REVIEW

W) Check for updates

ADVANCED
SCIENCE

Open Access,

www.advancedscience.com

3D-Printed Lattice Structures for Sound Absorption: Current
Progress, Mechanisms and Models, Structural-Property

Relationships, and Future Outlook

Xinwei Li,* Jun Wei Chua, Xiang Yu, Zhendong Li, Miao Zhao, Zhonggang Wang,
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The reduction of noises, achieved through absorption, is of paramount
importance to the well-being of both humans and machines. Lattice
structures, defined as architectured porous solids arranged in repeating
patterns, are emerging as advanced sound-absorbing materials. Their
immense design freedom allows for customizable pore morphology and
interconnectivity, enabling the design of specific absorption properties. Thus
far, the sound absorption performance of various types of lattice structures
are studied and they demonstrated favorable properties compared to
conventional materials. Herein, this review gives a thorough overview on the
current research status, and characterizations for lattice structures in terms of
acoustics is proposed. Till date, there are four main sound absorption
mechanisms associated with lattice structures. Despite their complexity,
lattice structures can be accurately modelled using acoustical impedance
models that focus on critical acoustical geometries. Four defining features:
morphology, relative density, cell size, and number of cells, have significant
influences on the acoustical geometries and hence sound wave dissipation
within the lattice. Drawing upon their structural-property relationships, a
classification of lattice structures into three distinct types in terms of
acoustics is proposed. It is proposed that future attentions can be placed on
new design concepts, advanced materials selections, and multifunctionalities.

1. Introduction

transportation, construction, and our daily
lifestyles are major contributors. Apart from
the human health, excessive noises are also
detrimental to machines, in which they
lead to overheating. Thus, sound absorbers
are highly sought-after in a variety of set-
tings. For instance, theatres and rooms are
installed with acoustic panels for sound
absorption to reduce echoes. Many high-
power equipment is lined with sound ab-
sorbers to effectively attenuate excessive
sound energy. Sound absorption is the pro-
cess whereby sound energy is dissipated,
and converted into heat, upon incidence
onto a material. In an ideal situation, no
waves are reflected off this surface. Com-
mon commercial sound absorbers include
foams, fabrics, and microperforated pan-
els. However, these materials have limita-
tions such as weak absorption and limited
bandwidth, and they lack the potential for
multifunctionality.'!!' Modern engineering
designs require advanced materials that are
multifunctional and are optimized for mass
and volume. As such, there is a growing
need for new materials that offer superior
acoustic properties and potential for cus-
tomizable design optimization.

The advent of additive manufacturing has opened new op-

Sound is an integral part of our daily lives. However, exces-
sive or unwanted noise can be detrimental to the human well-
being. Noise pollution is a growing concern globally-where

portunities for the design of functional materials based on
structures rather than chemistry. Lattice structures are a new
class of advanced material that manifests from this. Lattice
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structures are 3D structures composed of interconnected struts,
shells, plates, or hybrids of these features, which form a re-
peating pattern.[23] These structures offer high degrees of de-
sign freedom for customizable feature-pore morphology and
interconnectivity, making them highly designable in achieving
specific physical properties. Thus far, the physical properties
of lattice structures have been widely studied and their strong
potentials for applications as lightweight materials,* energy
absorbers,®! heat dissipater,[®l heat insulator,l’] and electromag-
netic absorber/insulators,!®l have been demonstrated. This im-
plies that lattice structures have the potential to be customized to
achieve specific acoustical properties. Thus far, the sound absorp-
tion properties of numerous types of lattice structures have been
investigated. This includes lattice structures consisting of solely
trusses,l> ! solely plates,!!] trusses and plates,''12] tubes,[1314
tubes and plates,[’>77] smooth skeletal structures,['*-2] triply
periodic minimal surface,?!?2] and bioinspired features.!*’] Be-
yond the unit cell level, heterogeneities such as heterogeneously-
structured unit cells placed in parallel,[22324] functionally graded
arrangements,[%) and additional acoustic meta-features!®! have
also been proposed. Various unit cell sizes, feature sizes, and
overall lattice thicknesses have been explored for these lattice
structures. Like conventional sound absorbers, these structures
exhibit unique sound absorption coefficient curves depending on
their structural morphology. Additionally, lattice structures have
proven to be favorable in comparison to conventional absorbers.
This primarily attributes to them operating based on the same
sound absorption principles, utilizing similar acoustical geome-
tries, thus allowing them to exhibit comparable absorption char-
acteristics. Furthermore, their extensive design flexibility offers
additional opportunities for customization and optimization, en-
abling the attainment of superior performance. In addition to
superior acoustic properties, lattice sound absorbers offer the po-
tential for multifunctionality due to their unique physical proper-
ties, such as customizable or meta mechanical behaviors, which
traditional materials lack. Works have shown that lattice structure
sound absorbers also display the potential as lightweight high-
strength material,[111617] energy absorber,!*>?*] and deformation-
recoverable materials.[1224]

Like traditional sound absorbers, the sound absorption prop-
erties of lattices are mainly geometry dependent. Through geom-
etry, the acoustic impedance of lattice structures can be derived,
and it can be further used to predict sound absorption properties.
Thus far, various analytical models have been used to relate the
lattice geometry to its acoustic impedance. Models include mech-
anisms based on multi-layer Helmholtz resonance,[1112:14-17.23.24]
cavity resonance,[’] effective acoustical properties,'®®] and
slow-sound effects.ll These models have shown to produce high
fidelity results in predicting sound absorption coefficients. They
have thus also been used as reliable tools in optimizing lattice
geometries for broadband absorption.['22324] Therefore, analyti-
cal acoustics models play a crucial role in facilitating the research
of sound-absorbing lattice structures.

As can be seen, research interest in lattice structures for sound
absorption is on the rise. However, till date, no review of lattice
structures for sound absorption has been conducted. A thorough
background introduction to the fundamentals of sound absorp-
tion, overview of the current progress, an in-depth analysis on
structural-property relationships, and the tools used for research
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would be valuable both as a lecture material to general readers
and as a critical review for researchers working on lattice struc-
tures and acoustics. In this paper, we aim to provide such a de-
tailed review on sound-absorbing lattice structures. Additionally,
we offer design recommendations and suggestions for future re-
search on this topic toward the end of the review. This review
is broken up into ten subsequent sections after this Introduc-
tion. Section 2 aims to lay the groundwork for sound absorption,
Section 3 introduces the various classes of lattice structures, and
Section 4 introduces the commonly used fabrication methods.
Section 5 gives an overview on lattices studied for sound absorp-
tion, before going into the detailed analytical acoustics models
used to model sound absorption properties in Section 6. Sec-
tion 7 gives an overview of the finite element analysis simulation
method to model absorption. Section 8 then takes into consid-
eration all prior discussions and classifies lattices in accordance
with their sound-absorption mechanism and provides a detailed
structural-mechanism-property relationship. Section 9 summa-
rizes the multifunctionalities of sound-absorbing lattice struc-
tures, apart from sound absorption. Section 10 provides recom-
mendations on the design, future directions for the research on
sound-absorbing lattice structures, and brings forward some po-
tential applications. Section 11 then concludes the review.

2. Principles of Sound Absorption

2.1. What is Sound Absorption?

Sound absorption, as its name suggests, refers to the process by
which a material absorbs sound energy as sound waves travel
into it. As we know, sound waves are longitudinal waves. In the
air, sound transmits through the motion of air molecules. This
means that as opposed to the sound wave physically moving (un-
like that of light), sound waves travel by the localized motion of
air molecules (Figure 1A). Specifically, the air molecules are the
most compact at compression and most spread out at rarefrac-
tion. The wavelength and amplitude of this motion are then de-
pendent on that of the sound source itself. The translation of this
motion, whether by the cochlea in our ears or the diaphragm in
microphones, is what converts it into signals that are further pro-
cessed and perceived as “sounds.” Therefore, if the motions of
the molecules are reduced, sound levels would be perceived to
be reduced. Physically speaking, sound absorption refers to the
conversion of the kinetic energy of the motion of molecules into
thermal energy.

There are three main mechanisms for sound absorption. First,
and also the most dominant mechanism, is dissipation at the vis-
cous boundary layer.[?] For any volume of air flowing over a ma-
terial, a viscous boundary layer forms (Figure 1B). The viscous
boundary layer forms as a transition region between the zero ve-
locity over the surface of the material (no slip condition) and the
bulk flowing air at the defined velocity. Thickness of the viscous
boundary layer, &, is given by:[>"]

2
5,= 1/ (1)
pw
n and p refer to the dynamic viscosity and density of air, re-
spectively. w=f refers to the angular frequency, with f being the

2305232 (2 0f29) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH

85U8017 SUOWWIOD BAIIEa.D 3(edl|dde auy Aq peusenob ke sapiie YO ‘8sn Jo Sa|ni Joj Akeiqi8UIIUO AB]IM UO (SUORIPUOD-PUR-SLLIBY WD A8 | 1M Afe.d 1 jBul [UO//SdNLf) SUORIPUOD Pue SIS 1 8Ly 88S " [7202/70/22] Uo Areiqiauliuo Ao|im ‘Aisieaun Ajod Buoyl BuoH Aq ze2S0£202 SAPe/Z00T 0T/I0p/W00" A3 1M Aelq 1 pul|uo//Sdily Wwo. pepeojumod ' ‘v202 ‘v8Es6Te


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

C

Source
!"U
Receiver

Rarefraction

Compression

3. Structural
~damping (only if
S 7 ]7 nh(\

Sound
source

1
i Temperature
| U, = bulk flow ———;
1 1
S | S 1 Thow
I 1
— 1 =
’/ Viscous 1
—_— (]
5 boundary layer ) Thermal
Sl . 5id boundary layer
u,=0 Material P
Teurtace Material

www.advancedscience.com

Solid backing

Microphone 1 2

Output: P(x4) and P(x,)

-—

Resonance Maximum l

absorption

No absorption

—_—

Smooth and gradual

Sound absorption coefficient, a [-] O
(@)

0

Frequency [HZ]

Figure 1. Fundamentals of sound absorption. A) Schematic of the principle of sound transmission through the air. B) Schematic of the sound dissipation
mechanisms through a porous absorber, and illustration of the physics of the viscous flow and thermal boundary layers. C) Schematic of the sound
absorption measurement using the impedance tube technique. D) Illustrations of two common types of sound absorption curves.

frequency. The close proximity of air molecules to the material
implies that they experience significant frictional forces when in
contact with the material. The frictional forces thus reduce the
extent of motion of the molecules. The most substantial contri-
bution to sound absorption thus occurs through frictional dissi-
pation at the viscous boundary layer. In terms of power loss per
unit area, Q,, dissipation at the viscous boundary layer is calcu-
lated based on:[3"]

1%
'S,

2
t

Q= (2)

N =

v, refers to the tangential velocity of air molecules across the
viscous boundary layer and the other variables are listed in the
nomenclature. During resonance, when air molecules vibrate
most intensely, this frictional loss becomes notably amplified. As
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a result, sound absorption reaches its peak during resonance in
the context of resonators.

Second, there is also thermal dissipation, arising from the ther-
mal flux across the thermal boundary layer (Figure 1B).[° When
sound waves propagate through a fluid medium, they create
compressions and rarefactions that cause the fluid molecules to
oscillate back and forth. This oscillation creates temperature vari-
ations within the fluid, which can lead to the formation of a ther-
mal boundary layer. Thickness of the thermal boundary layer, &,
is given by:1%%]

2K

5 =
th pCpa)

G)

« and C, refer to the thermal conductivity and heat capacity of
the air, respectively. Heat transfer within the thermal boundary
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layer results in small-scale fluid motion within its vicinity which
thus generates frictional forces between adjacent fluid layers.??!
Dissipation at the thermal boundary layer, Q,,, in terms of power
per unit area, translate to:1*!]

2

1

Qu=7 r-1

3 =155, 0

pct !

y refers to the ratio of specific heat and p refers to the pressure
outside of the boundary layer. Thermal losses contribute mini-
mally compared to viscous losses.3?] Lastly, for materials which
are extremely flexible or structures with high aspect ratios, dissi-
pation contributed by physical vibration of the material /structure
is not negligible. The vibration of the object causes it to physically
disperse the air molecules, generating frictional forces that lead
to the dissipation of sound energy. From the abovementioned
mechanisms, it can be seen that sound absorbers should be ei-
ther porous, so that sound waves can propagate into the pores, or
are extremely soft, such that energy dispersion of sound waves
is possible. Indeed, sound absorbers are mostly based on foams,
porous panels, fabrics, or elastic materials and membranes cur-
rently.

2.2. Impedance Tube

The most widely adopted method for testing the sound absorp-
tion coefficients of materials is the impedance tube technique.
An actual impedance tube, and a schematic of its working princi-
ple, is shown in Figure 1C. As its name suggests, the impedance
tube is literally based on a tube. At one end, a loudspeaker fires oft
planar sound waves of desired intensity and frequency range. The
sample to be tested lies at the other end. In line with the princi-
ple of sound absorption, e.g., the number of reflected waves off a
rigid surface, the impedance tube includes a solid backing (dense
solid such as steel, acrylic) immediately behind the sample. Fol-
lowing this, there are also two microphones used to collect the
sound pressures at those respective locations. Signals collected
by the microphones are then analyzed and converted into sound
absorption curves. Herein, the transfer functions, based on that
in the ASTM E1050-19 standards, are adopted for the analysis. At
any point in the tube, where A and B are constants, i is the imag-
inary unit and k is the wavenumber, the total sound pressure can
be expressed as:

P (x) = Ae™ + Be™ (5)

The sound pressures at microphones 1 and 2, at distances x,
and x,, respectively, from the sound source (Figure 1C), are then
expressed as:

P (x;) = Ae”™ + Be* (6)
P (x,) = Ae7™2 4 Be= (7)
The transfer function between points 1 and 2 is calculated as:

Hy, = d (xZ) (8)

P (x)
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In terms of variables, the transfer function can also be ex-
pressed as:

Ae—ikxz + Beikx2
Hy=———70m ©)
Ae~"**1 + Be*
e—ikxz + Reikxz

le = e—ikxy + Reikx

(10)

R =2 is the reflection coefficient. R is solved using the current
expression and the given and measured variables. Finally, the ab-
sorption coeflicient is then calculated as:

a =1-|RP (11)

Since k is frequency dependent, « is thus calculated at only one
particular frequency for a given k. The whole sound absorption
curve is obtained across the range of frequencies.

2.3. Sound Absorption Coefficient Curve

Examples of sound absorption coefficient curves are shown in
Figure 1D. The y-axis corresponds to the intensity of absorp-
tion, ranging from 0 to 1, with 1 referring to the highest ab-
sorption. The x-axis corresponds to the frequency. Different types
of sound absorption coefficient curves exist. One commonly ob-
served type is those with one (or more) absorption resonance
peak. This type of curve is characterized by high coeflicients near-
ing unity but with however a narrow bandwidth. Such properties
are usually found in perforated panels and structural metamate-
rial absorbers. Another type is those with a moderate intensity
of absorption, but with a flat or gradient curve across the en-
tire frequency range. This type is in turn commonly observed in
open-cell foams, fabrics, or any fibrous material. Combination
of different features of the sound absorbers may result in ab-
sorption curves of a hybrid morphology. Nonetheless, it is intu-
itive that the higher the curve, and the broader it is, the better
the material is at sound absorption. However, sound absorption
coefficient curves are highly dependent on the thickness of the
sample. In general, higher absorption is achieved with thicker
samples. However, when it comes to practical product design
aimed at maximizing performance efficiency, our goal is to min-
imize both the mass and volume as much as possible.

