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Being a lightweight material with high design freedoms, there are increasing research
interests in microlattice metamaterials as sound absorbers. However, thus far, microlattices
are limited to one sound dissipation mechanism, and this inhibits their broadband absorption
capabilities. Herein, as opposed to improving performances via the addition of features, we
introduce a new dissipation mechanism subtractively by hollowing out the struts of the
microlattice. We then present a conceptually novel class of hollow-truss metamaterial (HTM)
that is capable of harnessing dual concurrent dissipation mechanisms from its complex truss
interconnectivity and its hollow interior. Experimental sound absorption measurements reveal
superior and/or customizable absorption properties in the HTMs as compared to their
constitutive solid-trusses. An optimal HTM displays a high average broadband coefficient of
0.72 at a low thickness of 24 mm. Numerically derived, we propose a new dissipation
theorem based on the superimposed acoustic impedance of the critically coupled resistance
and reactance of the outer-solid and inner-hollow phases, across different frequency bands, in
the HTM. Complementary mechanical property studies also reveal improved compressive

toughness in the HTMs. This work demonstrates the potential of hollow-trusses, where they
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gain a new dissipation mechanism through the subtraction of the material and display

excellent acoustic properties.

1. Introduction

The advent of additive manufacturing brings about a new paradigm for materials design —
that being based on structures, as opposed to the materials’ chemistry. A new class of
materials, microlattices, manifests from this. Owing to their high degrees of design freedoms
for customizable feature-pore morphology and interconnectivity, microlattices are becoming
the state-of-the-art materials for various applications such as high-strength lightweight
materials,!'*! energy absorbers,**! electrodes,'®! programmable materials,[’-8 and artificial
bioimplants,' etc. Recently, microlattices have also profound research interests for
applications as sound absorbers.

The potential advantages of microlattice sound absorbers over traditional materials

10-11 12-13

(foams, fabrics, and perforated panels)!'%!!l and acoustic metamaterials!'>!3 include them

being structurally rigid, robust, customizable, and with the potential for multifunctionality.l'¥
However, as compared, the sound absorption performance of microlattices is still limited by
either a narrow bandwidth, low absorption coefficients, or both. Thus far, the mechanisms of
absorption of microlattices lie with either flow resistance or resonance, depending highly on
the architecture and the spatial arrangement of features and their sizes. Representative sound-
absorbing microlattice designs, along with a schematic of their absorption mechanisms, are
illustrated in Figure 1A. The presence of a narrow neck, followed by a large cavity, leads to a
Helmholtz resonance behaviour whilst structures with a nearly uniform porosity tend toward
a flow resistance behaviour. For highly-interconnected truss structures consisting of narrow

[15

and wide pores,!'>) the sound absorption properties are accurately fitted using Maa’s theorem

[16

for multi-layered perforated resonators.['®! Apart from this, there are also structures, designed
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to have small pores that precede a large hollow cavity, to specifically achieve such a

resonance effect.['> 1719

I Reminiscent of resonators, the sound absorption coefficient curves
of these structures are characterized by the presence of normally-distributed local maximums.
In turn, structures that lack distinctly different pore sizes tend to display absorption
characteristics closer to foams with an absorption curve monotonically increasing with
frequency.?®! These structures include “simpler” truss arrangements, such as the woodpile
structure,?!23 structures with a low strut-to-cell size ratio,'** and structures highly-open in
nature, for instance, the triply periodic minimal surface structures.!*! Sound absorption
coefficients for woodpile microlattices are found to be accurately fitted using flow resistance
models such as the Johnson-Champoux-Allard-Lafarge model.l*!??! Generally, for structures
based on flow resistance, unless the pore sizes are designed to be on a similar length scale as
the thickness of the viscous boundary layer,?*! absorption coefficients tend to be hard to
achieve unity. Studies have also shown that for the same structure, increasing pore sizes
results in the absorption curve deviating away from distinct resonance peaks, saturating to be
foam-like.[?®! Built on top of the current mechanisms, efforts have been placed to broaden the
absorption bandwidth by arranging different cells laterally to achieve a heterogeneous
absorber,!'”> 2" or by adding cells through-thickness to achieve a functionally-graded

21-22] However, these methods result in an increased unit absorbing surface, or

absorber.!
depth, to achieve the improved performance, and this results in drastically increased
microlattice unit sizes. As such, the current sound absorption mechanism of a microlattice is
limited to either one of the abovementioned, and a bottleneck is hence faced in attaining
better properties. It is apparent that new mechanisms need to be introduced.

Traditionally, to achieve additional functions or enhanced performance, components

are often additively added (such as the prior-mentioned heterogeneous, functionally-graded

