up switch. J. Microelectromech. Syst. 2018,
27,625-634. [CrossRef]

Voiculescu, I; Nordin, A.N. Acoustic wave based MEMS devices for biosensing applications.
Biosens. Bioelectron. 2012, 33, 1-9. [CrossRef]

Tan, CW.; Wang, Z.; Miao, J.; Chen, X. A study on the viscous damping effect for diaphragm-based acoustic
MEMS applications. J. Micromech. Microeng. 2007, 17, 2253. [CrossRef]

Yunker, W.N.; Stevens, C.B.; Flowers, G.T.; Dean, R.N. Sound attenuation using microelectromechanical
systems fabricated acoustic metamaterials. J. Appl. Phys. 2013, 113, 024906. [CrossRef]

Takahashi, H.; Suzuki, A.; Iwase, E.; Matsumoto, K.; Shimoyama, I. MEMS microphone with a micro
Helmholtz resonator. J. Micromech. Microeng. 2012, 22, 085019. [CrossRef]

Xu, T.; Wu, Y.-K,; Luo, X.; Guo, L.J. Plasmonic nanoresonators for high-resolution colour filtering and spectral
imaging. Nat. Commun. 2010, 1, 1-5. [CrossRef] [PubMed]

Shin, J.; Liu, Z.; Bai, W.; Liu, Y.;; Yan, Y,; Xue, Y.; Kandela, I.; Pezhouh, M.; MacEwan, M.R.; Huang, Y.
Bioresorbable optical sensor systems for monitoring of intracranial pressure and temperature. Sci. Adv. 2019,
5, eaaw1899. [CrossRef]

Bae, W.-G.; Ko, H.; So, J.-Y.; Yi, H.; Lee, C.-H.; Lee, D.-H.; Ahn, Y.; Lee, S.-H.; Lee, K.; Jun, J. Snake
fang—inspired stamping patch for transdermal delivery of liquid formulations. Sci. Transl. Med. 2019,
11, eaaw3329. [CrossRef]

Lee, S.H.; Song, HW.; Kang, B.S.; Kwak, M.K. Remora-Inspired Reversible Adhesive for Underwater
Applications. ACS Appl. Mater. Interfaces 2019, 11, 47571-47576. [CrossRef]

Kang, O.H.; Lee, S.H.; Yun, J.H.; Yi, H.; Kwak, M.K; Lee, S.R. Adhesion tunable bio-inspired dry adhesives
by twisting. Int. J. Precis. Eng. Manuf. 2017, 18, 1433-1437. [CrossRef]

Hwang, I; Yi, H.; Choi, J.; Jeong, H.E. Fabrication of bioinspired dry adhesives by CNC machining and
replica molding. Int. |. Precis. Eng. Manuf. 2017, 18, 1239-1244. [CrossRef]

Kim, C.M,; Park, S.J.; Kim, G.M. Applications of PLGA microcarriers prepared using geometrically passive
breakup on microfluidic chip. Int. J. Precis. Eng. Manuf. 2015, 16, 2545-2551. [CrossRef]

Chen, P-C,; Cheng, Y.-F; Young, K.-C.; Hsieh, H.-L.; Yang, C.-L. Design and characterization of a
capillary-driven and parallelized microfluidic chip for distributing a liquid plug. Int. ]. Precis. Eng.
Manuf. 2016, 17, 1547-1554. [CrossRef]

Lee, J.; Kim, S.; Lee, C. Surface Drying for Brittle Material Coating Without Crack Defects in Large-Area
Roll-To-Roll Coating System. Int. J. Precis. Eng. Manuf. Green Technol. 2019, 6, 723-730. [CrossRef]
Lee,S.H.; Lee,].H,; Park, C.W.; Lee, C.Y,; Kim, K ; Tahk, D.; Kwak, M.K. Continuous fabrication of bio-inspired
water collecting surface via roll-type photolithography. Int. J. Precis. Eng. Manuf. Green Technol. 2014, 1,
119-124. [CrossRef]

Lee, S.H,; Lee, ]. H.; Park, C.; Kwak, M.K. Roll-type photolithography for continuous fabrication of narrow
bus wires. J. Micromech. Microeng. 2016, 26, 115008. [CrossRef]

Wi, J.-S.; Lee, S.; Lee, S.H.; Oh, D.K,; Lee, K.-T.; Park, I.; Kwak, M.K.; Ok, J.G. Facile three-dimensional
nanoarchitecturing of double-bent gold strips on roll-to-roll nanoimprinted transparent nanogratings for
flexible and scalable plasmonic sensors. Nanoscale 2017, 9, 1398-1402. [CrossRef]

Ok, ].G.; Kwak, M.K.; Huard, C.M.; Youn, H.S.; Guo, L.J. Photo—Roll Lithography (PRL) for Continuous and
Scalable Patterning with Application in Flexible Electronics. Adv. Mater. 2013, 25, 6554—6561. [CrossRef]
Lee, S.H.; Kim, S.W,; Kang, B.S.; Chang, P-S.; Kwak, M.K. Scalable and continuous fabrication of bio-inspired
dry adhesives with a thermosetting polymer. Soft Matter 2018, 14, 2586-2593. [CrossRef]