2.4. Acoustic Impedance

The specific acoustic impedance, Z, refers to the opposition of
the system, to the acoustic flow, that results from the acousti-
cal pressure being applied to it. Herein, the system refers to the
structure of the sound-absorbing material. This is analogous to
electrical impedance, which refers to opposition to the electrical
current that flows from the applied voltage. Similarly, Z is a com-
plex number consisting of the real part, which refers to the acous-
tic resistance, and the imaginary part, which refers to the mass
reactance. Physically speaking, the real part describes the extent
of energy loss in the system and the imaginary part determines

2305232 (4 0f29) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH

85U8017 SUOWWIOD BAIIEa.D 3(edl|dde auy Aq peusenob ke sapiie YO ‘8sn Jo Sa|ni Joj Akeiqi8UIIUO AB]IM UO (SUORIPUOD-PUR-SLLIBY WD A8 | 1M Afe.d 1 jBul [UO//SdNLf) SUORIPUOD Pue SIS 1 8Ly 88S " [7202/70/22] Uo Areiqiauliuo Ao|im ‘Aisieaun Ajod Buoyl BuoH Aq ze2S0£202 SAPe/Z00T 0T/I0p/W00" A3 1M Aelq 1 pul|uo//Sdily Wwo. pepeojumod ' ‘v202 ‘v8Es6Te


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

the frequency at which resonance occurs.?!l Z is closely related
to the reflection coefficient (R) via the following relationships:

_Z/Z,-1

k= Zz,+1 (2
1+R

z=2(11%) (13)

Z, refers to the acoustic impedance of air at standard condi-
tions, given by the multiplication of the speed of sound, c,, and
density, p,, of air at standard conditions. The relative acoustic
impedance, Z,, is then expressed as:

Z

zZ ==
r ZO

(14)

As will be detailed in the later sections, it is the effective Z,
of the sound-absorbing structures that we are trying to derive in
the analytical models. With Z,, we can then derive the absorp-
tion coefficient curve. The absorption coefficient, a, is calculated
through the real (Re) and imaginary (Im) components of Z, via:

4Re(Z,)
a = - (15)
[1+Re(Z)] +Im(Z,)

In particular, to achieve ideal absorption, we aim for
impedance matching. For maximum absorption to occur, e.g.
where « = 1, Re(Z,) should be ideally 1 while Im(Z,) should be
ideally 0. Impedance matching is attained in such a scenario.

3. Lattice Structures

Lattice structures are defined as periodic and repeating unit cells
consisting of 3D spatially architectured features. For its non-
rigorous definition, lattice structures can thus incorporate any
types of features and with virtually unlimited design possibilities.
Here, in terms of the physical appearance, we categorize lattice
structures into three primary classes: truss, triply periodic mini-
mal surface (TPMS), and plate, with a fourth category comprising
hybrid features of these structures.

3.1. Truss Lattices

Like their architectural counterparts, truss lattices consist of in-
terconnected struts joint at nodes (Figure 2A). The strut orien-
tation, the number of struts, and the number of nodes are the
main characteristics that define the truss lattice structure. The
simplicity of the design motifs in truss lattices allows for signifi-
cant design freedoms, resulting in virtually unlimited design pos-
sibilities. Some of the fundamental and highly studied designs
are associated with the mimicry of Bravais lattices, such as the
simple cubic (SC), body-centred cubic (BCC), and face-centred
cubic (FCC) crystal structures. Permutations of these crystals to
achieve specific physical properties also exist.*3-°] Truss lattices
based on other geometries also include those based on biological
structures,3628] polyhedrons, 34l and covalent bonds.[**l Other-
wise, truss lattices can also be generated through topological opti-
mization using a finite element software.[*1*2] Most of the times,
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struts are designed to be uniform. However, there are also truss
lattices with struts designed to be tapered struts or of heteroge-
neous cross sections for customized mechanical properties.3+3

3.2. TPMS Lattices

Triply periodic minimal surface (TPMS) lattices are structures
with geometry defined using TPMS surfaces (Figure 2B). TPMS
surfaces are 3D mathematical surfaces with non-intersecting
parts and zero mean curvature. They are first introduced by Her-
mann Schwarz in 1865, and then further developed by Alan
Schoen in 1970 where more TPMS surfaces were introduced.
Some of the most common TPMS lattices include the Gyroid,
Diamond, Primitive, I-WP, Neovius, and F-RD.[* Each type of
TPMS surface is essentially described by its own parametric
equation, for instance, the gyroid is based on: sin (x)cos (y) +
sin (y)cos (z) + sin (z)cos (x) = t, where t = 0. The most fun-
damental TPMS lattices are those based on the thickened math-
ematical surface, where they are also known as sheet TPMS. As
such, sheet TPMS are sometimes also known as shell lattices for
their smooth curvature. Since they are continuous, another form
of TPMS lattice is based on the inverse of the volume taken up by
the thickened sheet.*] This then constitutes skeletal TPMS. As
opposed to shells, skeletal TPMS lattices look more alike to truss
lattices that are composed of smooth struts. With aims of achiev-
ing enhanced direction strength or isotropy, variations of TPMS
lattices based on modified parametric equations exist. These in-
clude those with modified parameter t,**! and those with varying
wall thicknesses.*”]

3.3. Plate Lattices

Plate lattices are in turn a newer concept proposed in recent
years. Analogous to truss lattices, plate lattices consist of plates
arranged strategically (Figure 2C). For instance, Bravais lat-
tice based plates lattices consist of plates being positioned at
close-pack planes of the respective crystal structures.[* The first
plate lattice is proposed by Berger et al., where the authors
also revealed that a structure consisting of a combination of
SC+FCC plates is capable of reaching the Hashin-Shtrikman
upper bounds for isotropic elasticity.[*! However, plate lattices
based on Bravais lattices have a closed-cell morphology, ren-
dering them to be incapable of being manufactured by many
3D printing techniques. To address this challenge, researchers
have introduced “semi-plate” lattices, where the plates are im-
plemented with strategically positioned pores to facilitate the re-
moval of feedstock material that might otherwise become trapped
within closed cells.[*11#] Apart from these, researchers have also
proposed novel plate lattices with plate arrangements that form
open-cells.[5%51

3.4. Hybrid Structures
Struts, shells, and plates are the three most common types of fea-

tures observed in lattice structures. Nonetheless, various works
have reported modifications or hybrid combinations of these fea-
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Figure 2. An overview of the types of lattice structures. The fundamental features and examples of unit cells of A) truss, B) TPMS, C) plate, and D) hybrid
lattice structures. For the hybrid structures, references used are as follows. TPMS hybrids: Reproduced with permission.l>° Copyright 2019, Elsevier.
BCC with hollow prismatic struts: Reproduced with permission.[32] Copyright 2023, Elsevier. Truss in plate: Reproduced with permission.[®1] Copyright
2023, Wiley. Interpenetrating: Reproduced with permission.[®4] Copyright 2021, Elsevier. Tube and plate: Reproduced with permission.!'®! Copyright 2023,
American Chemical Society. Self-defined curvature: Reproduced with permission.[>¢] Copyright 2019, Elsevier. E) Illustrations of the other characteristics

of lattices, including the relative density, cell size, and repetition.

tures (Figure 2D), in search for novel lattices with unique proper-
ties. One popular class is a variant of truss lattices—tube lattices—
where the struts are made hollow instead of being solid. Lattices
of both cylindrical and prismatic tubes have been reported.[38523]
Other popular types also include shell lattices defined based on
other novel mathematical definitions and criteria, apart from the
TPMS criteria.[>*%] In terms of hybridization and combination,
combinations of shells and tubes,”) tubes and plates,*8 TPMS
and plates,®! TPMS and struts,[®®) struts and plates,!161.62] in.
terpenetrating lattices,[%3% exist. In addition to occurring at the
unit cell level, hybridization also occurs when arranging multiple
unit cells. For instance, the repeating lattice consists of unit cells
that are different from one another. These include the function-

Ady. Sci. 2024, 11, 2305232

ally graded,[® fractal 1 hierarchical,”**] and heterogeneous!®]

types of arrangements.

3.5. Classification of Lattice Structures

Despite the virtually unlimited possibilities with the design of
lattices, there are only two intrinsic factors sufficient in defining
a lattice structure. First, the lattice morphology, and second, the
relative density. The lattice morphology pertains to the distinctive
structures that lattices can adopt, and they have been elucidated
in Sections 3.1-3.4. The relative density then refers to the volume
fraction of the solid parts of the lattice structure with respect to
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the volume of its bounding box. In other words, lattices with a
higher relative density have thicker struts, shells, or cell walls,
etc (Figure 2E). The unit cell size then falls under as an extrinsic
factor, e.g. increased unit cell size only results in a proportional
scaling of all features in a lattice (Figure 2E). A final characteristic
is the cell repetition, which refers to any number of times a unit
cell, either the same one or a different one, is repeated across any
direction to form a repeating lattice (Figure 2E).

4. Fabrication of Lattice Structures

The intricate geometry required for lattice structures to achieve
effective sound absorption has limited their manufacturing to
primarily additive manufacturing (AM) techniques. Specifically,
AM processes that enable high levels of geometrical complexity,
including vat photopolymerization and powder-bed fusion based
techniques, as well as fused deposition modelling, have thus far
been adopted for this purpose.

4.1. Vat Photopolymerization

Vat-photopolymerization techniques involve the polymerization
of photosensitive resin. The most commonly used setup is a top-
down building approach, consisting of a building substrate, light
source, and a resin vat with an optically transparent film. The
main printing process involves i) the substrate being lowered into
the vat, ii) the light source patterning onto the resin layer sand-
wiched between the film and substrate, which thereby solidifies
the photosensitive resin, iii) the substrate pulling up from the
vat, and iv) the process repeating until the desired 3D solid is
formed. Two main types of vat-photopolymerization techniques
exist: digital light processing (DLP) and stereolithography (SLA).
These techniques function on the same basis with the only dif-
ference being the type of light source used. DLP uses a digitally
projected light while SLA uses a scanning laser. Despite the dif-
ferent types of light sources, light energies generally fall within
the UV-visible spectrum with 380-405 nm wavelength. Proper
selection of light energy and layer thickness, where they should
be matching, is critical to successful builds. Insufficient light en-
ergy density results in non-forming while excessive results in the
resin decomposition. Owing to the highly customizable chemi-
cal composition of the resin, printed solid polymer of a variety of
mechanical properties can be achieved.l”! Apart from pure poly-
mers, resin-derived ceramics and metals are also possible using
vat photopolymerization.!”!]

4.2. Powder-Bed Fusion

The powder-bed fusion (PBF) technique is a type of AM tech-
nique that involves the fusion of powders in a powder bed to
create solid objects. PBF involves three main components: the
building substrate, energy source, and powder feeding system.
The main printing process involves i) a layer of feedstock mate-
rial powder being laid onto the building platform, ii) an energy
source melts/sinters the powder into a solid entity, and the iii)
process repeats itself until the desired 3D structure is obtained.
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Main parameters in a PBF process include the energy source
power, scan speed, hatch distance, and layer thickness. Different
PBF techniques differ in their energy sources and fusion mech-
anisms. The three most common PBF techniques are selective
laser melting (SLM), electron beam melting (EBM), and selec-
tive laser sintering (SLS). Their differences lie mainly in their en-
ergy source and the materials suitable for fabrication. SLM uses
high-intensity lasers, EBM uses electrons, and SLS uses a low-
intensity laser. Metals, such as steel, titanium, nickel, aluminium
alloys, are printed through SLM and EBM!”? while thermoplas-
tics, such as polyamide, polystyrene, are better printed through
SLS.[] Optimal parameters for PBF processes need to be estab-
lished for individual materials such that parts can be printed near
net densities and with the required mechanical properties.

4.3. Fused Deposition Modelling

Fused deposition modelling (FDM) belongs to the class of
extrusion-based AM technique and is based on the principle of ex-
truding a material melt. FDM utilizes a filament as its feedstock.
The filament is then melted using a heating mechanism, typically
anozzle, and then deposited onto a substrate, just like how a pen
writes on a piece of paper. Common FDM filaments include pure
thermoplastics such as polylactic acid and acrylonitrile butadiene
styrene, and thermoplastics composites (with metal powder, car-
bon fibre, etc).”* Owing to its printing process, FDM has the
advantage of leaving no residual feedstock materials after print-
ing, which allows for the creation of structures with completely
closed cells.

5. Overview on the Sound Absorption of Lattice
Structures

Thus far, the sound absorption properties of almost all types of
lattice structures that were mentioned in Section 3 have been in-
vestigated. This includes fundamental truss structures like the
SC, BCC, FCC,>! plate lattices based on Bravais lattices,!!]
hybrid truss and plate lattices,['?! hybrid tube lattices,[’*] hy-
brid tube and plate lattices,[*>""] hybrid truss and smooth shell
lattices,[1#-20] TPMS structures,!?!) bioinspired structures,!?}l and
functionally graded trusses.[>>?% Also, a diverse range of cell
sizes and lattice thickness were investigated. In general, unit cell
sizes studied ranges from anywhere up to 10 mm. In turn, thick-
ness, depending on both the unit cell size and the number of
layers, ranges from around 20 up to 60 mm. For these geome-
tries, the frequency range of interest for lattice structures gener-
ally lies from around 1000 to 6000 Hz. Like conventional sound
absorbers, lattice structures exhibit different types of sound ab-
sorption coefficient curves based on their unique structural mor-
phology. Also, lattice structures have shown the capability to pro-
duce all the types of absorption curves that were depicted in
Section 2.3, and they compare favorably to commercial absorbers.
For instance, Figure 3A-D depicts the sound absorption curve of
lattices with distinctive resonant peaks, akin to perforated panels.
Figure 3E,F then shows absorption curves that are smooth and
gradual, more foam and fabric like. The primary reason for this
is attributed to their functioning based on the exact same princi-
ple as traditional materials. In other words, mechanism-guided
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Figure 3. An overview of the current research on lattice structures for sound absorption, including illustrations of their structure and typical sound
absorption curves. Lattices with absorption curves consisting of distinct resonance peaks. A) lllustrations of 3D printed metal FCC-based truss and
plate lattices and their sound absorption curves. Reproduced with permission.['"] Copyright 2021, Wiley. B) Illustration of an interpenetrating lattice,
and the sound absorption curves of the interpenetrating lattice and its constituents. Reproduced with permission.["! Copyright 2023, American Chem-
ical Society. C) lllustration of a bamboo-inspired lattice, and the sound absorption curves of the bamboo-inspired lattice and its solid truss and hollow
truss counterparts. Reproduced with permission.!"®] Copyright 2023, American Chemical Society. D) lllustrations of pore and cavity lattices and their
sound absorption curves. Reproduced with permission.['8] Copyright 2020, Elsevier. E) Illustration of a simple cubic lattice, and the sound absorption
curves of its low relative density and high relative density structures. Reproduced with permission.l'%l Copyright 2022, Whoice Publishing. F) Illus-
tration of primitive, gyroid, and diamond TPMS lattices and their sound absorption curves. Reproduced with permission.2'l Copyright 2020, Taylor
& Francis. G) Illustration of a hollow truss lattice, and the sound absorption curves of the hollow truss and its constituent phases. Reproduced with
permission.l 3] Copyright 2022, Wiley. H) Illustration and the sound absorption curves of a truss lattice and its sonic blackhole composites. Reproduced
with permission.[°] Copyright 2023, Elsevier. I Illustration of a parallel heterogeneous lattice structure and its sound absorption curve. Reproduced with
permission.!'2] Copyright 2021, Wiley. ]) lllustration of a functionally graded truss lattice, and the sound absorption curves of the functionally graded
truss and its uniform counterpart. Reproduced with permission.[?’] Copyright 2019, Elsevier.

structural optimization has also been adopted for the design of
these lattices. This thus constitutes heterogeneous lattices, ei-
ther in terms of mechanisms, or structures. Thus far, lattices
with dual sound dissipation mechanisms include hollow trusses
(Figure 3G) and sonic black hole lattices (Figure 3H). In terms of
structures, heterogeneous assembly of unit cells (Figure 3I) and

Ady. Sci. 2024, 11, 2305232

functionally graded structures (Figure 3]) have been worked on.
Improved sound absorption, either in terms of increased band-
width or the intensity of absorption, has been observed in these
heterogeneous lattices as compared to their constituents. Intro-
ducing heterogeneity is thus an effective way to improve sound
absorption while maintaining sample thickness.
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Figure 4. Schematic of the transfer matrix calculations for modelling the effective acoustic impedance for multi-feature sound absorbers under the rigid
backing condition. The A) case for multi-layered absorber in series and the B) case for absorbers with heterogeneous features in parallel.

