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ABSTRACT

This study investigates the potentials of acoustic metamaterial (AMM) applications in room and
building acoustics by means of impedance tube experiments. With their extreme properties in
either sound absorption or transmission loss, AMMs can perform better than traditional acous-
tic materials in buildings. Importantly, they are also more sustainable and hygienic than fibrous
and porous materials. Depending on the matrix material used, AMMs can vary in transparency
and color. Considering both their acoustic and aesthetic values, this study develops different
types of metamaterial for possible uses as a partition wall, a surface layer, or a design element.
The proposed metamaterials are primarily based on the exploration of ratios and forms from
nature—the golden ratio, web-labyrinthine structures, genetic and neural systems such as
deoxyribonucleic acid (DNA) molecules, and the synapse structures in the brain—reproduced
on a subwavelength scale. These abstractions are then combined with the 3-D space coiling
and 3-D labyrinth approaches of AMM design. Modules of the proposed AMMs are manufac-
tured in a 3-D printer and tested in an impedance tube to estimate their normal incidence
sound absorption coefficients and transmission loss characteristics. Based on the results ob-
tained, the modules with the higher performances are used in the design of partition walls of
varying heights. Two real-case architecture studios are simulated with and without the pro-
posed AMM interventions over field test-tuned acoustical models of the studios to assess the
effectiveness of such an approach in a possible acoustical design problem.
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Introduction

Research on materials is a fundamental topic in room and building acoustics. A range of materials are either
applied in construction systems for noise control or used as a surface finish layer or decorative object for rever-
beration control. Advances in technology have made it possible to control sound within the structure of novel
materials." Meanwhile, green technology considerations have brought in new requirements for buildings such as
hygiene standards, limitations on toxic gas emissions, and recyclability or reusability. One of the objectives of this
research is to combine the form, structure, and technology of materials to develop sustainable, ecofriendly acous-
tical design solutions for use in room and building acoustics.

Trends in materials change with advancing technology. Metamaterials are engineered materials consisting of
small metastructures with nontraditional effective properties.” Studies on artificial structures commenced with
phononic® crystals analogous to the photonic* crystals used in optics. There are various fields of research on
metamaterials as of the pantographic structures. The design procedure utilizes mathematical models and numeri-
cal simulations, which are then supported by experiments.>® Recently, research into acoustical materials has

acquired new perspectives as a result of the introduction of metamaterial applications in acoustic cloaking,”'°

13715 and surface wave manipulation.'®

imaging,'' focusing and lensing'? via negative refraction,

The use of the term “meta” stems from the unusual properties of designed acoustic metamaterials (AMM:s).
Physical properties like negative mass density, negative bulk modulus, or negative effective refractive index values'”
result in extreme acoustic performance. Many AMMs have been proposed to adjust the effective quantity to these
extreme values, including material properties, like negative'® and near-zero values,'® or to obtain high anisotropic
density.*® Locally resonant AMMs are of special interest because of their subwavelength scale compared with their

unit cell sizes. In one of the early studies on artificial AMMs, Liu et al.*'

used rubber-coated spheres for subwave-
length performance, utilizing a locally resonant construction in a periodic structure to manipulate acoustic waves,
although Liu et al.’s early work is highly limited by the functioning frequency range. Negative density can be stimu-
lated by the local resonance of the structure. Inspired by results obtained in electromagnetics, Fang et al.** intro-
duced a new type of AMM, including a sequence of Helmholtz resonators. In this way, they achieved a negative bulk
modulus value near the bandgap. Other new AMMs that have emerged include perforated plate-type AMMs,”*?
space-coiling-type AMMs,'>'>!>1%24726 and membrane-and-plate-type AMMs.'®

One of the first studies on membrane-type AMMs is by Yang et al.,” who proposed manipulating the sound
waves in the low-frequency range between 50 and 1,000 Hz by ensuring negative mass density in the bandgap.
A broadband sound shield is investigated to incorporate simple stacking of membrane-type metamaterials oper-
ating at different frequency regimes. Some advantages of membrane-and-plate-type AMMs are that they are
generally lightweight structures and thus desirable materials for the aerospace and automotive sectors, wherein
performance and weight are both important. Their geometrical forms are less complex than those of other types of
AMM, and their effective density can be optimized easily.”®

Another group of AMMs embodies the labyrinthine or space-coiling approach, which helped to stimulate
this study. With coiled-up spaces, it is possible to create efficient geometrical configurations. Research has shown
that AMMs of this type offer several benefits, such as including a remarkable degree of sound absorption because
of the isotropic response related to their highly symmetrical nature.*® One of the very first studies on space-coiled
AMMs is by Liang and Li."® By applying curled perforations, they extended the transmission pathway that sound
waves follow inside the material to make it much longer than the external dimensions. As a result, their proposed

1.16

metamaterial displayed double negativity and a large refractive index. Xie et al.® demonstrated by experiment

that the AMM of a suitably designed labyrinth could achieve a wide frequency range of the negative refractive

index. They experimented with quasi-2-D labyrinthine AMMs. Frenzel et al.*

made possible the transition from
2-D labyrinth-type metamaterials to 3-D metamaterials with the objective of devising a broadband all-angle
acoustic absorber.

In general, fabricated acoustic metasurfaces exhibit extreme sound absorption with multipolar properties at

the monopolar resonant frequency. Most importantly, space-coiling AMMs can achieve adjustable operating
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frequency by varying the number of curls for higher reflection.”® Other metamaterials incorporating space coiling
in their 3-D structures utilize a zigzag movement to increase the efficient sound path, as the zigzag movement
leads to wave-front manipulation® and extreme acoustic transmission.'>* In addition to the zigzag path, the
clockwise-anticlockwise direction has been shown to be effective in reducing the energy of sound waves. Liu, Xia,
and Yu’' proposed a spiral and labyrinthine AMM, with transmission path in this form, which is considerably
different from the zigzag path. They were able to cut off the sound waves in the waveguide effectively by forcing
them to propagate alternatively through the path in a clockwise direction and an anticlockwise direction. A study
done by Godbold, Soar, and Buswell>* proposed a novel sound absorber based on the principle of passive de-
structive interference (PDI), addressing its technical performance, manufacture, and design for room acoustics
applications. Their findings showed that the original absorber they proposed might constitute a desirable alter-
native to the conventional Helmholtz resonator since the Helmholtz device requires a bulky cavity to operate,

while the novel absorber needs less space. In another study making use of PDI, Setaki et al.”*

compared exper-
imental and analytical estimates of a material containing cylindrical structures of different lengths. They inves-
tigated the sound absorption by systematically changing the inner geometry of the tubes with a view to developing
an effective acoustic element for use in architectural spaces.