Kwak, M.K.; Ok, J.G.; Lee, S.H.; Guo, L.J. Visually tolerable tiling (VIT) for making a large-area flexible
patterned surface. Mater. Horiz. 2015, 2, 86-90. [CrossRef]


http://dx.doi.org/10.1021/acsami.7b09526
http://www.ncbi.nlm.nih.gov/pubmed/29214798
http://dx.doi.org/10.1109/JMEMS.2018.2830322
http://dx.doi.org/10.1016/j.bios.2011.12.041
http://dx.doi.org/10.1088/0960-1317/17/11/012
http://dx.doi.org/10.1063/1.4774021
http://dx.doi.org/10.1088/0960-1317/22/8/085019
http://dx.doi.org/10.1038/ncomms1058
http://www.ncbi.nlm.nih.gov/pubmed/20975716
http://dx.doi.org/10.1126/sciadv.aaw1899
http://dx.doi.org/10.1126/scitranslmed.aaw3329
http://dx.doi.org/10.1021/acsami.9b16350
http://dx.doi.org/10.1007/s12541-017-0171-8
http://dx.doi.org/10.1007/s12541-017-0145-x
http://dx.doi.org/10.1007/s12541-015-0326-4
http://dx.doi.org/10.1007/s12541-016-0181-y
http://dx.doi.org/10.1007/s40684-019-00104-6
http://dx.doi.org/10.1007/s40684-014-0016-1
http://dx.doi.org/10.1088/0960-1317/26/11/115008
http://dx.doi.org/10.1039/C6NR08387K
http://dx.doi.org/10.1002/adma.201303514
http://dx.doi.org/10.1039/C7SM02354E
http://dx.doi.org/10.1039/C4MH00159A

Micromachines 2020, 11, 983 10 of 10

22.

23.

24.

25.

26.

27.

28.

29.

30.

Ahn, S.H.; Guo, L.J. Large-Area Roll-to-Roll and Roll-to-Plate Nanoimprint Lithography: A Step toward
High-Throughput Application of Continuous Nanoimprinting. Acs Nano 2009, 3, 2304-2310. [CrossRef]
[PubMed]

Zigoneanu, L.; Popa, B.-I.; Cummer, S.A. Three-dimensional broadband omnidirectional acoustic ground
cloak. Nat. Mater. 2014, 13, 352-355. [CrossRef]

Ma, G.; Yang, M; Xiao, S.; Yang, Z.; Sheng, P. Acoustic metasurface with hybrid resonances. Nat. Mater. 2014,
13, 873-878. [CrossRef] [PubMed]

Fang, N.; Xi, D.; Xu, J.; Ambati, M.; Srituravanich, W.; Sun, C.; Zhang, X. Ultrasonic metamaterials with
negative modulus. Nat. Mater. 2006, 5, 452—456. [CrossRef] [PubMed]

Brunet, T.; Merlin, A.; Mascaro, B.; Zimny, K.; Leng, J.; Poncelet, O.; Aristégui, C.; Mondain-Monval, O.
Soft 3D acoustic metamaterial with negative index. Nat. Mater. 2015, 14, 384-388. [CrossRef] [PubMed]
Kinsler, L.E.; Frey, A.R.; Coppens, A.B.; Sanders, ].V. Fundamentals of Acoustics. Fundamentals of Acoustics,
4th ed.; Lawrence, E., Kinsler, A.R., Frey, A.B., Coppens, J., Eds.; Wiley-VCH: Weinheim, Germany, 1999;
p- 560, ISBN 0-471-84789.

Lee, S.H.; Choi, ].H.; Kim, G.M.; Roh, Y.R.; Kwak, M.K. Advanced Film-Type Acoustic Reflector Inspired by
Helmholtz Resonator. . Korean Soc. Precis. Eng. 2020, 37, 283-290. [CrossRef]

Eun, K.; Lee, K.J.; Lee, KK.; Yang, S.S.; Choa, S.-H. Highly sensitive surface acoustic wave strain sensor for
the measurement of tire deformation. Int. J. Precis. Eng. Manuf. 2016, 17, 699-707. [CrossRef]

Noh, S.; Lee, H.; Choi, B. A study on the acoustic energy harvesting with Helmholtz resonator and
piezoelectric cantilevers. Int. J. Precis. Eng. Manuf. 2013, 14, 1629-1635. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1021/nn9003633
http://www.ncbi.nlm.nih.gov/pubmed/19702323
http://dx.doi.org/10.1038/nmat3901
http://dx.doi.org/10.1038/nmat3994
http://www.ncbi.nlm.nih.gov/pubmed/24880731
http://dx.doi.org/10.1038/nmat1644
http://www.ncbi.nlm.nih.gov/pubmed/16648856
http://dx.doi.org/10.1038/nmat4164
http://www.ncbi.nlm.nih.gov/pubmed/25502100
http://dx.doi.org/10.7736/JKSPE.019.150
http://dx.doi.org/10.1007/s12541-016-0087-8
http://dx.doi.org/10.1007/s12541-013-0220-x
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Fabrication of Master Mold 
	Fabrication of the Acoustic Element (Soft Lithography) 
	Fabrication of the Acoustic Element (Rigiflex Lithography) 
	Measurement 
	Acoustic Attenuation Experiment 

	Results and Discussion 
	Conclusions 
	References