Like any sound absorber, sound absorption is mainly depen-
dent on the geometry of the lattice. This implies that its acous-
tic impedance can be calculated using its geometry, which can,
in turn, be utilized to predict its sound absorption properties.
Therefore, Section 6 is dedicated to discussing the various analyt-
ical acoustics models that have thus far been used for modelling
sound absorption in lattice structures. Section 8 then gives a thor-
ough overview of the structure-mechanism-property relationship
on lattice structures for sound absorption. Apart from their good
sound absorption capabilities, lattice structures are also advan-
tageous to commercial absorbers as they can multi-function as
lightweight materials or energy absorbers. This is then illustrated
in Section 9.

6. Analytical Acoustics Models

6.1. The Transfer Matrix Method

6.1.1. Series

As mentioned, sound wave energy dissipation depends solely on

the shape of the air bound by the material of the cellular solid.
Where necessary, this shape (or also the shape of the cellular

Adv. Sci. 2024, 11,2305232

solid) can be regarded as alternating and periodic layers of dif-
ferent structures. One implication of this morphology is that the
overall acoustic impedance of the structure needs to be a sum-
mation of the acoustic impedance of each type of layer, along the
direction of the wave propagation. The transfer matrix method
(TMM) is a powerful tool capable of carrying out this operation.
Physically, the TMM methods links the acoustic pressure, P, and
the normal velocity, v, ;,,, on the inlet (x = 0) and the outlet (x = L)
of any sound-absorbing material of thickness L with a rigid solid-
backing, via the following relationship (Figure 4A):

Pin Puu
]l oo
XMl x =0 x =1L

Trefers to the 2 X 2 transfer matrix of the sound-absorbing ma-
terial. The expressions for each of its four terms is highly depen-
dent on the microstructure of the material and they take on dif-
ferent forms. This will be detailed in the later sub-sections. For a
single material of homogeneous microstructure (such as foams),
T refers to the transfer matrix of the material. Since lattice struc-
tures usually consist of multiple layers of acoustically distinct
microstructure, a transfer through all these layers is required to
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derive T instead. For a material of N layers, each of thickness of
L, where T; is the transfer matrix of a layer, T can be given as:

N T, T ]
T — T- — 11 12 17
il;ll ' [Tu Tzz ( )

The specific acoustic impedance, Z, of the material is calcu-
lated from the overall matrix, T, by:

Tll/TZl

7 =
Z0

(18)

6.1.2. Parallel

Apart from multilayered structures, the TMM can also be used
to model sound absorbers with parallel arranged heterogeneous
components. For instance, shown in Figure 4B, the components
are placed side-by-side now, as opposed to being stacked along
the direction of the sound wave. This method is first proposed
by Verdiere et al.[”>] For convenience in the mathematical expres-
sions, we first convert the transfer matrices of each individual
component (T;) into their admittance matrices, Y;:

vx,i _ Pi
il ] )

Y Y | T2 T —TnTin
Y, = =+ (20)
Yun Yin " 1 -Tn

With the admittance matrices of each component obtained, the
overall transfer matrix for the parallel case, T}, can be calculated
via the following transformation:

T, = -1 < Z 1Y -1 >
XY Z 1Y% Z 1Y = Z Y1, Z Y - Z 1Y

— |:Tp,ll Tp,12:| (21)

Tp,Zl Tp,ZZ

r, is the area fraction of the i component with respect to that of
the entire material.

6.2. Helmholtz Resonance
6.2.1. Multilayered Helmholtz Resonator Model

Thus far, most of the sound-absorbing lattice structures function
based on Helmbholtz resonance. Named after the German physi-
cist Hermann von Helmbholtz, a Helmholtz resonator is a bottle-
like enclosure, based on a narrow neck, followed immediately
by a notably large cavity. The Helmholtz resonator operates on
the principle of trapping and amplifying specific frequencies of
sound by utilizing a cavity and a neck. The cross sectional view of
a cuboid Helmholtz resonator is shown in Figure 5A. There are
three acoustical geometrical parameters of concern, namely the
surface area of the pore, A, thickness of the neck, t, and the vol-
ume of the cavity, V. Collectively, the resonant frequency of the
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Helmholtz resonator, f, can be calculated using these parame-
ters through the following relationship:

— CO A

At resonance, the air oscillates most vigorously at the neck of
the Helmholtz resonator. A highly concentrated thermal and vis-
cous dissipation thus takes place there. In 1998, Maa expanded
upon the concept of Helmholtz resonators by introducing the
concept of microperforated panels (MPP).”*] These panels, es-
sentially large cavities with multiple pores, can be considered
to be a specific type of Helmholtz resonator. Typically, MPPs
are constructed using multiple layers, forming a configuration
known as a multi-layered Helmholtz resonator (MLHR). The
schematic of an MPP is shown in Figure 5A. As seen, an MPP
consists of a rigid panel, with numerous pores, or holes, intro-
duced, and is being backed by an open cavity of air. Herein, the
geometrical parameters of concern include the pore diameter, d,
pore thickness, t, depth of the air-backed cavity, D, and the sur-
face porosity, 6. The surface porosity, also known as the perfo-
ration ratio, is the ratio of the surface area of a pore, to a unit
area of the panel. For an MPP with pore diameter d and a unit
panel of length L (Figure 5B), 6 = [z(d/2)%]/L* . Up to this step,
it is clear that the narrow pore and open-air cavity of an MPP is
reminiscent of the structure of a Helmholtz resonator. Indeed,
for a single-layered MPP, its resonant frequency is equivalent to
f, calculated using Equation (22).12*] However, MLHRSs are more
sought-after for practical applications due to their ability to intro-
duce a greater number of resonant peaks, resulting in a broader
absorption bandwidth.

Interestingly, many lattice structures take up the morphology
of an MLHR. This also implies that these lattice structures can
be sufficiently described using the geometrical parameters d, t, D,
and o, for elucidating their sound absorption properties. As noted
from Section 6.1, the overall acoustic impedance of a material can
be derived using TMM. For MLHRSs, there are two distinct sets
of transfer matrices and corresponding acoustic impedances —
one linked to the narrow pore and the other to the large cavity.
We first devise the acoustic impedance of the narrow pore. The
acoustic impedance through a narrow pore is given as:

, h(w5) )

kv=iJ, (kV=i)

Jo and J; represent the zeroth and first-order Bessel functions,
respectively. In the configuration of an MLHR, where there are
numerous pores, Z, needs to be normalized by the area ratio
taken up by the pores:

-1

Zp = iwpt| 1 -

Zp=— (24)

Avoiding the complex Bessel function calculations, one sim-
pler version of Equation (23) can be expressed as follows:”°]

32nt ks .wpt kﬁ o
Z,= 1+ —= —11 9+ — 25
PTde * 32 +i c + + 2 (25)
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Figure 5. On the Helmholtz resonance mechanism and MLHR-based lattice structures. A) The cross sectional view of a typical Helmholtz resonator and
key acoustical geometries influencing its resonant frequency. B) The morphology of a MLHR, or MPP, and illustrations of the key acoustical geometries
influencing its resonant frequency, and the transfer matrices. C) lllustrations of a cubic plate lattice with unit that resembles a Helmholtz resonator, and
how the discretization of its layers to be modelled as an MLHR. Reproduced with permission.['7] Copyright 2022, Taylor & Francis. D) lllustrations of the
Helmholtz acoustical geometries, from the cross sectional view, of a truss lattice. Reproduced with permission.['] Copyright 2022, Wiley. E) Illustrations
of the Helmholtz acoustical geometries of a plate lattice with pores. F) For a complex plate lattice, illustration of the i) Helmholtz acoustical geometries
of the unit cell, and ii) discretization of the lattice into two types of layers, revealing its representative equivalent circuit. Reproduced with permission.!']

Copyright 2021, Wiley.

k; = dv/pw/4n refers to the perforation constant. In Equa-
tion (25), the real part refers to the acoustic resistance and the
imaginary part refers to the mass reactance of the perforated sur-
face. When the pore diameter and thickness are smaller than the
wavelength of the propagating sound, the volume of resonating
air travels beyond the thickness of the pore. This additional air
mass needs to be accounted for. Further, for the complex pore and
cavity architecture in many MPPs and lattice structures, Equa-
tion (25) is insufficient to represent the actual sound wave dis-
sipation through the pore. Therefore, for most of the cases, end
corrections to both the real and imaginary parts are necessary.
The former accounts for the air friction formed at the surface of
the panel when the air propagates through the narrow pore while
the latter accounts for the oscillatory motion extended beyond the

Adv. Sci. 2024, 11,2305232

thickness of the pore. One common form of Equation (25), with
end correction terms, is expressed as:[127677]

32nt k2
ZP=%( 1+§+ZERS>

t 2 _%
PP hliCe <1+ <9+k—> +5§) (26)
o 2 t

As opposed to being scientifically derived, end corrections are
usually obtained empirically or semi-empirically based on exper-
imental data. The end correction for the air resistance includes
variables € and R, = 1/2np,w/2. € is mainly geometry dependent
on the pore shape, thickness, and surface finish quality, and it is
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usually derived empirically through experiments. Various e val-
ues have been proposed by researchers. ¢ has been proposed orig-
inally as 0.5 by Maa.[’®l Later on, Guo et al. suggested that € can
be either 2 and 4, for a rounded and sharp-edged pore finish,
respectively.”8] Bolton et al. instead proposed a frequency depen-
dent e through computational fluid dynamics.l’ The end correc-
tion term for mass reactance includes a variable § and the ratio
of the geometrical parameters d and t. Similarly, numerous ver-
sions of the mass reactance end correction have been reported.
In general, it is geometry and size dependent. Ingard suggested
that a universal correction term for any geometry can be given

as 0.96\/A/t, where A refers to the area of the pore.®! For the
special case of a circular pore, A then corresponds to z(d/2)? and
the end correction term simplifies to 0.85d/t, where § equals to
0.85. This end correction is widely used by researchers for stan-
dard MPPs. Additionally, Ingard also suggested that 6 should
decrease in value with increasing surface porosity. Apart from
these, other researchers also proposed o dependent & for square
pores.B!l Recent studies also suggest that both € and & can be
geometry dependent too, in which they should increase as the
cavity wall get increasingly close to the pore.[*82] All in all, the
end correction terms are highly dependent on the geometry of
the multi-layered Helmholtz resonator, case-by-case. Having the
acoustic impedance of the pore, Z,, derived, the transfer matrix
of the pore layer is then given as:(®]

T, = [(1) Zf’] 27)

The acoustic impedance of the cavity is then dependent on the
cavity depth, D, solely. Straightforward, the transfer matrix of the
cavity, T, is given as:[®]

cos (k,D)  iZ,sin (k,D)
Te=|1isin (k.D (28)
=i kD) kD)
0

For MPPs and lattices with cavities without significant ob-
structing features, such as struts, or cavities which take on a
unique geometry, D refers to the distance between the bottom
and top of successive pores. Otherwise, correction factors may
be required. Li et al.l'!l and Cheng et al.[”’! suggested that the
D for octahedral and spherical cavities should be based on the
length of a cube of an equivalent volume to the shape. Li et al.
also suggested that if a significant volume of struts exist in the
cavity, the reduction in the free space should be accounted for by
the reduction in D.[%4]

Therefore, for a unit MLHR consisting of a pore and cavity, the
overall matrix, Ty, is (Figure 5B):

Tr=T, - Te (29)

For N number of layers, Ty is simply (Figure 4A):
N
I = H T =Tp TerToy- Ty = Tpy - Ten (30)
i=1
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It is to note that for each layer, variables d, t, D and o can take
on different values. This then constitutes the concept of hetero-
geneously structured MLHRs.

6.2.2. Heterogeneous Case

Ahomogeneous Helmholtz resonator is only associated with lim-
ited resonance peaks (one or more depending on the harmonics)
related to its acoustical geometry. These peaks are narrow, and
these absorbers thus do not display broadband absorption behav-
iors. Instead, enhanced absorption bandwidth can be achieved
via introducing structural heterogeneity, either i) along (in se-
ries) or ii) normal (parallel) to the direction of the sound wave
propagation. In essence, the underlying principle is that reso-
nance peaks at different frequencies work in tandem and the
resulting absorption curve is a superposition of the individual
peaks. To achieve heterogeneity in series, designers can simply
assign different [d, t, D and o] acoustical geometries to each
layer. The overall transfer matrix through the layers (and there-
fore acoustic impedance) can be derived by subbing in the respec-
tive values into Equation (30). Different from the series case, the
overall acoustic impedance of heterogeneous cells assembled in
parallel is summed up through the parallel rule (analogous to the
mixture-of-composites rule):

z=—12_ (31)

4 A
Xz

A is the overall surface area of the heterogeneous cells, A; and
Z; are the surface area and the acoustic impedance of each indi-
vidual cell, respectively. To achieve this, different resonant cells
must be fully partitioned where no lateral sound wave propaga-
tion is possible. Alternatively, TMM summation in parallel, as
described in Section 6.1.2, can be considered. Improved band-
widths of absorption upon heterogeneous designs have been ob-
served for all cases in literature.[111217:23.24]

6.2.3. Examples

Various works suggested that lattice structures can be mod-
elled as MLHR, and these works have successfully adopted
the Equations (26)—(31) to predict the sound absorption coeffi-
cient curves. Thus far, truss lattices of sufficiently high relative
densities,1%1113] plate lattices with pores, 7] and hybrid lattice
structures, 122324 have been investigated. We next look at specific
examples on how the Helmholtz geometrical parameters are de-
rived from the different types of lattice structures.