AMMs have attracted the attention of researchers in various fields, and new designs and classes of material
are being introduced continuously. In the field of architectural acoustics, however, AMM research is still very new,
and much more experimental and theoretical investigation is needed for possible real-case applications. This
study is motivated by the idea of employing novel design tools for the development of AMM:s with a specific
focus on sound improvement and noise control in architectural spaces. Architectural applications pose challenges
since parameters such as aesthetic appeal, design flexibility, fire resistance, and hygiene need to be satisfied in
addition to acoustic performance requirements. The study seeks to optimize the performances of AMMs of the
space-coiled type in terms of sound absorption and transmission loss (TL) at low frequencies, which is a prob-
lematic range in room acoustics, mainly by adjusting the geometry of the inner structure of the proposed AMMs.
A semitransparent base material resin is selected for manufacturing, exposing the inner design and offering po-
tential for light and color integration.

Although AMMs are named after their “beyond nature” characteristics or proportions, the limits of nature
are not fully known, and there is considerable potential for abstracting forms and ratios from nature and making
use of them. Another major source of inspiration for this research, therefore, is biomimicry. There are many
studies on biomimicry in material science and architecture. For example, spider web geometry'” provides a strong
fiber net, even stronger than steel, and has a lightweight structure. For this reason, it is frequently preferred in
applications wherein both strength and light weight are critical, such as bulletproof vests or aerospace structures.**
The golden ratio (GR), which is found in nature in flowers, various fruits, vegetables, plants and ferns, spiral
leaves, shells, fish, body parts of ants and human beings, the physical universe,>> and so on, has caught the at-
tention of many scientists, architects, and industrial designers in recent decades, especially in the form of the
golden rectangle. Lastly, honeycomb structures, which are frequently used in metamaterials,”® are also a product
of biomimicry. They are both strong and light in weight and have an optimal packing shape with their hexagonal
cellular units. For these reasons, honeycomb structures are widely used in aircraft control surfaces.**

The main use of biomimicry in this study is to design features that may not be found in nature exactly but are
still inspired by and abstracted from existing structures. Ratios and forms from nature are utilized on a subwave-
length scale, similar to locally resonant metamaterials, within the 3-D space coiling and 3-D labyrinth approaches
to AMM design. The design proposals have their origins in the GR, web-labyrinthine (WL) forms, genetic and
neural systems such as deoxyribonucleic acid (DNA) molecules, and the synapse structures in the brain, as will be
discussed in detail in the following sections. Modules of the sample materials designed are then manufactured in a
3-D printer. These manufactured AMM units are subsequently tested in an impedance tube to obtain their nor-
mal incidence sound absorption coefficients and TL characteristics in the frequency range below 1 kHz. Finally, to
evaluate the effectiveness of the proposed AMM modules in a real-life acoustical design problem, two architecture
studios are tested in their existing states and simulated with and without the AMM applications.
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Design and Production

In light of the potentials of biomimicry, the design ideas used in this study have been taken from the GR, WL
forms, genetic and neural systems such as DNA molecules, and the synapse structures in the brain as detailed in
the following sections. The abstraction of the original forms and their transformations into final outputs are
presented in figures 1-3 for three different AMM design proposals. The sample units manufactured are limited
in size to a diameter of 10 cm because of the impedance tube measurement setup.

GR MODULE DESIGN

The potential of the GR as an acoustic cavity in a Helmholtz resonator arrangement is integrated here with the
space-coiling principle used in AMMs. Thus, the first module is inspired by the Fibonacci sequence, and the
proportions™ are applied to a spiral cavity at its central aperture. The form of the GR is created using appropriate
codes on a plugin named Grasshopper 3-D that runs within the Rhino 5 architectural software.

The GR system fundamentally consists of two identical units located side by side and attached to one an-
other, with one opening on the opposite surfaces of each unit. Thus, a module contains two units of a single type,
and these are placed in such a way that one unit is rotated 180° along the y-axis to the other (fig. 1C). The spiral
systems of the two units are connected at the center by an internal opening on their intersecting surfaces. The
central aperture has the geometry of the GR. The voids switch to a spiral form in the direction of the outer shell of
the structure after three cycles of the Fibonacci sequence have been completed at the aperture. The path of the
inner void starts on one side of the first module, connects to the second module at the inner center, and ends on
the other side of the second module (fig. 10 and 1£). The GR sample is 10 cm in diameter and 7.2 cm in depth
(fig. 18). The length of the inner void is 153 cm.

WL MODULE DESIGN
The second proposed AMM is named the WL system. The design idea has its origin in the spider’s web in
nature.*® The silk net woven by spiders in a 2-D form is inherently very strong because of the tensile properties

FIG.1 (A) Goldenrectangle and golden spiral on an ear, (B) 3-D model of a GR-AMM prototype placed in a solid cylindrical
module, (C) 3-D models of two units attached at their centers, (D) 3-D rendering of the exploded axonometric unit,
(E) inner structure of sample GR unit manufactured in the 3-D printer, and (F) molded GR unit ready for
measurement.

(E) (F)
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FIG. 2 (A) A spider’s web as it exists in nature, (B) WL 3-D models, (C) one typical layer of the printed inner structure,
(D) one manufactured unit combining eight layers in actual size, (E) epoxy-molded sample ready for

measurement, and (F) plan drawings showing the phases of the WL design.

h
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FIG.3 Examplesof (A4) DNA, (B) synapse, and (C) molecule structures reflecting the idea of biomimicry, (D) DNA module
top view, (E,F) 3-D models of DNA module, (G) molded sample ready for measurement, and (~) a faulty 3-D print
result.