Truss lattices of sufficiently high relative density (around 0.3 or
more) generally present a narrow-neck and wide-cavity morphol-
ogy. High relative density translates to thick struts. Thick struts
are necessary to account for a reduced narrow neck region at the
midpoints of nodes. Additionally, the large curvature of the thick
struts ensures a wide cavity immediately following. Examples in-
clude the FCC truss and its derivatives. We take a look at one
specific example using the fluorite crystal truss from the work of
Li et al."] A specific cut-plane of the fluorite truss, that reveals
the acoustical geometries, is shown in Figure 5C. As shown, a
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pore-like region of a defined pore size, d, and depth, t, forms due
to the presence of a gap between the two struts. Also, these struts
need to be sufficiently close and thick such that this pore forms.
For instance, trusses of low relative density does not constitute
a narrow neck and wide cavity morphology.’1% Following these
struts, the immediate emptiness then constitutes the cavity re-
gion of a defined size, D. It is obvious that such a truss architec-
ture is reminiscent of a multi-layered Helmholtz resonator.

Apart from trusses, plate lattices also constitute such a be-
havior. In fact, many plate lattices look physically similar to a
Helmbholtz resonator. We look at one FCC-plate structure shown
in Figure 5D. First brought up by Berger et al., the FCC plate
structure is made up of plates that represents the slip planes of
the FCC Bravais lattice.*] Since it is a closed cell structure, for
3D printing purposes, researchers introduce holes to it to remove
residual materials. As can be seen, an FCC-plate with holes look
exactly like a Helmholtz resonator (Figure 5D), where the holes
represent the neck, and the cell represent the cavity.'!l The d, t,
and effective D are marked out as shown in the same figure. An-
other example shown in Figure 5E is based on cubic plate enclo-
sures, with pores artificially introduced. Alternatively, we can also
regard these as Helmholtz resonators built using plates, which
hence coincidentally take on the form of plate lattice structures.
The previously given examples are thus far considered as simple
plate lattice structures. A more complex structure, where the in-
terconnectivity is not simply in a top-down manner, in turn re-
quires the further discretization of individual units and layers
and the combination of series and parallel additions would be
necessary.['184] For instance, the fluorite-plate structure is shown
in Figure 5F-i.!] Discretized, it can be seen that the type of cav-
ities are different across different layers (Figure 5F-ii). Addition-
ally, cavities are interconnected by the pores in parallel, apart
from that in series. Therefore, two different types of layers of cav-
ities at different layers need to be identified for the calculation of
the overall acoustic impedance. The overall acoustic impedance
then needs to be calculated through both series and parallel ad-
dition. Recently, there are also various hollow truss and plate lat-
tice structures specially designed with the Helmholtz resonance
mechanism in mind. Mimicking the biological features of a bam-
boo, Li et al. designed FCC-based hollow trusses reinforced with
plates, and with pores strategically added, to artificially introduce
Helmholtz resonance chambers.l>1¢ Volume bounded by the
FCC-arranged plates then constitute the cavity region. The work
also reveals that these specially introduced resonant mechanisms
enable a significantly more effective sound absorption than that
of the original truss structures.

Finally, there are also lattices specifically designed to mimic
the structure of MPPs. In general, these lattices are composed
of alternating layers of plates that are embedded with perfora-
tions and lattice features, resembling a layer-by-layer structure.
Li et al. proposed a new type of anisotropic lattice consisting of
alternating layers of plates and auxetic struts."?l The plate layer
consists of pores while the strut layer consists of struts that sup-
ports the plates together (Figure 6A). With a “simpler” acoustical
structure as compared to the previously mentioned lattice struc-
tures (for instance, in Figure 5C-F), parameters d, t and D are
easily observed or defined. Also, leveraging these increased de-
grees of freedoms in the design (as opposed to cubic lattices),
heterogeneous cells can be introduced easily. As mentioned in
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Section 6.2.2, heterogeneity improves the absorption bandwidth.
The authors hence adopted Equations (26)—(31) for the optimiza-
tion of the set of d, t, D that gives the highest effective bandwidth
(Figure 6A). With eight cells in one macro-cell, significantly im-
proved broadband absorption has been achieved, as compared
to uniform cells. The similar concept has also been adopted for
the design of lattices of lower working frequency range.** In
this work, the authors proposed a concept of “decoupled” de-
sign approach for acoustics and mechanical properties. Lever-
aging the mechanism of Helmholtz resonance, the sound ab-
sorption property is solely dependent on the plate (pores), while
the mechanical properties are solely dependent on the struts
in the cavity (Figure 6B). Shown in this work, and from previ-
ous works, features inside the cavity generally holds no signif-
icant influences to the absorption coefficient curve.[''1224] The
structure of a biological cuttlebone is characterized by wavy cell
walls bounded by plates in a layer-by-layer arrangement. In this
regard, Li et al. utilized this structure to develop a heteroge-
neously porous cuttlebone-inspired lattice absorber.[?*] Dissipa-
tive pores were incorporated into the plates, while partitions cre-
ated by the cell walls enable the design of heterogeneous features
(Figure 6C). The researchers conducted structural optimization
of this heterogeneous architecture to achieve high absorption co-
efficients across a broad range of frequencies. Also, optimization
on the sets of d and t were carried out to achieve the optimally
broadband absorption behavior.

6.3. Cavity Resonance
6.3.1. Effective Fluid Model

The cavity resonance constitutes the functioning principles of
many acoustic metamaterials.®>®] Recently, it has also been
employed to elucidate the mechanisms of lattice structures
with hollow cavities. Thus far, one type of lattice structure re-
ported to function based on this mechanism is the hollow truss
structure.! An example and a schematic of its principles are
shown in Figure 7A. In particular, geometrical parameters of in-
terest include the strut (inner hollow part) diameter, d, the unit
cell thickness, L, and a derived parameter known as the tortuosity,
x. x refers to the ratio of the actual length the sound wave travels

through the structure, L, to the material thickness, which is also
L:(88)

¥ =L/L (32)

Physically speaking, it gives a measure of “how difficult” the
sound wave propagates through the material. The key herein is
therefore on deriving L,. Many works have proposed the division
of the strut volume, by the strut cross sectional area, to obtain
L..[1381 This way, the volume arising from the strut thickness and
nodal regions are accounted for. With y obtained, the effective
fluid properties can be next derived. First, the flow resistivity is
calculated:®!

8
o, = —IX__ (33)

" p(ds2)
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Figure 6. Lattices based on MLHR with heterogeneous geometries. A) A schematic of the design of a heterogeneous lattice absorber, revealing a
single unit cell, a macro-cell consisting of an assembly of optimized geometries, and an illustration of the final heterogeneously structured lattice
design. Reproduced with permission.['?] Copyright 2021, Wiley. B) A schematic of the de-coupled design for a multifunctional lattice, involving the
separate design of the sound-absorbing units and the mechanical units. Reproduced with permission.!?# Copyright 2022, Royal Society of Chemistry.
Q) Illlustration of a cuttlebone-inspired lattice absorber and its heterogeneously structured individual cells. Reproduced with permission.[?3] Copyright
2023, Wiley.

¢ refers to the porosity, per representative unit area on the sur- G,, as a function of s, is given as:
face. Where necessary, for struts inclined at an angle, ¢ can be
normalized as ¢/cos 6, where 0 refers to the angle of inclination.

This accounts for the increased surface porosity from the angle. s I (s\/ —i) , I (s\/ —i)
The characteristic viscous length is then:l!l G ls) =—-V-i———/[1- — (36)
o JosVED) svV/=i Jolsv/=)
8w
s = ‘/ 0Pk (34)
o Jo and J; refer to the zeroth and first order Bessel func-
. . . ions, ively. The effecti 1k lus, K, is i
Following these, the effective density, p., can then be expressed 31;5-[90;;5 pectively. The effective bulk modulus, K, is in
2s:190.92] :
X0} 7Py
= 1+ —G,(s 35 K, = 37
r=m (14 ) AU P s &7
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Figure 7. On the cavity resonance and ABH mechanisms and their related lattice structures. A) The morphology of a cavity resonator and key acoustical
geometries influencing its resonant frequency. B) Schematic of the sound absorption mechanism of the hollow truss lattice, revealing i) a unit cell

and the two distinct air phases, ii) a unit column of the hollow interior, and iii) discretization of the two distinct paths. Reproduced with permission.

[13]

Copyright 2022, Wiley. C) The morphology of an SBH and key acoustical geometries influencing its resonant frequency. Reproduced with permission.[108]
Copyright 2022, American Institute of Physics. D) A schematic of the combination of a truss lattice, and an SBH, to form a new type of lattice structure
with dual sound dissipation mechanisms. Reproduced with permission.[°l Copyright 2023, Elsevier.

F, as a function of B?w, is given as:

0.d
2

F (BPw) =1/ |1+ Brwpg G, (Bs) (38)

B? refers to the Prandtl number as given by #/(p,v') and
v =K/(pyc,).- The acoustic impedance, Z,;,, and the effective
wavenumber, k,, through the hollow cavity is thus:

y ey

ZHO= Kepe (39)
P,

k = Ze 40

= oy (40)

Following these, the specific acoustic impedance of the hollow
cavity, Zy;, of the lattice structure is then given as:[*")

Z, = —i% cot (k,L,) (41)

Adv. Sci. 2024, 11,2305232

With Z,,, the absorption coefficients of the hollow structure
can then be calculated using Equations (14) and (15).

6.3.2. Examples

The work of Li et al. demonstrated that hollow truss lat-
tice structures can harness the cavity resonance dissipation
mechanism.[**) The structure of this hollow truss is shown in
Figure 7B-i. Can be seen, there are two air phases, fully parti-
tioned by the hollow shell, associated with the structure. There
are hence two underlying mechanisms—the MLHR and cavity res-
onances, for sound energy dissipation. Despite its complex archi-
tecture, the structure can nonetheless be discretized into small-
est units (Figure 7B-ii). The inner hollow truss part constitutes
the cavity resonance. As observed, two distinct complete tubular
paths, characterized by their angle of inclination, can be proposed
(Figure 7B-iii). Given the strut diameter, d,, and the struts’ vol-
ume, y and the derivatives of y can be derived. Calculations for
the overall impedance of the two paths can then be calculated us-
ing methods as of Equations (32)—(41). In turn, the multi-layered
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Helmholtz resonance part of the outer truss is calculated as of
methods described in Section 6.2.1. The overall impedance of the
hollow truss is then calculated through summation in parallel,
using Equation (31).

6.4. Effective Property Models

For lattice structures without obvious resonance mechanisms,
e.g., pore-and-cavity or cavity morphologies, or lattice structures
with pore sizes within the length scale of the viscous boundary
layer, their acoustic impedance can in turn be derived using em-
pirical/phenomenological methods through their effective prop-
erties. Popular mathematical models used for modelling include
the Delany-Bazley (DB) modell®®! and the Johnson-Champoux-
Allard (JCA) model.**%]

6.4.1. Delany-Bazley Model

The DB model is one of the first empirical models proposed for
determining the bulk acoustic properties of porous materials.[?]
Empirically-derived based on a large number of measurements
on fibrous materials with porosities close to 1, this model calcu-
lates the characteristic specific acoustic impedance, Z_, and wave
number, k_, of the material according to the following expres-
sions:

f —0.75 f -0.73
Z. =pyc |1+ 9.08(1036—> —j11.9<1036—> (42)

r r

-0.70 —0.59
k=2 [1+10.8<103G£> —j10.3<103£—) ] (43)

C0 r r

As can be seen, the key factor influencing Z_ and k_ is o,
the airflow resistivity of the material. Therefore, the acoustic
impedance of such porous materials is sufficiently described
solely by o,. The flow resistivity can either be experimentally
measured or numerically determined. To derive o, numerically
we first need to work out the tortuosity, y, and to consider the
cell size, d,, of a representative volume element (RVE). A general
method to derive tortuosity has been described in Section 6.3.1.
For such types of porous media, o, is related to y via the following
relationship:

36y (xr—1)
o = omx\x =1

r d)z dz (44)

The range of validity of the above model is usually taken to be
0.01 < £ < 1 and it works best when the porosity of the material

is close to 1.9%) Variations of the DB model exists, for instance,
alternative forms of Equations (42) and (43) as reported by Allard
and Champoux are as follows:[*’]

p —0.754 pof —0.732
Z. = p, C [1 + 0.057(—> - j0.087< ) ] (45)
O

Gr r
—0.700 —-0.595
k=2 [1+o.o978(”i> —j0.189<@> ] (46)
o o, o,
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6.4.2. Johnson-Champoux-Allard Model

As compared to the DB model, the JCA model is in turn a semi-
phenomenological model that includes the viscous and thermal
dissipative effects inside the porous media. Thus, this model
takes into consideration dissipation at the viscous and thermal
boundary layers, where the density () and bulk modulus (K) of
air are in turn now based on complex functions. Their initial ex-

pressions as proposed by Johnson et al. are as follows:[°1%8]

Po op [, Aalnpyw
= = 47

ﬁ =
- P
K — Y 0/¢ — (48)
. 8k A2 Cppo@
r=-1 [1 e T ]

The key geometrical parameters influencing the acoustical
properties in the JCA model also include o,, ¢, y, but addition-
ally, the viscous characteristic length (A) and thermal charac-
teristic length A’. A and A’ are related to the reticulation rate,
R,,, which is a measure of the area proportion of pores that are
open to airflow. Modifications and variations to the JCA model
for improved accuracies have also been proposed. For instance,
the complex bulk modulus K was modified by Lafarge et al.
in order to better account for the thermal effects at the low
frequency, thereby constituting the Johnson-Champoux-Allard-
Lafarge (JCAL) model.® Later on, the JCAL model was further
refined by Pride et al.['%! to account for pores with possible con-
strictions between them, constituting the Johnson-Champoux-
Allard-Pride-Lafarge model.

Here, the characteristic specific acoustic impedance (Z_) and
wavenumber (k) of a porous medium calculated using the JCA
model is:

z. =[5k (49)

(50)

The specific impedance through a porous medium of thick-
ness L, modelled using either effective parameter models, is then:

JjZ, cot (k.L)

Z, = 5

(51)

6.4.3. Examples

Thus far, the DB model has been used to model the absorption
coefficients of truss lattice structures of very high porosities (low
relative densities). As discussed in Section 6.2.3, truss lattices of
high relative densities are better modelled as MLHR. In the work
of Lai et al., the DB model has successfully been used to predict
the sound absorption coefficients of SC trusses below relative
densities of 0.3.1% Discretizing an RVE of the SC truss, y and
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d, of the lattice are both modelled after relationships proposed
by Fourie et al. on a similar type of structure.®l ¢, is then cal-
culated accordingly using Equation (44). Boulvert et al. in turn
adopted the JCAL model for the design of a functionally graded
lattice structure.[?) The authors demonstrated that the six pa-
rameters of the JCAL model can be derived through FEM us-
ing the RVE. After deriving the structural-property relationships,
the JCAL parameters were used to optimize the absorption band-
width through the implementation of graded layers. Nonetheless,
these effective property models are more often than not used
for modelling the properties of foams. Interestingly, upon dis-
cretized into RVEs, the microstructures of these foams are of-
ten proposed to be either cubic or tetrakaidecahedron truss unit
cells.[®#*101] These RVEs generally have cell sizes below 500 pm,
on the order of the length scale of the viscous boundary layer
thickness as governed by Equation (1). Therefore, foams can be
regarded as truss lattices of sub-millimeter unit cells. Important
DB or JCA model parameters are calculated through microstruc-
tural analysis of the RVEs. Thus, if the lattices are to be manu-
factured at this length scale, DB and JCA models would be more
effective than resonance-based models for modelling acoustics
properties.

6.5. Slow-Sound Effect
6.5.1. Sonic Black Hole Model

A recently discovered approach to sound absorption comes in the
form of the sonic black hole (SBH). SBH derives from their struc-
tural counterpart-the acoustic black hole (ABH). The term ABH,
initially introduced by Mironov,!'%] pertains to the investigation
of flexural wave propagation within a beam that gradually tapers
to zero thickness over a finite interval. This study revealed that as
the thickness diminishes, the velocity of flexural waves also de-
creases, causing the incoming wave to gradually decelerate and
preventing it from reaching the tip with a complete termination.
Comparatively, SBH is proposed as the counterpart of structural
ABH to absorb sound waves in air.1%] It typically consists of a
duct structure with decaying inner radii, where a set of rigid rings
are added to provide a smoothly varying impedance boundary.
The damping and viscous dissipation in such a structure is sig-
nificantly enhanced due to the slowing down of sound waves and
energy concentration.!'® Recently, acousticians have identified
that the source of acoustic energy attenuation is highly associ-
ated with resonance in both along the length of the structure as
well as within the lateral cavities.[1%-107]

Involving a circular duct with annular rings of decreasing in-
ner radius, the SBH represents a unique sound manipulation
concept where incoming sound waves are directed. Figure 7C
displays an illustration of the SBH duct alongside its signifi-
cant design parameters.[!%! Based on the pioneering work by
Mironov,[1%%] the governing equation of sound propagation in the
SBH structure is as follows:

’p 90

2Y
T non (InS(x)+p <k§ +jp0w—h (S)> =0 (52)

where p is the acoustic pressure, and h(x) and S(x) represent the
radius and cross sectional area of the duct at a position along the
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x-axis, respectively. The wall admittance, Y(x), as a function of
position x, is represented by the following for circular ducts:'%!

_ _ Jo R-K(
Y (X) - /’0‘75 2h(x) (53)

The inner radius of an SBH with a quadratic decaying profile,
as a function of x, can be represented as follows:

(54)

R is the radii of the circular duct at the entrance and L is the
length of the duct. The phase (c,,) and group (c,) velocities of
sound wave propagation proposed by Mironov are as follows:[1%]

w

(0]
Cphz E = —-—X (55)
NP
ciA/kL2 -1
6= -——— x (56)

g L2

It can then be seen that lim, - ¢, = 0and lim,_, ¢, = 0,
which implies that both the phase and group velocities tend
to zero near the termination. In this scenario, the incident
sound wave is prevented from reaching the termination and
instead, it is focused inside the duct without any reflection or
transmission.

For a more general case where the termination radius of the
duct r tends toward a finite value, the SBH profile takes the
form:

R—r

h (x) = T2

x4 (57)

Based on the works by Mi et al.,[1%] the phase and group ve-
locities of sound wave propagation are in turn represented as
follows:

o [(R—71)x* +rL?|

=7 = (58)
VERL — 4R~ )2
c2 [(R—r)x? +rL?] \/kgRZU —4(R—r)’x?
6 = (59)
wL*R?

In turn, the phase and group velocities decrease to a finite
value now, given that lim,_, c,, = + ¢, and lim,_, ¢, = © ¢,
If the R/r ratio is large, the decrease in sound speed within the
SBH results in increased travelling time of sound waves that en-
ter the structure, which thereby leads to enhanced sound absorp-
tion. Overall, the acoustical parameters that influence the sound
absorption capabilities of an SBH include the length of duct (L),
the SBH profile of the acoustic duct h(x), the diameter of the duct
at the entrance (R), the inner diameter of the duct at the termina-
tion (r), number of rings utilised to replicate the thickness profile,
thickness of each ring (t).
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Figure 8. Modelling sound absorption in lattice structures using FEA. A) An illustration of the actual impedance tube and the FEA model, with relevant
features annotated. Reproduced with permission.[°] Copyright 2023, Elsevier. B,C) show the correlation of the experimentally measured and FEA mod-
elled sound absorption coefficient curves. Reproduced with permission.!'#! Copyright 2023, American Chemical Society. Reproduced with permission.[24]
Copyright 2022, Royal Society of Chemistry. D,E) show the energy dissipation through the lattice structures, shown on selected cross sectional planes. Re-
produced with permission.['®] Copyright 2023, American Chemical Society. Reproduced with permission.['2] Copyright 2021, Wiley. F) lllustrations of the
energy dissipation in an MLHR and a modified MLHR, revealing the extended depth of dissipation in modified MLHRs. Reproduced with permission.[82]
Copyright 2023, Royal Society of Chemistry. G) Energy dissipation and the transient acoustic pressure observed through SBH lattices. Reproduced with

permission.l°l Copyright 2023, Elsevier.

6.5.2. Examples

A recent work demonstrated the potential of incorporating SBH
into lattice structures (Figure 7D). In the work of Chua etal. ! the
authors worked on novel lattice structures based on the combina-
tion of Bravais lattice mimicking lattice structures: SC, BCC, FCC
and fluorite crystals, and SBH plates. Measurements of the sound
absorption coefficients of the printed samples indicated that the
sound absorption coefficients of the SBH-incorporated lattices
are more than double that of the pure strut lattices, with the ad-
dition of more SBH plates increasing the overall absorption coef-
ficients. Simulations also revealed that the incorporation of SBH
plates also successfully incorporated the sound speed reduction
effects of the SBH alongside the sound absorption mechanism
of resonating cells inherent in truss lattice structures. The SBH
plates have the effects of focusing most of the sound power dis-
sipation within the SBH cavity while decreasing the sound speed
and frequency of the sound waves. By positioning the SBH plates
to coincide with the locations of the necks of the resonant cells in

Ady. Sci. 2024, 11, 2305232

the truss lattices, the energy dissipation density at the resonant
cells can be amplified.

7. Finite Element Analysis

Numerical simulation, in terms of finite element analysis (FEA),
has also been widely employed for the prediction of sound ab-
sorption performances in lattice structures. There are two main
purposes for FEA herein, first, to predict absorption, and sec-
ond, to observe locations with the highest sound energy losses.
Different from analytical analysis, in FEA, discretization of the
geometry is not needed. In turn, the entire model is implemented
for simulation. For modelling sound absorption in lattice struc-
tures, FEA methods adopt the physics of thermal and viscous
boundary losses. FEA is mainly carried out using COMSOL Mul-
tiphysics, using the acoustics modules.[*1214-162482] Typjically,
simulation is conducted by modeling the actual impedance tube
using the transfer function specified in accordance with ASTM
E1050-19 standards. An example is shown in Figure 8A.°] As
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opposed to the actual physical model, FEA is carried out instead
using the air phase with the appropriate boundary conditions
applied. For this example, and most of the cases, the Pressure
Acoustics and Thermoviscous Acoustics modules in COMSOL
Multiphysics have been applied to the impedance tube and sam-
ple, respectively. The purpose of the pressure acoustics module
is for the generation of incident sound waves and the collection
of pressure data points. To mimic the actual tube, which is made
of thick solid steel or polymer, boundaries are introduced such
that no outward travel of sound waves is possible. The lattice
structure is in turn modelled using Thermoviscous Acoustics
for detailed viscous and thermal boundary losses upon wave
interactions. The principle of loss in the thermoviscous acous-
tics module in COMSOL is based on the viscous and thermal
boundary layers under the assumption of isentropic acoustics
and a lossless system. Boundaries of the samples are in turn
modelled such that the airflow will have zero velocity relative
to the (hypothetical) walls of the sample. The transformation
and equations for the calculation of the sound absorption coeffi-
cients are then calculated in accordance with Equations (5)—(11),
starting with the calculation of sound pressures (P(x;) and P(x,))
at the specified integration points on the FEA model. The ab-
sorption coefficient curve is then obtained by calculations across
the entire range of frequencies. Dissipation information is then
extracted via the in-built physics of the Thermoviscous Acoustics
module.

Figure 8B,C depicts the correlation between experimental
data and the FEA modelled absorption curves, demonstrat-
ing the high-fidelity modeling capabilities using finite ele-
ment models.['*?* Figure 8D,E then reveals some of the FEA
modelled sound dissipation distribution in MLHR-based lattice
structures.['21%] In line with the Helmholtz resonance principle,
the highest dissipation is always observed at the pores, or necks,
or reduced regions of the lattice. In the work of Li et al., FEA
has been dedicated for the purpose of investigating the unprece-
dented enhancement in sound dissipation observed in MLHR of
modified geometries.[®? For example, FEA dissipation plots en-
able us to observe how thermal and viscous dissipations extend
and become enhanced when the pore of the MLHR is brought
into close proximity to its cavity wall (Figure 8F). Shown in
Figure 8G, FEA has also been purposed for illustrating the en-
ergy dissipation through SBH lattices, and plotting out the re-
spective transient acoustic pressure loss.[) Overall, FEA comple-
ments the modeling of absorption coefficient curves and provides
a comprehensive illustration of sound dissipation within the
structure.

8. Structure-Mechanism-Property Relationship

Given the current research progress on sound-absorbing lattice
structures, we have classified four primary sound absorption
mechanisms related to lattice structures. Considering the var-
ious types of lattice structures, we aim to propose a collective
structure-mechanism-property relationship based on lattice fea-
tures, mechanisms, and sound absorption properties. Herein, in
terms of acoustically active geometry, we classify the lattices into
three classes: (i) lattices with small pores and large cavities, (i) lat-
tice with uniform and continuous cavities, and (iii) lattices with
uniform pores and cavities.
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8.1. Lattice Classification According to Acoustics
8.1.1. Lattices with Small Pores and Large Cavities

These lattices form the bulk of the lattices that are acoustically ac-
tive. These lattices include dense trusses, plate lattices with pores,
lattices with elaborately designed pores and cavities. [llustrations
of their common structures are shown in Figure 9A. Although
drastically different appearance wise, one common feature they
share is that they all display a narrow pore and large cavity struc-
ture. Figure 9A thus also illustrates the identification of the pore
and wide cavity in these different structures. For dense trusses,
pores are observed at the intersection of struts while anything be-
low constitutes the large cavity. For plate lattices with pores, and
lattices with elaborately designed pores and cavities, this iden-
tification is rather straightforward. Sometimes, they are in turn
designed with this consideration in mind. For this morphology,
their sound absorption mechanism is attributed to Helmholtz
resonance and their absorption curves are characterized by res-
onance peaks with high maximum and narrow bandwidth. For
these structures, the surface porosity of the pore should be ide-
ally as low as possible, for instance, ratios are commonly less than
10%. Large ratios result in the deviation away from Helmholtz
resonance. The resonant frequency of absorption is in turn solely
dependent on the acoustical geometrical features and can be cal-
culated in accordance with Equations (25)—(30). This also implies
that any other features of the lattice, apart from its critical acous-
tical features, have no influences on its sound absorption proper-
ties. Of course, if the features were to interfere with the acousti-
cal features, such as the D spacing as described in Section 6.2.1,
slight modifications to the variable would be necessary in order
to obtain an accurate prediction.[''?*] Therefore, despite having
drastically different structures (Figure 9A), these lattices all dis-
play the similar type of sound absorption coefficient curves.

8.1.2. Lattices with Uniform and Continuous Cavities

Lattices that fall under this category include various types of sheet
TPMS structures and lattices based on the inverse of trusses.[!321]
As schematically illustrated in Figure 9B, these lattices are as-
sociated with highly uniform and continuous air cavities. For
instance, owing to their zero mean curvature design, the sheet
gyroid consist of continuous sheets of a constant separation
distance.?!l They thus do not display a narrow neck and wide cav-
ity morphology and hence are unable to display the Helmholtz
resonance behavior. Sound absorption in these lattices is based
on the viscous and thermal dissipations through structural res-
onance, very much similar to that of acoustic metamaterials.!®¢]
Being in a state of resonance, these lattices display absorption
peaks, like that of Helmholtz resonators (Figure 9B).

8.1.3. Lattices with Uniform Pores and Cavities

Finally, another class is lattices with only uniform pores and cavi-
ties. Such lattice structures usually consist of low relative density
trusses,[>1% woodpile trusses,!?! functionally graded truss.[®] As
schematically illustrated in Figure 9C, these lattices have com-
paratively much more uniform pores and cavities as compared
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to those mentioned in Section 8.1.1. For instance, low relative
density trusses do not display a reduced neck region owing to
their thin struts, and woodpile trusses do not have nodes that will
construct a reduced neck region. Similarly, these lattices do not
experience the intense dissipation during Helmholtz resonance,
and they can only harness viscous and thermal dissipation based
on the resistance to the airflow. Absorption properties of these
lattices can better be predicted using effective property models.
Their properties are essentially foam-like and they thus display
smooth and gradual absorption curves (Figure 9C).

Ady. Sci. 2024, 11, 2305232

8.2. Heterogeneous Features

The previous section provided an overview on the types of lattices
in terms of acoustics. Thus far, researchers have also focused on
developing heterogeneous lattice structures that combine various
acoustic mechanisms and hence physical features to achieve en-
hanced sound absorption performance, both in terms of absorp-
tion and bandwidth. Schematically illustrated in Figure 9D, the
most commonly studied heterogeneous lattice are those based
on heterogeneous cells in parallel,22324 functionally graded
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cells,[?>-28] and lattices with a combination of mechanisms.[>!3!

For the heterogeneous cells in parallel, majority take on the form
of a macro-cell comprising of Helmholtz resonators with differ-
ent resonant frequencies. In this case, numerous unique dissi-
pation media exist, and multiple resonance modes thus work
in tandem, resulting in an overall absorption curve superim-
posed from these constituents. Broadband absorption can thus
be effectively achieved in Helmholtz resonators this way. Simi-
lar to heterogeneous lattice in parallel, functionally graded lat-
tices harness the superposition of different absorption regions
arranged in series. These lattices are usually based on unit cells
with increasing, decreasing, or varying relative densities along
sound incidence. Thus far, lattices consisting of heterogeneous
mechanisms include hollow trusses and trusses with SBH. For
hollow trusses, heterogeneity is achieved here through subtrac-
tion, via removing the inner materials of the truss. Thus, two
dissipation media, one based on the truss exterior, and another
on the truss hollow interior, are obtained.[*] As revealed in the
study, a desirable combination of exterior and interior geom-
etry enables the optimal gain in absorption.!**] Also, truss lat-
tices with SBH incorporated have been investigated.l”! As demon-
strated in this study, absorption is dominated by the SBH, which
significantly enhanced the absorption properties of the lattice
structures.