4
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of its geometry. When the spider’s web, which is created in 2-D, is extrapolated to 3-D, the web itself becomes a
mass, and the voids form the paths along which sound waves travel.

The abstraction of the WL proposal and the development of its design consist of the following steps. Firstly, a
circle 8 cm in diameter is taken and offset 4 mm inward several times to create concentric circles. Secondly, one-
quarter of the circle is cut out. Rays are then introduced 15° apart, and small masses are repeatedly placed along
these rays in such a way that the distance between each mass in the same cavity with the corresponding mass in
the same axis is 1.5 mm. Then, this quarter-circle segment is mirrored to make a semicircular segment, and the
semicircular piece is in turn mirrored to form the full circle back again. This constitutes the first layer of the WL
module (fig. 2F).

Unlike the GR proposal, the WL unit has a multilayered structure. In total, there are four types of layers. Two
of them have openings on the sides, and the other two have openings at the center. The openings enable each layer
to connect with the two adjacent layers above and below it (fig. 28). Two layers of the same type are not permitted
to overlap: each layer must be different from the one below it and the one above it. The junctions in the central
parts of the units are for extending the path and for coiling up the sound waves. There is no limitation on the
number of times the layers can be repeated, so the depth of the module is adjustable. The 3-D-printed unit has a
depth of 8 cm, and there are eight layers with a total width of 5.4 cm (fig. 2D). The final output, with outer parts of
the web filled with resin and ready to test in an impedance tube, has a diameter of 10 cm and a depth of 8 cm
(fig. 2E). The length of inner void is 1,007 cm.

DNA MODULE DESIGN

The third proposed AMM module is the DNA module. The idea is taken from natural transmission systems, such
as the spiral structure of DNA® that provides for the transfer of genes (fig. 3A). The spiral form serves to extend
the path that the sound waves travel, as intended. The multidirectional/branched structure of synapses,38 which
allow for the transmission of senses in the neural system (fig. 38), is used in the sample AMM to divide the sound
pathway into two tubes, thus further reducing its energy. This is why the DNA specimen has more than one tube.
Finally, the semispherical parts of the DNA unit, with their apertures, have their origins in the spherical structure
of the nodes that connect the particles in a molecule structure,” including atomic particles (fig. 3C). The speci-
men prepared for measuring in the impedance tube is 10 cm in diameter and 9.5 cm in depth (fig. 3G). The length
of inner void is 66 cm.

In the designed structure of the DNA module, as shown in figure 3, the openings on the opposite sides are
approximately hemispherical. The tubes have a diameter of 10-13 mm, as the manufacturing tool available for
this piece of research is not sensitive in dimensions of less than 5 mm. Because of the limited sensitivity of the
equipment used, several unsatisfactory results were printed initially (fig. 34). The design and manufacturing
process continued until the diameter of the pipes could be optimized and a reasonable end product obtained.

MANUFACTURING PROCESS

The actual production of the designed modules depends on the available manufacturing technology.
Manufacturing coiled-space materials that use forms like labyrinths and spirals present difficulties. Many chal-
lenges and limitations have been encountered in the fabrication of metamaterials, even when using modern tech-
nology that is capable of producing complicated forms. One problem is that a material designed to achieve a
certain acoustic performance may not have the necessary practical or mechanical strength. The costs of the base
materials and access to manufacturing tools may also constitute a challenge.

The voids or cavities inside the AMM modules shape the path of the sound, while the solid parts provide the
necessary impedance. The cleanness or smoothness of the tubes in spiral and labyrinth patterns are critical for the
coiling up of the voids and hence for the intended manipulation of the sound paths. It is therefore of great
importance that the manufactured product should be an exact rendering of the design. Design optimization
and production efforts continued until satisfactory end products were obtained for all three of the AMM modules

developed in this study.
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FIG. 4 Molding phases: (A) mixing epoxy with the required amount of dryer, (B) vacuuming air to ensure a smooth inner
surface, (C) epoxy being poured into the 3-D printed inner structure and left to dry, and (D) AMM prototype ready
for measurement.

4 (B) (D)

This study makes use of 3-D printing and additive manufacturing techniques to produce units of the pro-
posed AMMs accurately. There are studies in room acoustics** and many other fields that apply this method for
in-depth scientific research with prototypes.**** During the manufacturing process, the inner structures (tubes or
void walls) are initially produced by the 3-D computer numerical control (CNC) printer. The AMM modules are
finalized through the molding and filling of the outer cylinder to be fitted in the impedance tube. In an actual
application, the inner structures would remain the same, while the rest of the filled form would be variable,
depending on design decisions. Figure 4 presents the molding phases of the AMM production process. The
main reason for molding the outer envelope of the cylindrical module is to be able to use a less expensive type
of resin compared with that used in the 3-D printing.

After the first two molding phases (fig. 44 and 48), the module is left to dry at room temperature. The time
required for drying at room temperature (fig. 4C) is approximately 24 h. If the whole process was completed by
printer, the time taken by the process would be shorter. The 3-D CNC printer would take approximately 12 h to
produce the full form ready for measurement in an impedance tube. However, the project budget would be too
high with this method, so only the inner structure is printed using the 3-D CNC. This production technique could
accelerate the process depending on the key factors of resolution, layer thickness, and printing strategy.*’

Acoustical Test and Assessment Methods

In the empirical part of this research, the impedance tube method is held for testing the sound absorption and TL
performance of AMM proposals. In the theoretical part, TL estimates on typical drywall systems are examined for
comparison. Later, analytical assessments of proposed materials are held using a neckless Helmholtz resonator
and PDI methods. The final part of this section represents a case study setup involving field measurements and
room acoustics simulations.