8.3. Influence of Lattices Parameters

Lattices structures are characterized and defined by several fea-
tures. Intrinsic properties defining lattices include their (i) mor-
phology and (ii) relative density. Considering the same mate-
rial, the mechanical properties of lattices are solely dependent
on these two intrinsic properties. However, differing from me-
chanical properties, acoustical properties are also highly depen-
dent on the extrinsic factors, namely the (iii) cell size and (iv)
number of cells along the sound propagation direction. Factors
(i)—(iii) have a direct impact on the pore and cavity morphologies
that sound waves propagate through in the lattice structure, while
factor (iv) influences the overall depth of sound wave dissipation
in the medium. In this section, we aim to provide an overview
of the influence of these factors on the sound absorption coeffi-
cients of lattice structures, based on the current literature.

8.3.1. Morphology

The morphology, e.g. whether the lattice consists of struts, plates,
shells, or any other features, directly influences the lattice fea-
tures (e.g., pore size, strut size, cell wall separation, cavity size,
etc.) and hence the acoustical geometries. However, there is no
direct formula or rule that relates the lattice features to the sound
absorption coefficients of the lattice. Absorption coefficients need
to be calculated through the appropriate method as summarized
in Section 6. For Helmholtz resonators, the resonant frequen-
cies depend on the combination of the set of acoustical geome-
tries: d, t, D, and o, as opposed to any single metric. For in-
stance, the same resonance behavior can be achieved even for
sets of drastically different geometries.['>%3] At any frequency
(or range), optimal absorption takes place at a combination of
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specific geometries. Nonetheless, for Helmholtz and cavity res-
onators, one general rule is that the smaller the features, the
more likely the effective absorption frequencies to be higher. If
the lattice features are brought down to the length scale of the
viscous boundary layer,[1%) then thermoviscous dissipation takes
place via general flow resistance through a porous medium. For
such lattices, the smaller the pore size, the better the intensity of
sound absorption.['!] For both cavity resonators and flow resis-
tance media, in general, the higher the tortuosity, the higher the
absorption.[21:8]

8.3.2. Relative Density

For lattices, the higher the relative density, the smaller the pores
and cavities would be. This inadvertently influences the acous-
tical geometries. For Helmholtz resonance based structures, the
extent of influence might be different for different parameters.
For instance, the work of Li et al. reveals that for a truss lattice,
dimensions d, t, and D are each reduced at very different rates
when the relative densities increase.['*] This thus implies no reg-
ular trends to the sound absorption curves in such a scenario. For
cavity resonance or flow resistance based structures, a trend is
slightly clearer. In general, reduced pore sizes results in the fre-
quency range of effective absorption to increase.['*! In essence,
there is no direct relation between the relative density and ab-
sorption properties.

8.3.3. Cell Size

There is a direct relation between the acoustical geometries of the
lattice and its cell size. For the same lattice, the larger the unit cell,
the lower the working frequency range. There is no correlation to
the intensity of absorption, however.

8.3.4. Number of Cells in the Direction of Sound Wave Propagation

Although the number of cells along sound wave propagation does
not directly affect the sizes of the pores and cavities within the lat-
tice structure, it does have a direct impact on the total depth of
the dissipation medium. This thus highly influences the sound
absorption properties of the lattice structure. For both Helmholtz
and cavity resonators, the first resonance peak (multiple peaks for
multi-layered structures) generally shifts to the lower frequency
with increasing number of layers of cells.['!] This attributes to the
longer air cavities (from the increased number of cells) having a
better impedance match and hence stronger acoustical interac-
tions with waves that are periodically longer (lower frequency).
For Helmbholtz resonators, the number of peaks increases with
increasing number of cell layers.['!] However, there is no direct
relation between the number of layers and the intensity of ab-
sorption. Absorption maximum and bandwidth may or may not
broaden with more layers. For Helmholtz resonators, it has been
observed that with increasing number of layers, certain geome-
tries can lead to a decrease in resonance peaks, widening of the
bandwidth, and a flattened absorption curve.['!l For flow resis-
tance based structures, the intensity of absorption increases with
increasing thickness.
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permission.!"l Copyright 2021, Wiley. B) Sound absorbing lattice design also incorporating elastic isotropy structural optimization. Reproduced with
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9. Potential for Multifunctionality

Lattice structures are initially designated as lightweight materials
and energy absorbers for various applications in aerospace, auto-
motive, construction, and sports, etc. Intuitively, the reduction of
materials renders them to be lightweight. Then, being porous,
the unique geometric arrangement of lattices allows them to ab-
sorb energy in a controlled manner, reducing the mechanical
force experienced by the target of protection. Therefore, in ad-
dition to their sound absorption capabilities, these materials in-
herently serve the aforementioned purposes, making them mul-
tifunctional materials.

Several works have shown the potential of lattice structures for
both functions. Thus far, these lattices have been fabricated using
various materials, ranging from high strength metals to tough
polymers. Lattices fabricated using metals have shown the po-
tential as ultrastrong, temperature resistant lightweight materi-

Ady. Sci. 2024, 11, 2305232

als for use under harsh environments.['"1®17] For instance, plate
lattices made using steel has shown to display a high strength
up to 205 MPa at a low density of 2.4 g cm™ (Figure 10A).
It also displays unprecedented toughness with a specific en-
ergy absorption (SEA) of 50.3 ] g~!. Properties derive from both
the plate morphology and the strong and ductile base material
used. Therefore, these lattices can serve as alternatives to alu-
minium due to their similar properties, and in addition, they
can also function as sound and energy absorbers. Authors have
also demonstrated the potential of incorporating structural op-
timization to achieve elastic isotropy in sound-absorbing lat-
tices (Figure 10B).I"”] Such lattices thereby constitute lightweight
structures consistent in multiple directions. Using a tough poly-
mer, sound-absorbing lattices which are also deformation recov-
erable have been demonstrated.['>?*] For instance, one lattice
displays simultaneously high strain recovery (up to 30%) and
strength (0.37 MPa) as depicted in the cyclic compression tests
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(Figure 10C-i)."?] The heterogeneous Helmholtz resonance cell
assembly is responsible for the broadband sound absorption,
whereas the deformation recovery is attributed to both the inher-
ent toughness of the polymer and the intentionally-incorporated
auxetic struts (Figure 10C-ii). Such a sound absorber can be con-
sidered pseudo-reusable, as it exhibits minimal changes in sound
absorption after impact and recovery (Figure 10C-iii).

Sometimes, the deliberate introduction of sound dissipating
cells/features also promotes better mechanical robustness. For
instance, through the deliberate introduction of Helmholtz res-
onance compartments to FCC trusses, authors have developed
a new class of bamboo-inspired tube-plate hybrid lattice that ex-
hibit improved SEA (Figure 10D-i).[">1¢] The addition of plates
reveals both improved toughness and strength from its truss and
erogeneous cavity depths (D) to achieve broadband absorption in
a multi-cell lattice, another work revealed the potentials of en-
hanced deformation tolerance in such a structure as compared
to a layer-by-layered one.[?! This is akin to the biomimicry of
naturally occurring staggered biological structures. Hollow truss
lattices, with dual sound dissipation mechanisms, in turn dis-
play elongated stress plateaus as compared to their solid truss
counterparts.!'®) This attributes to the transition from the highly
stretching-dominated behavior of the solid truss to the bending-
dominated behavior of the hollow truss. Considering features,
truss lattices with SBH introduced also reveal enhanced SEA and
absorption efficiency, primarily owing to the SBH plates aiding
in mitigating abrupt fracture and stress valleys.[%!

10. Future Outlook

10.1. Recommendations for Design

The structural property relationships of various types of lattices
have been reviewed in Section 8. It is clear that effective sound
absorption properties (e.g, a > 0.7) are achieved only at optimal
sets of geometries. Therefore, as opposed to studying any con-
ventional lattice design, we recommend proper design and opti-
mization based on mechanisms. A brief guide is outlined in this
section. Thus far, the Helmholtz resonance mechanism has been
revealed to be among the most useful routes for sound absorp-
tion. This mechanism is most adopted in truss, plate, or layer-by-
layer plate lattices. The condition for Helmholtz resonance in-
cludes a narrow pore (neck) followed by a larger cavity. For this
morphology to be present, for trusses, the lattices need to be ei-
ther sufficiently dense (e.g., relative density of > 30%), or to be
sufficiently complex (e.g., high Maxwell’s number). In turn, plate
lattices achieve this morphology with simply pores introduced.
It is also important to design optimal geometries for cavity res-
onators. For cavity resonators, such as tubes or TPMS, it is to
note that the higher the tortuosity, the better the absorption.[?!]
Therefore, one should leverage structural complexity as a consid-
eration herein. If no resonance mechanisms are to be present,
structures can be designed or scaled to have pore sizes at the
length-scale of the viscous boundary layer. Lattices at this length-
scale display absorption coefficient curves reminiscent of foams,
which is gradual and smooth. While homogeneous lattices can
exhibit characteristic resonance peaks near maximum absorp-
tion, the introduction of heterogeneity is strongly recommended
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to achieve an ultra-wide bandwidth of absorption. This can be
achieved by either parallel or series arranged assembly of cells
with different structural features. Further, heterogeneity in mech-
anisms can be considered, e.g. as demonstrated, introducing cav-
ity resonance in hollow trusses,*! and introducing slow-sound
effect with SBHs.[*)

10.2. New Concepts

Sound-absorbing lattice structures have immense potential for
innovation and development. Thus far, research carried out for
sound-absorbing lattice structures is minuscule of all the possi-
ble potentials. In terms of new concepts, researchers can consider
the following factors, but not limited to: (i) structural design and
concept, (ii) materials selection, and (iii) functionalities. Some of
the advanced concepts adopted for the design of mechanically ro-
bust lattices can also be applied for the design of sound-absorbing
lattices. These include unit cell design such as bioinspiration,
inspiration based on naturally occurring matter (Figure 11A-i),
and macro-level design such as heterogeneous, fractal, hierar-
chical, and graded structures (Figure 11A-ii). Thus far, a bioin-
spired cuttlebone lattice with heterogeneous cells have displayed
the potential to achieve simultaneous broadband absorption and
mechanical robustness. Various works also demonstrated the po-
tential of graded lattices. Nonetheless, we foresee further poten-
tials considering the vast of collection of biological structures and
the untapped design concepts. Also, the exploration of new struc-
tural designs may lead to the discovery of improved or even en-
tirely new dissipation mechanisms, beyond those discussed in
Section 6. For instance, improved sound dissipation in MLHR
lattices can be achieved when the pores are positioned near the
cavity, demonstrating the potential for enhanced dissipation.®?]
This highlights the potentials to achieve unprecedented sound
dissipation properties in newly developed structures, and also on
the potentials to design new lattice structures based on leverag-
ing dissipation mechanisms (Figure 11A-iii). As the primary dis-
sipation in a Helmholtz resonator predominantly occurs at the
neck, Li et al. demonstrated that the sound absorption character-
istics of a MLHR can be independently designed by focusing on
the neck morphology, with relatively little consideration given to
the cavity.?*] This implies that the absorption properties and me-
chanical properties can be can be designed independently, open-
ing more ways for customizable properties.

As established throughout this review, sound absorption is ma-
terials independent as long as the solid material is sufficiently
rigid. This also forms the fundamental basis for the mechanisms
illustrated in Section 6. However, researchers could explore the
use of non-traditional solid materials, such as advanced materi-
als like graphene and its derivatives, as well as various types of
aerogels (Figure 11B-i), for the fabrication of lattice structures.
Till date, various graphene-derived materials and aerogels have
been successfully 3D printed or templated,['!%™1] implying the
potential of fabricating lattice structures using these materials.
In terms of sound absorption, these materials are composed
of microporous and rough surfaces that are expected to con-
tribute to enhanced viscous flow dissipation.[''?] Furthermore,
their ultra-lightweight features could lead to sound energy dis-
sipation through vibrational damping of sound waves. Indeed,
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bioinspiration, ii) non-uniform arrangements of unit cells, and iii) acoustics mechanism-guided design. Reproduced with permission.[?*] Copyright
2023, Wiley. Reproduced with permission.!?4] Copyright 2022, Royal Society of Chemistry. Reproduced with permission.[82] Copyright 2023, Royal Society
of Chemistry. B) New concepts in terms of material, including i) adopting advanced materials as the base material, ii) creating lattice and dissipative
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absorption, including electromagnetic, thermal, and material-dependent meta-properties. Reproduced with permission.[8] Copyright 2022, Royal Society
of Chemistry. Reproduced with permission.['"®] Copyright 2021, Elsevier.
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bulk aerogels have displayed tremendous potential for broad-
band sound absorption.l''*] Apart from this, composites of lat-
tice structures could also be considered. Porous media such as
foams and aerogels are highly dissipative. Researchers can also
work on the lattice composites consisting of dissipative air cham-
bers and porous media. This concept holds potentials for lat-
tices with distinct partitioned chambers. For instance, for the
hollow truss with dual air phases, one can be infilled with the
porous medium while the other can continue to function as an
air cavity resonator, or vice-versa, as schematically illustrated in
Figure 11B-ii. In addition, utilizing smart materials that undergo
shape changes in response to external stimuli can lead to the
development of smart or active sound absorbers. By engineer-
ing structural changes in the lattice, critical acoustical parame-
ters can be altered, resulting in different resonances or absorp-
tion intensities (Figure 11B-iii). The potential of using light,!114]
heat, 151 magnetic field,'!%! electric field,''”] and moisture!!®] to
achieve stimuli response in 3D printed components has been
demonstrated. For acoustics in particular, researchers shown
the potentials of magnetically-responsive lattices with tuneable
sound transmission bandgaps.[!°]

Apart from sound absorption, other multifunctional proper-
ties are also possible considering the adoption of relevant ma-
terials and structural designs. In addition to mechanical proper-
ties, lattice structures also display potential as electromagnetic
wave absorbers or thermal insulators owing to their intricate
porous architecture (Figure 11C).[7#119] Similarly, these proper-
ties are complementary in the intended application and the en-
vironment of use, rather than being incongruent. In terms of
electromagnetic wave absorption, such materials could have po-
tential applications in the telecommunications or defence indus-
tries, where the need for materials that can both absorb sound
and electromagnetic radiation is essential. Similarly, sound-
absorbing lattices that are thermal-insulating could prove valu-
able in aerospace and automobile applications, where the simul-
taneous generation of heat and sound energy is prevalent. Spe-
cific functionalities can also be achieved from materials selec-
tions. For instance, metals can be used when both strength and
thermal resistance are necessary, as in engine applications. In
contrast, elastomeric materials can be employed when human
contact is required, such as for cushions or interior linings. In
short, there is still much potential for further research and de-
velopment in sound-absorbing lattice structures. By exploring
new design concepts, selecting new materials, and incorporating
other functionalities, researchers could unlock further potentials
in sound-absorbing lattices and pave the way for new applications
in a variety of industries.

10.3. Potential Applications

As stated in Section 9, lattice structures display the potential to
multifunction as mechanical metamaterials, apart from being a
sound absorber. In general, the application of lattice structures
with dual capabilities of sound absorption and customizable me-
chanical properties, such as energy absorption, high strength-to-
weight, are diverse and impactful across various industries, of-
fering improved safety, energy efficiency, and comfort in a wide
range of scenarios. Their adaptability to different materials and
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3D printing technologies further extends their potential. Most
importantly, as opposed to being incongruent, sound absorption
is usually required for all these situations where energy absorp-
tion is needed, and vice versa. Some of the potential applications
where these lattice structures can be implemented includes the
automotive and aerospace industries. In the automotive indus-
try, lattice structures made of soft materials could be integrated
into the interior of vehicles and seats (Figure 11C). First, they
serve as effective sound absorbers for noise control. Then, in the
event of a collision or sudden deceleration, they would be able to
absorb and dissipate kinetic energy, reducing the risk of injury
to occupants. This not only enhances passenger safety, but also
contributes to effective material usage. Lattices made of strong
and rigid metals can in turn be used as critical structural com-
ponents, especially those that lines critical engine components
(Figure 11C). Sound energy can induce vibrations and resonance
in components, which can subsequently generate heat due to en-
ergy dissipation. By incorporating sound-absorbing lattices close
to engine components, it is possible to dampen these vibrations
and minimize the undesirable effects of excess heat and opera-
tional instability. Similarly, aircraft cabins can also benefit from
these metamaterials to improve passenger comfort and safety.
Under normal use, they serve as effective materials for noise con-
trol within the cabin. Also, they can be used in seat cushions
and interior linings to absorb impact energy during turbulence
or hard landings.

11. Conclusion

The emergence of additive manufacturing has bestowed the ca-
pability to fabricate intricate structures, thereby creating excit-
ing opportunities for the development of sound absorbers. In
this comprehensive review, we have highlighted the potential
of lattice structures as cutting-edge and promising materials for
sound absorption. This is primarily attributed to their exceptional
design flexibility, enabling customizable pore morphology and
interconnectivity, which greatly enhances their acoustic perfor-
mance. Thus far, the sound absorption properties of most of
the types of lattice structures have been studied. Notably, lattice
structures have demonstrated favorable performance compared
to commercial absorbers, as they operate on the same absorption
principles while offering the additional advantage of customiz-
able properties through structural design.

We have reviewed the various sound absorption mechanisms
observed in lattice structures. These include the Helmholtz reso-
nance, cavity resonance, effective property, and slow-sound effect
models. Additionally, we have examined the FEA methods used
for modelling sound absorption curves and studying dissipation
in lattice structures. Following these, we have thus brought for-
ward a novel classification for lattice structures in terms of their
acoustically active geometry and mechanisms. In terms of acous-
tical mechanisms, at the unit cell level, lattice structures can be
classified into three primary types, those with i) small pores and
large cavities, ii) uniform and continuous cavity, and iii) uniform
pores and cavities. For lattices with small pores and large cavi-
ties, sound dissipation takes place via Helmholtz resonance, akin
to Helmholtz resonators. In turn, cavity or structural resonance
takes place for lattices of only uniform and continuous cavity.
Owing to the resonance mechanisms, sound absorption curves
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of these structures are based on characteristic resonance peaks.
For lattices with uniform pores and cavities, sound absorption
curves are in turn of a more smooth and gradual nature. Beyond
the unit cell, heterogeneous combinations of cells, such as i) het-
erogeneous assembly in parallel, ii) functionally graded, and iii)
combination of different mechanisms, are also possible. In these
cases, the sound absorption curve is usually a superposition of
its constituents which thereby translates to improved absorption
bandwidth. Despite their complexity, lattice structures can typi-
cally be accurately modelled in terms of sound absorption curves
using appropriate acoustical impedance models that focus on a
few critical acoustical geometries. In terms of acoustics, lattice
structures are characterized and defined by four features, namely
their i) morphology, ii) relative density, cell size, and iv) number
of cells along the sound propagation direction. These factors have
a direct impact on the acoustical geometries that sound waves
propagate through and the overall depth of sound wave dissipa-
tion in the medium. Notwithstanding, the relation between these
features and absorption behavior is usually complex.

The current research on sound-absorbing lattices represents
only a fraction of all the possibilities. Despite this, it paves the
way for further exploration. Several new concepts and advance-
ments include leveraging structural design and concept, mate-
rials selection, and additional functionalities. For instance, the
design principles utilized for mechanical design can be adapted
for sound-absorbing lattice structures. These principles encom-
pass unit cell design inspired by various concepts, as well as
macro-level designs involving heterogeneous, fractal, hierarchi-
cal, and graded structures. As demonstrated in this review, sound
absorption is independent on the material used to fabricate the
lattice. Researchers can also explore the selection of materials that
Dbest cater to specific multifunctional applications. For instance,
lattices can be fabricated using advanced materials, such as
carbon-derivatives, aerogels, or composites, to potentially achieve
enhanced sound dissipation. The use of stimuli-responsive ma-
terials also enables smart and active absorbers. By incorporating
novel materials, alongside their meta-mechanical properties, a
broader range of applications, such as electromagnetics or ther-
mal dynamics, can also be introduced to lattice structures.

Acknowledgements

This work was supported by the NUS Start-up Project (Project No. A-
0009062-01-00).

Conflict of Interest

The authors declare no conflict of interest.

Keywords

acoustics modelling, lattice structure, sound absorption, structural-
property relationship, 3D printing

Received: July 29, 2023
Revised: October 2, 2023
Published online: November 23, 2023

Ady. Sci. 2024, 11, 2305232

www.advancedscience.com

[1] M. Yang, P. Sheng, Annu. Rev. Mater. Res. 2017, 47, 83.

[2] X.Zhang, Y. Wang, B. Ding, X. Li, Small 2020, 16, 1902842.

[3] R.Su,).Chen, X. Zhang, W. Wang, Y. Li, R. He, D. Fang, Small 2023,
19,2206391.

[4] T. Tancogne-Dejean, M. Diamantopoulou, M. B. Gorji, C. Bonatti,
D. Mohr, Adv. Mater. 2018, 30, 1803334.

[5] S.-Y.Jeon, B. Shen, N. A. Traugutt, Z. Zhu, L. Fang, C. M. Yakacki, T.
D. Nguyen, S. H. Kang, Adv. Mater. 2022, 34, 2200272.

[6] Z. Zhang, B. Song, Y. Yao, L. Zhang, X. Wang, ). Fan, Y. Shi, Adv.
Mater. Technol. 2022, 7, 2200076.

[7] L. An, Z.Guo, Z. Li, Y. Fu, Y. Hu, Y. Huang, F. Yao, C. Zhou, S. Ren,
Nat. Commun. 2022, 13, 4309.

[8] S.Zhou, G. Zhang, Z. Nie, H. Liu, H. Yu, Y. Liu, K. Bi, W. Geng, H.
Duan, X. Chou, Mater. Chem. Front. 2022, 6, 1736.

9] J. W. Chua, X. Li, X. Yu, W. Zhai, Compos. Struct. 2023, 304,

116434,

[10] Z.Lai, M. Zhao, C. H. Lim, . W. Chua, Mater. Sci. Addit. Manuf. 2022,
1, 22.

[11] X.Li, X. Yu, J. W. Chua, H. P. Lee, ). Ding, W. Zhai, Small 2021, 17,
2100336.

[12] X.Li, X. Yu, W. Zhai, Adv. Mater. 2021, 33, 2104552.

[13] X.Li, X. Yu, W. Zhai, Small 2022, 18, 2204145.

[14] Z. Li, X. Li, X. Wang, Z. Wang, W. Zhai, ACS Appl. Mater. Interfaces
2023, 15, 24868.

[15] Z. Li, X. Li, J. W. Chua, C. H. Lim, X. Yu, Z. Wang, W. Zhai, Virtual
Phys. Prototyping 2023, 18, 2166851.

[16] Z. Li, X. Wang, X. Li, Z. Wang, W. Zhai, ACS Appl. Mater. Interfaces
2023, 15, 9940.

[17] Z.Li, W. Zhai, X. Li, X. Yu, Z. Guo, Z. Wang, Virtual Phys. Prototyping
2022, 17, 864.

[18] T. G. Zieliriski, K. C. Opiela, P. Pawtowski, N. Dauchez, T. Boutin, ).
Kennedy, D. Trimble, H. Rice, B. Van Damme, G. Hannema, Addit.
Manuf. 2020, 36, 101564.

[19] K. C. Opiela, T. G. Zielinski, Composites, Part B 2020, 187,
107833.

[20] T. G. Zielinski, N. Dauchez, T. Boutin, M. Leturia, A. Wilkinson,
F. Chevillotte, F.-X. Bécot, R. Venegas, Appl. Acoust. 2022, 197,
108941.

[21] W. Yang, ). An, C. K. Chua, K. Zhou, Virtual Phys. Prototyping 2020,
15, 242.

[22] M. Zhao, Z. Li, J. W. Chua, C. H. Lim, X. Li, Int. J. Miner., Metall.
Mater. 2023, 30, 1973.

[23] X.Li,X.Yu, M. Zhao, Z. Li, Z. Wang, W. Zhai, Adv. Funct. Mater. 2022,
33,2210160.

[24] Z.Li, X. Li, Z. Wang, W. Zhai, Mater. Horiz. 2022, 10, 75.

[25] ). Boulvert, T. Cavalieri, ). Costa-Baptista, L. Schwan, V. Romero-
Garcia, G. Gabard, E. R. Fotsing, A. Ross, ). Mardjono, J.-P. Groby,
J. Appl. Phys. 2019, 126, 175101.

[26] ). Boulvert, ). Costa-Baptista, T. Cavalieri, M. Perna, E. R. Fotsing, V.
Romero-Garcia, G. Gabard, A. Ross, J. Mardjono, J.-P. Groby, Appl.
Acoust. 2020, 164, 107244.

[27] X. H. Zhang, Z. G. Qu, D. Tian, Y. Fang, Appl. Acoust. 2019, 157,
22.

[28] X. H. Zhang, Z. G. Qu, X. C. He, D. L. Lu, AIP Adv. 2016, 6,
105205.

[29] D.A. Bies, C. H. Hansen, C. Q. Howard, Engineering Noise Control,
CRC Press, Boca Raton, FL 2017.

[30] G. Searby, M. Habiballah, A. Nicole, E. Laroche, J. Propul. Power
2008, 24, 516.

[31] T. Cox, P. d’Antonio, Acoustic Absorbers and Diffusers: Theory, Design
and Application, 3rd ed., CRC press, Boca Raton, FL 2016.

[32] Y. Tang, S. Ren, H. Meng, F. Xin, L. Huang, T. Chen, C. Zhang, T. .
Lu, Sci. Rep. 2017, 7, 43340.

[33] T. Tancogne-Dejean, D. Mohr, Int. J. Solids Struct. 2018, 138, 24.

2305232 (26 Of29) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH

85U8017 SUOWWIOD BAIIEa.D 3(edl|dde auy Aq peusenob ke sapiie YO ‘8sn Jo Sa|ni Joj Akeiqi8UIIUO AB]IM UO (SUORIPUOD-PUR-SLLIBY WD A8 | 1M Afe.d 1 jBul [UO//SdNLf) SUORIPUOD Pue SIS 1 8Ly 88S " [7202/70/22] Uo Areiqiauliuo Ao|im ‘Aisieaun Ajod Buoyl BuoH Aq ze2S0£202 SAPe/Z00T 0T/I0p/W00" A3 1M Aelq 1 pul|uo//Sdily Wwo. pepeojumod ' ‘v202 ‘v8Es6Te


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

(34]

(35]
(36]

(37)

(38]
(39]

(40]
(41]

(42]
[43]
(44]
[45]
[46]
[47]
(48]
[49]

[30]
(31

(2]
(53]
[54]
(53]
[56]
[57]
(58]
[39]
(60]

(61]
(62]

(63]
(64]
(65]
(66]
(67]
(68]

(69]
[70]

(71

[72]

Adv. Sci. 2024, 11,2305232

X. Li, Y. H. Tan, H. ). Willy, P. Wang, W. Lu, M. Cagirici, C. Y. A. Ong,
T. S. Herng, ). Wei, J. Ding, Mater. Des. 2019, 178, 107881.

). Feng, B. Liu, Z. Lin, J. Fu, Mater. Des. 2021, 203, 109595.
Z.Zhang, L. Zhang, B.o Song, Y. Yao, Y. Shi, Appl. Mater. Today 2022,
26, 101268.

M. C. Fernandes, |. Aizenberg, |. C. Weaver, K. Bertoldi, Nat. Mater.
2021, 20, 237.

M. Zhao, X. Li, D. Z. Zhang, W. Zhai, Addit. Manuf. 2023, 64, 103438.
X. Cao, S. Duan, J. Liang, W. Wen, D. Fang, Int. J. Mech. Sci. 2018,
145, 53.

T. Zhong, K. He, H. Li, L. Yang, Mater. Des. 2019, 181, 108076.
Z.Xiao, Y. Yang, R. Xiao, Y. Bai, C. Song, D. Wang, Mater. Des. 2018,
143, 27.

C. Yang, P. Xu, S. Xie, S. Yao, Scr. Mater. 2020, 178, 339.

T. Tancogne-Dejean, D. Mohr, Int. J. Mech. Sci. 2018, 141, 101.

L. Han, S. Che, Adv. Mater. 2018, 30, 1705708.

O. Al-Ketan, R. Rowshan, R. K. A. Al-Rub, Addit. Manuf. 2018, 19,
167.

X. Guo, J. Ding, X. Li, S. Qu, X. Song, J. Y. H. Fuh, W. F. Lu, W. Zhai,
Int. J. Mech. Sci. 2022, 216, 106977.

L. Zhang, Q. Ma, J. Ding, S. Qu, J. Fu, M. W. Fu, X. Song, M. Y. Wang,
Addit. Manuf. 2022, 59, 103185.

J. B. Berger, H. N. G. Wadley, R. M. Mcmeeking, Nature 2017, 543,
533.

T. Li, F. Jarrar, R. Abu Al-Rub, W. Cantwell, Int. J. Solids Struct. 2021,
230, 111153,

S. Duan, W. Wen, D. Fang, Acta Mater. 2020, 199, 397.

J. N. Heidenreich, M. B. Gorji, T. Tancogne-Dejean, D. Mohr, Mater.
Des. 2021, 212, 110218.

M. Zhao, X. Li, D. Z. Zhang, W. Zhai, Int. J. Mech. Sci. 2022, 238,
107842.

T. Tancogne-Dejean, D. Mohr, Extreme Mech. Lett. 2018, 22, 13.

B. Deng, G. ). Cheng, Mater. Horiz. 2021, 8, 987.

C. Soyarslan, V. Bliimer, S. Bargmann, Acta Mater. 2019, 177, 280.
C. Bonatti, D. Mohr, Acta Mater. 2019, 164, 301.

C. Bonatti, D. Mohr, Int. J. Plast. 2017, 92, 122.

X. Li, M. Zhao, X. Yu, J. W Chua, Y. Yang, K. M. Lim, W. Zhai, Mater.
Des. 2023, 234, 112354.

Z. Chen, Y. M. Xie, X. Wu, Z. Wang, Q. Li, S. Zhou, Mater. Des. 2019,
183, 108109.

H. Kolken, S. Callens, M. Leeflang, M. Mirzaali, A. Zadpoor, Addit.
Manuf. 2022, 52, 102684.

Y. Wang, F. Xu, H. Gao, X. Li, Small 2023, 19, 2206024.

T. Yu, X. Li, M. Zhao, X. Guo, J. Ding, S. Qu, T. W. J. Kwok, T. Li, X.
Song, B. W. Chua, Mater. Today Commun. 2023, 35, 106344.