IMPEDANCE TUBE MEASUREMENTS AND TL ESTIMATES

Once the proposed AMM modules have been produced, they are tested in an impedance tube (S.C.S. Kundt
Impedance Tubes) to obtain sound absorption and sound TL values for 1/3 octave bands below 1,200 Hz.
The absorption coefficient and acoustic impedance measurements are made using a two-microphone transfer
function method in line with ISO 10534-2:1998, Acoustics — Determination of Sound Absorption Coefficient
and Impedance in Impedance Tubes - Part 2: Transfer-Function Method,** while the TL measurements are done
using a four-microphone transfer function method. The AMM tests in this study are conducted using a 100-mm-
diameter tube for measurements in the frequency range from 50 to 1,200 Hz. It should be noted that impedance
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tube measurements can only provide normal incidence absorption coefficients, whereas the reverberation room
method can provide random incidence values. Both methods have their advantages and disadvantages. In meta-
material research, impedance tube tests are predominantly used, as they are more practical. That said, in the
discussion of acoustical enhancement that follows, relative values rather than absolute values are compared
for the states of the studios with solid reflective surfaces and with AMM surfaces.

The drawing (fig. 5) presents how the sound absorption coefficient measurements are done with the imped-
ance tube method. As can be seen inside the tube (on the left side of the cavity), the depth of the cavity can be
adjusted with the help of the linear apparatus behind the cylindrical plate. Therefore, the amount of air gap can
be reduced or increased. Figure 5 shows the “5 cm gap between AMM and tube plate” configuration. There may
be no gap between the cylindrical plate and AMM samples, which refers to “two sides open, without gap” con-
figurations. Also, specifically in the DNA module, the air gaps of 2.5, 5, 7.5, 10, and 12.5 cm behind the module are
tested in sound absorption measurements. These tests are conducted to compare the performance of different air
gaps behind the AMM panels for actual applications.

Table 1 presents the descriptions of the GR, WL, and DNA module configurations and the solid sample in
the impedance tube for sound absorption («) and TL (dB) measurements. Table 1 also includes descriptions of a
number of wall section configurations that are only theoretically estimated. Since the proposed AMMs are in-
tended for architectural applications, the air space behind the modules is a critical variable. The openings in the
rear sides of the modules are closed in some configurations to check whether there are any meaningful differences
between their performance when both sides are open and when one side is closed. When the apertures on the rear

sides of the samples are closed, the AMMs may act more like a Helmholtz resonator.'**®

ANALYTICAL ASSESSMENT OF SOUND ABSORPTION COEFFICIENTS OF PROPOSED
METAMATERIALS

In this section, the analytical approaches in assessment of impedance tube measurement results of proposed
AMMs are presented. The aim is to critically evaluate the possible diagnostic tools that can augment the design
process and interpretation of output data in AMM design.

NECKLESS HELMHOLTZ RESONATOR CALCULATIONS
Studies***® have pointed out that AMMs may act like Helmholtz resonators in certain configurations. The in-
ternal structures of the three different AMM samples proposed in this study also have similarities with neckless
Helmholtz resonators. To check whether the sound wave behavior can be explained by a neckless Helmholtz
resonator function for certain types of proposed modules, theoretical calculations are held.

A special type of air-spring oscillator, a so-called Helmholtz resonator, is a volume with an opening at
the one end and a small neck that is activated in its specific resonant frequency. Using the relationship shown
in figure 6, the resonant frequency of the system can be calculated by equation (1)*:

FIG. 5

Sound absorption
5 cm gap between

coefficient measurement AMM and tube plate

setup: abstracted 3-D 8 cm metamaterial
sample
model of impedance
tube indicating AMM
sample locations under Adjustable apparatus.
) ) . Thus, a 5 cm gap or no gap
different configurations between the material and
(prepared by the the tube can be generated AMM sample

aligned with the tube

author).

Sound absorption setup
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TABLE 1

Configurations of the material samples tested by impedance tube and used in
theoretical transmission (TL) estimates

Code of Sample Description

SS1 8 cm (resin) solid sample + 5 cm gap

SS2 8 cm (resin) solid sample without gap

SS3 8 cm (resin) solid sample (for TL measurement)
GR1 8 cm GR, two sides open +5 cm gap

GR2 8 cm GR, one side closed +5 cm gap

GR3 8 cm GR, two sides open, without gap

WLI1 8 cm WL, two side open + 5 cm gap

WL2 8 cm WL, one side closed + 5 cm gap

WL3 8 cm WL, two sides open, without gap
DNA1 8 cm DNA, two sides open +5 cm gap
DNA2 8 cm DNA, one side closed +5 cm gap
DNA3 8 cm DNA, two sides open, without gap
DNA4 8 cm DNA, two sides open + 2.5 cm gap
DNAS5 8 cm DNA, two sides open + 7.5 cm gap
DNA7 8 cm DNA, two sides open + 10 cm gap
DNA6 8 cm DNA, two side open + 12.5 cm gap

Y1 2 cm resin panel, 4 cm gap, 2 cm resin panel
Y2 1 cm resin panel, 6 cm gap, 1 cm resin panel
Y3 1 cm resin panel, 6 cm mineral wool (48 kg/m3), 1 cm resin panel
Y4 1 cm resin panel, 5 cm gap, 2 cm resin panel

FIG. 6

Conceptual drawing of a
neckless Helmholtz

resonator.

x?

V(i + 1.7x) @
where f,, is the natural frequency of the system, ¢, is the speed of the sound in the air, V'is the enclosed volume, x is
the radius of the opening, and [, is the thickness of the plate. Equation (1) is utilized in interpretation of the results
as detailed in the following sections.

PDI CALCULATIONS
As a second analytical method, PDI is included in this study since AMMs can also dampen sound waves as they
pass through the structure by creating destructive interference. PDI can occur where the sound waves combine
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with a phase difference of 180°, or half of the wavelength, and therefore neutralize each other. This method uses
the sound itself to greatly reduce its amplitude. Passive means that active sound sources, such as speakers, are not
used.* Figure 7 illustrates the basic principle of the Herschel-Quincke Tube,*® which has a similar form to a PDI
absorber along an airway of a certain length, in which incoming sound waves enter from either one or both sides.