M. Zhao, X. Li, D. Z. Zhang, W. Zhai, Int. J. Mech. Sci. 2023, 244,
108092.

B. C. White, A. Garland, R. Alberdi, B. L. Boyce, Addit. Manuf. 2021,
38, 101741.

D. S. ). Al-Saedi, S. H. Masood, M. Faizan-Ur-Rab, A. Alomarah, P.
Ponnusamy, Mater. Des. 2018, 144, 32.

L. R. Meza, A. . Zelhofer, N. Clarke, A. . Mateos, D. M. Kochmann,
J. R. Greer, Proc. Natl. Acad. Sci. USA 2015, 112, 11502.

X. Wang, Z. Li, X. Li, K. Wei, Z. Wang, Mater. Des. 2023, 233,
112186.

X. Guo, X. Li, E. Wang, J. Y. Fuh, W. F. Lu, W. Zhai, Addit. Manuf.
2023, 76, 103792.

M.-S. Pham, C. Liu, |. Todd, J. Lertthanasarn, Nature 2019, 565, 305.
A. Andreu, P.-C. Su, J.-H. Kim, C. S. Ng, S. Kim, I. Kim, J. Lee, J. Noh,
A. S. Subramanian, Y.-J. Yoon, Addit. Manuf. 2021, 44, 102024.

X. Wu, ). Teng, X. Ji, C. Xu, D. Ma, S. Sui, Z. Zhang, Addit. Manuf.
2023, 65, 103441.

W. E. King, A. T. Anderson, R. M. Ferencz, N. E. Hodge, C. Kamath,
S. A. Khairallah, A. M. Rubenchik, Appl. Phys. Rev. 2015, 2, 041304.

(73]
[74]
[75]

[76]
[77]

(78]

[79]
(8]
(81]
(82]
(83]

(84]
(85]

(86]
(87]

(88]
(89]
(9]

[o1]
(92]
[93]
(94]
[95]
[9€]
[57]
(98]
[99]

[100]
[101]
[102]
[103]
[104]
[105]

[106]
[107]

[108]
[109]
[110]
[111]

[112]
[113]

www.advancedscience.com

C. A. Chatham, T. E. Long, C. B. Williams, Prog. Polym. Sci. 2019, 93,
68.

M. Lalegani Dezaki, M. K. A. Mohd Ariffin, S. Hatami, Rapid Proto-
typing J. 2021, 27, 562.

K. Verdiére, R. Panneton, S. Elkoun, T. Dupont, P. Leclaire, J. Acoust.
Soc. Am. 2013, 134, 4648.

D.-Y. Maa, J. Acoust. Soc. Am. 1998, 104, 2861.

L.-W. Cheng, C.-W. Cheng, K.-C. Chung, T.-Y. Kam, Appl. Phys. A2017,
123, 37.

Y. Guo, S. Allam, M. Abom, presented at 37th International Congress
and Exhibition on Noise Control Engineering, Shanghai, China, Octo-
ber 2008.

J. S. Bolton, N. Kim, Acoust. Aust 2010, 38, 134.

U. Ingard, J. Acoust. Soc. Am. 1953, 25, 1037.

T. Okuzono, T. Nitta, K. Sakagami, Acoust. Sci. Technol. 2019, 40, 221.
X. Li, X. Yu, ). W. Chua, W. Zhai, Mater. Horiz. 2023, 10, 2892.

N. Jiménez, |. Groby, V. Romero-Garcia, Ch. the Transfer Matrix
Method in Acoustics, Springer International Publishing, Cham 2021,
p. 103.

D.-W. Wang, Z.-H. Wen, C. Glorieux, L. Ma, Mater. Des. 2020, 186,
108344.

C. R. Liu, J. H. Wu, K. Lu, Z. T. Zhao, Z. Huang, Appl. Acoust. 2019,
148, 1.

C. Zhang, X. Hu, Phys. Rev. Appl. 2016, 6, 064025.

C. Liu, ). Shi, W. Zhao, X. Zhou, C. Ma, R. Peng, M. Wang, Z. H.
Hang, X. Liu, . Christensen, N. X. Fang, Y. Lai, Phys. Rev. Lett. 2021,
127, 084301.

J. G. Fourie, . P. Du Plessis, Chem. Eng. Sci. 2002, 57, 2781.

X. Yu, Z. Lu, W. Zhai, Acta Mater. 2021, 206, 116666.

J. Allard, N. Atalla, Propagation of sound in porous media: modelling
sound absorbing materials 2e, 2nd ed., John Wiley & Sons, Hoboken
NJ 2009.

Y. Champoux, . F. Allard, J. Appl. Phys. 1991, 70, 1975.

M. R. Stinson, J. Acoust. Soc. Am. 1991, 89, 550.

M. E. Delany, E. N. Bazley, Appl. Acoust. 1970, 3, 105.

N. Kino, Appl. Acoust. 2015, 96, 153.

L. Cao, Q. Fu, Y. Si, B. Ding, ]. Yu, Compos. Commun. 2018, 10, 25.
A. . Otaru, Met. Mater. Int. 2020, 26, 915.

J.-F. Allard, Y. Champoux, J. Acoust. Soc. Am. 1992, 97, 3346.

D. L. Johnson, . Koplik, R. Dashen, J. Fluid Mech. 2006, 176, 379.
D. Lafarge, P. Lemarinier, . F. Allard, V. Tarnow, J. Acoust. Soc. Am.
1997, 102, 1995.

S. R. Pride, F. D. Morgan, A. F. Gangi, Phys. Rev. B Condens. Matter
1993, 47, 4964.

W. Zhai, X. Yu, X. Song, L. Y. L. Ang, F. Cui, H. P. Lee, T. Li, Mater.
Des. 2018, 137, 108.

M. Mironov, Sov. Phys. Acoust. 1988, 34, 318.

M. A. Mironov, V. V. Pislyakov, Acoust. Phys. 2002, 48, 347.

X. Wang, |. Wang, Y. Chen, OES China Ocean Acoustics 2021, 219.
A. Mousavi, M. Berggren, E. Wadbro, J. Acoust. Soc. Am. 2022, 151,
4279.

M. Cervenka, M. Bednartik, Wave Motion 2022, 114, 103039.

O. Umnova, D. Brooke, P. Leclaire, T. Dupont, J. Sound Vib. 2023,
543,117377.

Y. Mi, W. Zhai, L. Cheng, C. Xi, X. Yu, Appl. Phys. Lett. 2021, 118,
114101.

X. Cai, ). Yang, G. Hu, T. Lu, J. Acoust. Soc. Am. 2018, 144, EL138.
W. Zou, Z. Wang, Z. Qian, . Xu, N. Zhao, Adv. Sci. 2022, 9, 2204906.
G.-X. Zhou, Y.-G. Yu, Z.-H. Yang, D.-C. Jia, P. Poulin, Y. Zhou, ).
Zhong, ACS Nano 2022, 16, 3664.

X. Olny, C. Boutin, J. Acoust. Soc. Am. 2003, 114, 73.

C. Jia, L. Li, Y. Liu, B. Fang, H. Ding, J. Song, Y. Liu, K. Xiang, S. Lin,
Z. Li, W. Si, B. Li, X. Sheng, D. Wang, X. Wei, H. Wu, Nat. Commun.
2020, 71, 3732.

2305232 (27 0f29) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH

85U8017 SUOWWIOD BAIIEa.D 3(edl|dde auy Aq peusenob ke sapiie YO ‘8sn Jo Sa|ni Joj Akeiqi8UIIUO AB]IM UO (SUORIPUOD-PUR-SLLIBY WD A8 | 1M Afe.d 1 jBul [UO//SdNLf) SUORIPUOD Pue SIS 1 8Ly 88S " [7202/70/22] Uo Areiqiauliuo Ao|im ‘Aisieaun Ajod Buoyl BuoH Aq ze2S0£202 SAPe/Z00T 0T/I0p/W00" A3 1M Aelq 1 pul|uo//Sdily Wwo. pepeojumod ' ‘v202 ‘v8Es6Te


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

[114] D.E.Hagaman, S. Leist, J. Zhou, H.-F. i, ACS Appl. Mater. Interfaces
2018, 170, 27308.

[115] J. Mueller, ). A. Lewis, K. Bertoldi, Adv. Funct. Mater. 2022, 32,
2105128.

[116] K.Yu, N.X.Fang, G. Huang, Q. Wang, Adv. Mater. 2018, 30, 1706348.

of Sound and Vibration.

Adv. Sci. 2024, 11, 2305232

www.advancedscience.com

[117] K. Thetpraphi, W. Kanlayakan, S. Chaipo, G. Moretto, J. Kuhn, D.
Audigier, M. Q. Le, P-). Cottinet, L. Petit, |.-F. Capsal, Addit. Manuf.
2021, 47, 102199.

[118] F. Puza, K. Lienkamp, Adv. Funct. Mater. 2022, 32, 2205345.

[119] J.-H. You, K. Park, Addit. Manuf. 2021, 41, 101947.

Xinwei Li is an assistant professor in the Faculty of Science, Agriculture, & Engineering, at Newcastle
University. He obtained his B.Eng. and Ph.D. degrees from the Department of Materials Science & En-
gineering at the National University of Singapore in 2016 and 2020, respectively. His research interests
encompass the design, finite element analysis, mechanism and physics investigations of novel 3D
printed lattice structures, composites, and metamaterials, with a specific focus on their applications
in structural mechanics and acoustics.

Xiang Yu is an assistant professor in the Department of Mechanical Engineering, at The Hong Kong
Polytechnic University. He obtained his B.Eng. with first class honors and Ph.D. from the same Depart-
mentin 2011and 2015, respectively. His research primarily focuses on the development of theories,
numerical methods, advanced materials and metamaterials related to the field of acoustics and vibra-
tions. He has published over 50 papers in SCl journals, and serves as an assistant editor for the Journal

Zhonggang Wang is a full professor at the Central South University. He was selected as the Highly
Cited Chinese Researcher. He leads a research group on impact dynamics, multi-physics coupling and
control, novel composites, hierarchical materials, advanced functional materials, etc.

2305232 (28 0f29) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH

85U8017 SUOWWIOD BAIIEa.D 3(edl|dde auy Aq peusenob ke sapiie YO ‘8sn Jo Sa|ni Joj Akeiqi8UIIUO AB]IM UO (SUORIPUOD-PUR-SLLIBY WD A8 | 1M Afe.d 1 jBul [UO//SdNLf) SUORIPUOD Pue SIS 1 8Ly 88S " [7202/70/22] Uo Areiqiauliuo Ao|im ‘Aisieaun Ajod Buoyl BuoH Aq ze2S0£202 SAPe/Z00T 0T/I0p/W00" A3 1M Aelq 1 pul|uo//Sdily Wwo. pepeojumod ' ‘v202 ‘v8Es6Te


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED ADVANCER

SCIENCE NEWS
www.advancedsciencenews.com www.advancedscience.com
-

- Wei Zhai received her B.Eng. degree from the University of Science and Technology Beijingin 2011

- f; and her Ph.D. degree from the University of Cambridge in 2015. She worked as a research scientist
N atthe Singapore Institute of Manufacturing Technology, A*STAR, from 2015 to 2019. At present, she
is an assistant professor in the Department of Mechanical Engineering at the National University of

" Singapore (NUS). Her current research interests focus on developing multiscale manufacturing tech-
nologies, such as additive manufacturing and freeze casting, for multifunctional materials, including

‘ lattice structures, hydrogels, and composites.

Adv. Sci. 2024, 11,2305232 2305232 (29 0f29) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH

85U8017 SUOWWIOD BAIIEa.D 3(edl|dde auy Aq peusenob ke sapiie YO ‘8sn Jo Sa|ni Joj Akeiqi8UIIUO AB]IM UO (SUORIPUOD-PUR-SLLIBY WD A8 | 1M Afe.d 1 jBul [UO//SdNLf) SUORIPUOD Pue SIS 1 8Ly 88S " [7202/70/22] Uo Areiqiauliuo Ao|im ‘Aisieaun Ajod Buoyl BuoH Aq ze2S0£202 SAPe/Z00T 0T/I0p/W00" A3 1M Aelq 1 pul|uo//Sdily Wwo. pepeojumod ' ‘v202 ‘v8Es6Te


http://www.advancedsciencenews.com
http://www.advancedscience.com

	3D-Printed Lattice Structures for Sound Absorption: Current Progress, Mechanisms and Models, Structural-Property Relationships, and Future Outlook
	1. Introduction
	2. Principles of Sound Absorption
	2.1. What is Sound Absorption?
	2.2. Impedance Tube
	2.3. Sound Absorption Coefficient Curve
	2.4. Acoustic Impedance

	3. Lattice Structures
	3.1. Truss Lattices
	3.2. TPMS Lattices
	3.3. Plate Lattices
	3.4. Hybrid Structures
	3.5. Classification of Lattice Structures

	4. Fabrication of Lattice Structures
	4.1. Vat Photopolymerization
	4.2. Powder-Bed Fusion
	4.3. Fused Deposition Modelling

	5. Overview on the Sound Absorption of Lattice Structures
	6. Analytical Acoustics Models
	6.1. The Transfer Matrix Method
	6.1.1. Series
	6.1.2. Parallel

	6.2. Helmholtz Resonance
	6.2.1. Multilayered Helmholtz Resonator Model
	6.2.2. Heterogeneous Case
	6.2.3. Examples

	6.3. Cavity Resonance
	6.3.1. Effective Fluid Model
	6.3.2. Examples

	6.4. Effective Property Models
	6.4.1. Delany-Bazley Model
	6.4.2. Johnson-Champoux-Allard Model
	6.4.3. Examples

	6.5. Slow-Sound Effect
	6.5.1. Sonic Black Hole Model
	6.5.2. Examples


	7. Finite Element Analysis
	8. Structure-Mechanism-Property Relationship
	8.1. Lattice Classification According to Acoustics
	8.1.1. Lattices with Small Pores and Large Cavities
	8.1.2. Lattices with Uniform and Continuous Cavities
	8.1.3. Lattices with Uniform Pores and Cavities

	8.2. Heterogeneous Features
	8.3. Influence of Lattices Parameters
	8.3.1. Morphology
	8.3.2. Relative Density
	8.3.3. Cell Size
	8.3.4. Number of Cells in the Direction of Sound Wave Propagation


	9. Potential for Multifunctionality
	10. Future Outlook
	10.1. Recommendations for Design
	10.2. New Concepts
	10.3. Potential Applications

	11. Conclusion
	Acknowledgements
	Conflict of Interest
	Keywords