There is a relation between the length of air path and the frequency at which the peak value of sound ab-
sorption coefficient of PDI is detected. As shown by equation (2), the value of # is a positive integer (1, 2, 3, 4...),
f(Hz) is the frequency, ¢ (m/s) is the speed of sound in air, and AL (m) is the length difference of the transmission.
The transmission length difference AL relates to the location of the interference point. According to Setaki et al.’s
study,” this interference occurs above one quarter of the air path and below the total length of it. In equation (3),
AL is represented as a set of limits that anticipates the frequencies at which destructive interference may occur, as
shown in equation (4). PDI equations are utilized to inspect the applicability of the method for different AMM
modules developed in this study:

(2n—1)c
f="2a1 @
L
% <AL < Ly ©)
2n—1)c 2n—1)c
( ) _ fe< ( ) ”
2Lt0t Ltot

CASE STUDY SETUP
The final step in the study involves testing the performance of the proposed materials in a real design problem
through the use of room acoustics simulations. For this purpose, two design studios are selected that currently
have no acoustical interventions. In shared rooms like studios, open-plan offices, or restaurants, noise control is
an important comfort parameter, but interior design is also a significant concern. To attenuate the high noise
levels in the studios at low frequencies resulting from the highly reflective painted brick and concrete surfaces,
some of the proposed AMM units are developed into wall partitions (panel systems) with a modular layout and
two different heights. These partitions are then placed between the drawing tables. Also taken into consideration
here is the fact that these translucent, resin-based AMMs can be in different color combinations, some of
which better highlight the inner structure of the AMM designs (fig. 80) and can give a rhythm to the studio
space.

It has previously been demonstrated in practice that when metamaterials are placed in a repeating lattice

5,6,49,50

structure, such as in the form of origami folding,” the efficiency of the material structure increases and

FIG. 7 Acoustic pressure circulation of an open-open pipe and a closed-open pipe along an airway of a certain length (L).
Pressure antinodes shown as AN and pressure nodes shown as N.

Open-Open Pipe Closed-Open Pipe
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FIG. 8 (A) Studio#2 3-D model with design proposal using 1/5 height AMM panels, (B) Studio#2 with design proposal
using 3/4 height AMM panels, (C) 3-D models showing sound source and receiver positions in Studio#1, (D) panels
with DNAS on one side and WL on the other, with a 7.5 cm gap in between, shown in Studio#1 and Studio#2, and
(E) photograph of the field tests in Studio#1.

(D) (E)

a better performance is obtained. To estimate the acoustic performance of the AMM modules, the studios are first
field-tested to determine their current acoustic parameters. Then, the acoustical models are generated and tuned
according to the field test data for further experimental study, as described in the following.

FIELD MEASUREMENTS

The field tests of the studios were held during the summer break in the academic year, on August 6th, 2019,
between the hours of 12:30 and 14:00. The studios are empty and with minimum background noise conditions
(fig. 8E). To estimate the basic parameters specifying the sound field, the room impulse responses are collected.
The equipment used is in accordance with ISO 3382-2:2008 Acoustics — Measurement of Room Acoustic
Parameters — Part 2: Reverberation Time in Ordinary Rooms Standard. A B&K (Type 4292-L) dodecahedron
omnidirectional sound source is used for acoustic excitation, with a B&K (Type 2734-A) power amplifier. The
room impulse responses at various measurement points are captured by a B&K (Type 4190ZC-0032) micro-
phone. The sampling frequency of the recorded multispectrum impulse is 48 kHz. The height of the omnidi-
rectional sound source is 1.5 m from the floor, and the microphone height is maintained at 1.2 m. DIRAC Room
Acoustics Software Type 7841 v.4.1 is used to generate e-sweep noise signals. Two source and six receiver lo-
cations are used for Studio#1 (fig. 8C), and two source and seven receiver locations are used for Studio#2. These
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numbers are considered to be sufficient given the dimensions of the studios. The acoustical metrics, particularly
the reverberation times (T20 and T30), obtained over the postprocessed impulse responses are utilized for tuning

the materials assigned in the acoustical models, as described in the following paragraphs.

ROOM ACOUSTICS SIMULATIONS

The aim of the room acoustics simulations is to assess the relative improvement that can be achieved in an archi-
tectural application of the proposed AMMs by comparing values before and after the intervention rather than to
obtain the absolute acoustic parameter results of the room impulses. In this process, simplified 3-D graphical models
of the existing studios (Studio#1 and Studio#2) were initially developed for use with ODEON Room Acoustics
Software version 14.04. As shown in figure 8, Studio#1 has a capacity of 32 students and an estimated acoustic
volume of ~997 m>. The student capacity for Studio#2 is 16, and it has an estimated acoustic volume of ~526 m°.
The study focuses on T30 values at 63, 125, 250, 500 and 1,000 Hz, SPL (A) (A-weighted sound pressure level), and
speech transmission index (STI) results. For the STT grid results, the sources are positioned 1.20 m off the floor, and
the distance between receivers is 0.4 m. In the analysis of speech intelligibility in the proposed scenario, the back-
ground noise level is assumed not to exceed the Noise Criteria 30 (NC30) level.

Simulations are run for the current condition of the studios and for two different scenarios in which the
proposed AMMs are applied for acoustical enhancement (fig. 84 and 88). The difference between the results of
the simulations of the empty studios and the results of the field tests for T30 over tested receiver positions is
around 0.03 s, which is smaller than 1 just noticeable difference. This shows that the tuning of the acoustical
model is sufficiently accurate.

Figure 8A and 8B show the positions and heights of the proposed partitions, built out of AMM modules, in
Studio#2. In Studio#1, the locations of the partitions are the same, i,e., between each pair of drawing tables. The
heights of the partitions are also the same. The proposal in which the partitions are 1/5 of the height of the studio
(fig. 8A) is referred to as Proposal A1, and the proposal in which the partitions are 3/4 of the height of the studio
(fig. 8B) is designated Proposal A2. The interior finish materials and the corresponding absorption coefficients
obtained in the simulations are listed by frequency in Table 2.

Results and Discussion

IMPEDANCE TUBE TEST RESULTS

All three prototypes and solid samples are tested in an impedance tube with the different configurations listed
in Table 1. Each configuration is tested a minimum of 10 times to ensure the replicability and reliability of the
results. The sound absorption coefficients (a) and TL values in dB over 1/3 octave bands below 1,200 Hz are
presented in the following paragraphs.

TABLE 2
List of materials and sound absorption coefficients over 1/1 octave bands from 63 to 1,000 Hz

Material Location Name 63 Hz 125 Hz 250 Hz 500 Hz 1,000 Hz
Wall surfaces Paint and plaster on brick wall 0.06 0.06 0.06 0.10 0.10
Ceiling surfaces Painted concrete 0.10 0.10 0.05 0.06 0.07
Floor surfaces Concrete or terrazzo flooring 0.01 0.01 0.01 0.02 0.02
Drawing table Wood boards on a profile 0.15 0.15 0.20 0.10 0.10
Windows Ordinary window glass 0.35 0.35 0.25 0.18 0.12
Door Wood, 1 layer, 20 mm 0.25 0.25 0.18 0.11 0.08
Studio#1 Corrugated sheet, foam-like plastic material, etc. 0.30 0.30 0.45 0.65 0.56
Proposed module 1* DNA 5 AMM, DNA with 7.5 cm air gap behind 0.77 0.31 0.12 0.07 0.18
Proposed module 2* WL 0.03 0.03 0.02 0.06 0.06

Note: * Sound absorption coefficient values are obtained from impedance tube measurement results.
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SOUND ABSORPTION COEFFICIENT MEASUREMENT RESULTS

The sound absorption measurement results of the sample GR, WL, and DNA units are compared in figure 9.
Among the various GR configurations tested, GR1 shows the least efficient sound absorption performance
(fig. 94). All the GR configurations perform better than the solid samples SS1 and SS2. Peak absorption is de-
tected in the range of 100-125 Hz, at 400 Hz, and at 630 Hz.

The sample WL unit demonstrates the lowest performance (fig. 98). Its performance tends to parallel the
reflectivity of the base material. The configuration WL2 has a peak absorption of 0.07 at 500 Hz, and WL3 has
a peak absorption of 0.05 at 80 Hz with a value of 0.05. However, neither sample offers any notable advantage in
comparison with the solid sample. Thus, the design parameters of the WL module need to be improved and
optimized for better performance in sound absorption.

The sample DNA unit shows more potential for sound absorption, as presented in figure 9C. In particular,
the DNA1 configuration (two sides open, 5 cm air gap behind) achieves sound absorption coefficient values up to
0.70 at 80 Hz, which is remarkably above average. By contrast, the solid (unperforated) samples, SS1 and SS2, have
absorption coefficients in the range of 0.02-0.03. The only difference between DNA2 and DNAL1 is that the
opening on the rear surface is closed. This difference causes DNA2 to achieve the least effective sound absorption
result. In other words, the aperture on the rear surface is of great importance for increasing the sound absorption
efficiency of the DNA module. The DNA3 configuration (two sides open, no air gap behind), has higher sound
absorption values at frequencies between 250 and 315 Hz.

Since DNAL is the best sound absorber among the alternatives tested, additional configurations are devel-
oped by changing the size of the gap between the tube and the DNA AMM module. The measurements were
performed again for the “two sides open” variation of the DNA module with air gaps of different dimensions
behind the module (fig. 9D).

As can be observed from figure 9D, configuration DNA5 (2 sides open, 7.5 cm air gap) achieves its maxi-
mum sound absorption value at 63 Hz with an absorption coefficient of 0.77. However, DNA1 still performs
better than the other configurations across the tested frequency spectrum as a whole. For all DNA types, sound

FIG. 9 Measured sound absorption coefficients over 1/3 octave bands (Hz) for the following configurations of the AMM
modules tested with the impedance tube: (A) GR1, GR2, GR3, SS1, and SS2; (B) WLI1, WL2, WL3, SS1, and SS2;
(C) DNAT, DNA2, DNA3, SS1, and SS2; and (D) DNA4, DNAT, DNAS5, DNAG, DNA7, and SS1.
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absorption is greater in the 63-100 Hz frequency range than in the octave bands above 250 Hz, in which it shows
a pattern that is a little different from the solid sample. To conclude, the DNA module in its current state offers an
effective sound absorption mechanism in a range of 63 to 200 Hz. The peak frequencies, or the effective region on

the frequency spectrum, can be adjusted by optimizing the design parameters/dimensions of the internal tubes.

TL MEASUREMENT RESULTS

The TL measurement results of the GR, WL, and DNA modules are compared in figure 10A. In contrast with
their poor sound absorption performance, the sample WL unit is much more effective than the other proposed
AMMs with respect to sound TL. For the frequency range below 1,200 Hz, the TL values for WL (approximately
48-55 dB) are significantly higher than the results for the DNA and GR modules. The TL values of the solid
sample SS3 range from 35 to 43 dB in the frequency interval of 125-160 Hz, whereas the TL values of the WL
configurations range from 48 to 55 dB. Thus, the TL values of the WL unit are on average 12 dB higher than the
values found for SS3. Meanwhile, the GR module provides approximately the same TL values as the solid sample
SS3 since the inner structure of GR module is not efficient for sound transmission performance. The sample DNA
unit has the least sound TL performance of all. On the contrary, the DNA proposal has more potential for sound
absorption, as shown previously in figure 9C and 9D.

Overall, these results suggest that the DNA and GR units are not suitable for use as a noise barrier in their
current form but can be utilized in room acoustics for sound absorption. The WL proposal has more potential for
use in noise control applications and can therefore be considered for use in practice as a separating wall/partition
between two rooms/spaces (this was tested in the case study).

As part of the impedance tube tests, theoretical TL estimates are also made for typical lightweight walls using
the same base material (epoxy resin) as the proposed AMMs (fig. 10B8). The purpose of making these estimates is
to discuss the effectiveness of the TL performances of the sample AMMs in comparison with those of drywall
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systems with an air gap. Estimates are made both for wall sections in which the air gap is left unfilled and for wall
sections in which a fibrous material is included within the air gap. This makes it possible to compare the per-
formances of the proposed AMMSs with the performances of conventionally used wall sections, such as those with
a mineral wool infill. The density of epoxy resin is taken to be 1,098 kg/m”.

To this end, the epoxy resin material is shaped into modules with standard configurations that are consid-
ered to exemplify the real wall applications (see Table 1 for cross-section definitions). The impedance tube results
obtained from these modules are presented and compared with the results for WL and a solid sample in
figure 10B. The total thickness of each wall section module is 8 cm, the same as for the AMM modules.
The WL module has the best TL performance overall. Above 500 Hz, the Y3 configuration (1 cm resin panel,
6 cm mineral wool of 48 kg/m® 1 cm resin panel) generates higher TL values than the other wall section con-
figurations and the WL module. The Y1 configuration (2 cm resin panel, 4 cm air gap, 2 cm resin panel) performs
better than the Y2 configuration (1 cm resin panel, 6 cm air gap, 1 cm resin panel). The mineral wool filling used
within the air cavity is the main reason for the higher performance of the Y3 configuration. However, this study
pays specific attention to the use of nonfibrous and semitranslucent to transparent materials.

RESULTS AND DISCUSSIONS OF ANALYTICAL ESTIMATES

In this section, the analytical estimate methods are compared with the impedance tube measurement results. The
analytical analysis, including the comparison of Helmholtz equation and PDI to measured data, is important to
examine their applicability in the design stage of AMMs. In figure 11, the results obtained from the Helmholtz
equation and PDI estimates are compared with the tube-measured results in the same graph.

In the Helmholtz equation estimates of the DNA sample, initially, one of the inner pipes is taken into con-
sideration, and the resonant frequency is estimated to be 2,164 Hz. Later, both inner pipes are included in the
estimates, and the resonant frequency is calculated to be 848 Hz. The impedance test results of the DNA module
indicate that the peak absorption occurs between 63 and 80 Hz, which is comparatively much lower than
the estimated resonance frequencies. The Helmholtz equation estimates for the GR sample indicate a resonant
frequency of 788 Hz and show a resonant frequency of 298 Hz for the WL sample. Therefore, none of the AMM
prototypes in this research can be explained with Helmholtz resonator equations (fig. 11).

The second set of comparison is held for PDI estimates, designating the possible interval for the resonant
frequency at which the absorption peaks can be observed. As shown in figure 11, the peak absorption range for GR
is between 112 and 224 Hz; for DNA, the range is between 261 and 523 Hz; and for WL, the range is between 462
and 925 Hz. On the other hand, the peak sound absorption coefficients in tube measurements are obtained at

FIG. 11 PDI and Helmholtz equation estimate results of GR, DNA, and WL in comparison with the results of impedance
tube measurements for all three samples.
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125 Hz for GR, 63 Hz for DNA, and 500 Hz for WL. When the distribution of the sound absorption coefficients
over 1/3 octave bands for the GR module is analyzed, the frequency range with the highest results coincides with
the results of the PDI calculations, which is between 63 and 200 Hz. The measurement and the PDI estimates are
coherent for GR and WL samples, which provides an initial guess of the frequency range during design phases. On
the other hand, the DNA module cannot be explained either by the Helmholtz or the PDI method. This is due to
the complexity of the inner voids, which cannot be simplified for the input parameters of the two analytical
methods. For this reason, numerical studies on the DNA module are necessary in the future optimization phase.
In a finite element medium, such a study will utilize the experimental data from this research. The present data
will be used for tuning the complex Young’s modulus characteristics of base material with and without the em-
bedded structures for obtaining attenuation characteristics of the resin. Therefore, other alternative designs can be
tested theoretically as well.

ASSESSMENT OF PROPOSED AMM APPLICATION FOR THE ACOUSTICAL ENHANCEMENT OF
DESIGN STUDIOS

As detailed in the section “Acoustical Test and Assessment Methods,” a case study was conducted in two studios,
Studio#1 and Studio#2, using field tests and simulations to assess the likely efficiency of the proposed AMM:s in
a real-life situation. The T30 values obtained from field measurements and the acoustical simulation results for
the current condition of the studios and under the proposed acoustical intervention are given in figure 12.
The T30 results for the studios in their current condition indicate a high level of reverberance of up to 2 s
in both studios, far above the recommended limits for learning and studying environments, which should be
1 s at most for the given sizes of the studios. As previously noted, the control of low-frequency sound buildup
within enclosed spaces, especially in a case like this with highly reflective massive wall and floor surfaces, is always
challenging.

The proposed partitions are composed of DNAS5 units, which achieved the highest sound absorption, on one
face, and WL units, which achieved the highest TL values, on the reverse face. The acoustical simulations make
use of the absorption coefficients and TL values obtained from the impedance tube measurements for the units in
question.

]
FIG. 12
T30 values of 22

(A) Studio#1 and
(B) Studio#2 over octave

bands from 63 to = 1.8 ----k--- measured-current
1,000 Hz, comparing g 16 --4--simulated-current
measured current 1.4 - -A- - 1/5 height AMMs
results, simulated current 1§ - .@ - 3/4height AMMs
results without AMM

panels, simulated results 1

63Hz 125Hz 250Hz 500Hz 1,000 Hz
after installing 1/5 height (A)

partitions (A1), and

. 2.2
simulated results after )
installing 3/4 height 2 s,.«-"": AL
partitions (A2). 1.8 g e i \‘:\ .-+ measured-current
= ) A ,.\ \:\\ .
Q 16 = . _— N -=--+---simulated-current
m . N\,
[ K o7 ~ SN
1.4 -z ‘« b.f, 3 - <A- - 1/5 height AMMs
.. Yy
12 o N - -@ - 3/4 height AMMs
. )
1
63Hz 125Hz 250Hz 500Hz 1,000 Hz
(B)

Journal of Testing and Evaluation



YAZICI AND SU GUL ON BIOMIMETIC AMMS TESTS 3199

In Proposal Al (1/5 height partition), the T30 values improve by about 0.14-0.30 s in the range of 63-
125 Hz. In frequency ranges above 125 Hz, the T30 values gradually approach the readings for the current con-
dition of the studios. In Proposal A2 (3/4 height partition), the improvement is much more significant, with
T30 values varying between 1.1 and 1.69 s across the tested range of 63 to 1,000 Hz. At 125 Hz, for example,
T30 shows a decrease of 0.43 s in Studio#1 by comparison with the current condition of the studio. This is
a significant improvement for this frequency range, particularly given the volume of the studio (fig. 124).

Studio#2 shows a similar pattern to Studio#1 in terms of the improvements achieved under the proposed
interventions Al (fig. 84) and A2 (fig. 88). In its current condition, Studio#2 produces T30 results ranging from
1.34 to 2.11 s across the tested frequency range. In Proposal A2, the lowest T30 value is 1.1 s, while in Proposal A1,
the lowest value is 1.28 s. At 125 Hz, a reduction of 0.58 s is obtained in Proposal A2 (fig. 128). The reason for
this is that the sound absorption of the DNA5 configuration used in the proposed partition is high in this octave
band.

The distribution maps in figure 13 show the STI results for the studios in their current condition and after
the proposed AMM intervention (A2). In the scenario represented for Studio#1, an instructor is talking to the
whole class from a central position. While intelligibility in Studio#1 is generally “poor” in the current condition of
the studio (fig. 13A), this improves to “fair” and “good” with the proposed installation of the AMM partitions
(fig. 13B). For Studio#2, the instructor is positioned to one side of the studio, which is a common situation when
the studio is shared by two sections (classes) and two instructors. In the current condition of the studio, the STI
values indicate “fair” intelligibility in most of the receiver positions on the same side of the partition where the
instructor is standing (fig. 13C). However, after the proposed AMM intervention, the STI values show that “good”
intelligibility is achieved at the drawing tables on the same side of the partition as the instructor (fig. 13D). These
results highlight the improvements inside the studios and the potential benefits of the composite use of barrier-
plus-absorptive AMMs in a real architectural acoustics problem. Moreover, the proposed AMM applications do

FIG. 13 Studio#1 STI distribution maps (A) for the current condition of the studio, (B) under the A2 AMM proposal and
Studio#2 STI distribution maps, (C) for the current condition of the studio, and (D) under the A2 AMM proposal.
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not use porous materials, and it is always an option to improve the aesthetic features of the space in question
through the use of integrated lighting over these semitranslucent prototypes.

Conclusion

In this study, different types of acoustical metamaterials have been developed to investigate their potential ap-
plications in architecture. The space-coiled modules that were developed utilize some forms and ratios taken from
nature in line with a biomimicry approach, albeit on a subwavelength scale. Basically, three types of units named
after the GR, the WL form, and DNA are designed and produced. The samples are then tested in an impedance
tube to obtain their sound absorption coefficients and TL values.

The study focuses on acoustical enhancement in the midfrequency to low-frequency spectrum. This is
because higher frequencies can be controlled easily with traditional materials without taking up much space
inside the rooms. In addition, the presence of audiences or students augments the attenuation of sound in the
midfrequency to high-frequency range. The analysis and the impedance tube tests are therefore conducted for
frequencies between 63 and 1,000 Hz for sound absorption and frequencies between 100 and 1,000 Hz for
sound TL. Different configurations of the proposed units are tested, including configurations with one side
closed, with both sides open, with different thicknesses, and with different air gaps behind them. The results
indicate that all the proposed AMM modules achieve higher sound absorption than a solid sample of the same
thickness. The sample DNA module achieves the best overall sound absorption performance in the tested
frequency ranges. Among the different configurations of this module, the DNA5 configuration (8 cm thick,
two sides open, 7.5 cm air gap behind) reaches the maximum sound absorption value of 0.77 at 63 Hz. The basic
drawback of the AMMs in sound absorption is their relatively narrow band behavior. Modules of two or three
kinds, with alternating interior void dimensions, could be used jointly to increase the effective frequency
interval.

The sample WL module achieved the highest performance in terms of sound TL, with values ranging from 48
to 55 dB across the entire tested frequency spectrum. The results achieved by the WL module are approximately
12 dB better than those obtained for a solid sample of the same thickness (8 cm). This is a significant contribution
considering the relatively low thickness of the sample modules.

The sound TL achieved by the WL module is also compared with the sound TL achieved by panel walls made
of the same base material (resin) in different configurations similar to those used in standard lightweight con-
struction systems. For this purpose, TL results are obtained for theoretical panel wall sections consisting of two
layers of solid resin panels of different thicknesses and different air gaps in between and with the same total
thickness as the WL module. When the results are compared, the WL unit is found to display a greater TL
performance than all of these estimated resin wall sections. The WL unit also performed better than a similar
panel wall section with a mineral infill up to a frequency of 500 Hz.

The impedance tube test results are also compared with two analytical methods, including the Helmholtz
equation and PDI method. The analytical comparisons indicate that the DNA module cannot be explained by
either the Helmholtz or PDI methods because of its complex inner structure. For this reason, the optimization
studies of the DNA module for sound absorption should be followed by numerical simulations, which is one of
the future steps of this research. On the other hand, GR and WL modules can partially be explained by PDI
method for specifying their possible peak absorption frequencies during the design stage.

Finally, to observe the potential benefits in an architectural environment, partitions made up of AMMs are
designed using the DNA5 module on one side and WL blocks on the other. This design solution is tested in two
architectural studios by means of simulations over field test-tuned acoustical models. A comparison is made of
the reverberation time (T30) and STI metrics for the studios in their current condition and under acoustical
design scenarios using AMM partitions of different heights. The use of the partitions lowers the T30 values
for Studio#1 by 0.73 s and Studio#2 by 0.69 s at 63 Hz. The use of the partitions is also found to raise
the STI values from “poor” to “fair” and “good” rating in Studio#1 and from “fair” to “good” rating in Studio#2.
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To sum up, the results highlight the potential use of AMM:s in reverberation and noise control in architec-
tural applications. AMMs can be utilized as part of a partition, as furniture, or as a design element without
occupying large spaces and without using allergenic porous materials. For a similar reason of indoor air quality,
AMNMs can also be preferred as a diffuser in heating, ventilation, and air conditioning systems. That is, they can be
utilized for attenuating noise without interrupting air flow and can support natural ventilation. On the other
hand, as different manufacturing techniques make it possible to use a variety of base materials, including semi-
transparent and translucent materials, light can always be integrated into AMM modules as a design element.
In acoustical terms, the inner geometrical structures of the modules proposed in this study can still be improved
further to obtain higher values, either in absorption or TL, in a broader range of frequencies. In future work, the
experimental results presented in this study will be utilized to simulate material properties for the optimization of
the modules by a numerical implementation.
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