design) to a material. However, additive manufacturing allows the selective reduction of
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materials which in turn introduces and/or enhances functionalities.['* Leveraging this, herein,
we introduce an additional sound dissipation mode to truss microlattices by further
introducing porosity — in the form of hollowing their struts. Effectively, an additional
dissipation mode that is based on the resonance of the geometry, normally observed in
acoustic resonators,!?33% is harnessed and added through the hollow strut interiors. We then
present a novel class of hollow-truss metamaterial (HTM) (Figure 1B). Experimental sound
absorption measurements of digital light processing (DLP) fabricated HTM samples and the
numerical analyses of mechanisms reveal superior and/or customizable sound absorption
properties with a high dependency on their outer-solid and inner-hollow strut diameters.
Numerically derived, a new dissipation mechanism, based on the superimposed path of the
critically coupled resistance and mass reactance of the two phases across the frequency
bands, is then brought forward. It also serves as a design guideline for HTMs. For an HTM
with a set of compatible strut diameters, the average absorption coefficient measures to be
0.72, a drastic increase from its constituents with values of 0.47 and 0.38. The effective
bandwidth is also improved, where 90.4% of its absorption coefficients are above a high
value of 0.6, as compared to 10.9% and 17.9% of its constituents. Apart from that,
complementary studies on compressive properties also reveal superior specific energy
absorption improvements in the HTMs. Remarkably, these are achieved via a 68% reduction
in mass. These fully substantiate a concept of “less is more”, where additional/improved

functionalities are gained with the reduction of materials and weight (Figure 1C).
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Figure 1: An overall schematic of the design of our hollow-truss metamaterial. (A)
Representative illustrations, of the typical sound-absorbing microlattices and their associated
mechanisms which are reported in the literature. Their references are labelled in the same
figure. References 15 and 17 are reproduced with permission from Wiley. References 18 and
24 are reproduced with permission from Elsevier. References 21 and 28 are reproduced with
permission from the American Institute of Physics. Reference 25 is reproduced with
permission from Taylor & Francis. References 29 and 30 are reproduced with permission

from Springer Nature. (B) A schematic of the design process of the HTM, from the
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subtraction of an inner truss to the resultant hollow truss. The figure also shows the additional
geometrical resonance on top of the Helmholtz resonance of the solid truss structure. (C) An
illustration of an additively manufactured HTM, revealing both improved sound and energy

absorption, fully substantiating the concept of “less is more” herein.

2. Results and discussion

2.1 Sound absorption performances

Our starting design is based on a truss arrangement that mimics the fluorite crystal structure.
Details of this structure can be found in Figure S1, Supporting Information. As shown in
Figure 1B, the truss microlattice consists of struts edge-joined at the lattice points of the
fluorite crystal. The HTM is then achieved by making the microlattice internally hollow by
subtracting the same truss structure of a lower strut diameter (Figure 1B). Therefore, tubular
trusses are obtained as opposed to solid ones. Sound absorption takes place via the dissipation
of sound waves through viscothermal losses when they travel through pores or cavities. The
magnitude of the loss is directly related to the dimension and geometry of the constituting
components, i.e., the solid and hollow strut sizes. Herein, we term the pure solid fluorite truss
as the outer-solid truss (OST) and the hollow interior cavity to be the inner-hollow truss
(IHT). We have fixed the cubic cell length to be 8 mm; therefore, key parameters only
include the OST and IHT strut diameters as schematically illustrated in Figure 2A. For
instance, the IHT diameter specifies the width of the hollow channel whilst that of the OST
determines the size of the structural pores and cavities. A constituent parameter, the wall
thickness, is in turn related to the subtraction of the IHT from the OST (Figure 2A). To
illustrate the contributions of the IHT and OST phases and their trends across a range of strut
diameters, the sound absorption properties of the constituent phases are first investigated.

Nomenclature is based on their respective acronym, suffixed with their strut diameters in
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millimeters. The OST and IHT strut diameters are varied in steps of 0.2 mm, in the range of 1
— 1.6 mm and 0.6 — 1.2 mm, respectively. Their sound absorption coefficient curves,
measured using the impedance tube technique, are shown in Figure 2A. Resonance peaks in
the OST absorption curves are observed to left-shift with respect to frequency with increasing
strut diameter and the highest peak is observed for OST-1.4. For OST-1.6, sufficient left-shift
has taken place and double peaks are observed. In turn, absorption curves for IHT right-shifts
with increasing diameter.

Figure 2B shows a chart that depicts the geometries and studies carried out for the
HTMs. The OST and IHT strut diameters of the HTMs are labelled on their respective rows
and columns whilst their corresponding percentage reduction in mass from the introduction of
the IHT, with respect to the OST, is illustrated in the heat map. For a broad overview of the
influence of the HTM geometry on sound absorption properties, herein, we present three
types of studies: (i) simultaneously increased OST and IHT diameters whilst keeping a
constant wall thickness, (ii) constant IHT with varied OST and wall thickness, and (iii1)
constant OST with varied IHT and wall thickness. The simultaneously increased OST and
IHT diameters allow us to understand the collective influence of the IHT and OST porosities.
In turn, a constant OST(IHT) allows us to examine the influence of varying IHT(OST) sizes
on the HTM absorption properties. For the constant OST(IHT), additionally, we also
investigate different OST(IHT) sizes to understand their extent of influence.

Figure 2C shows the series of sound absorption curves of HTMs with a systematic
increment of both the OST and IHT diameters under a constant wall thickness of 0.2 mm.
The HTM nomenclature is based on OST/IHT diameters suffixed. For comparison, the
absorption curves of their constituents are plotted in the same figure. The most obvious is that
the average absorption coefficients generally increase with increasing OST and IHT

diameters. Another implication is that the overall absorption curve is a non-trivial
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combination of the constituent curves and is highly dependent on the pore sizes. The curves
for HTM-1/0.6 and HTM-1.2/0.8 are observed to closely follow that of their constituent OST
whilst that for HTM-1.4/1 is based on a “midpoint” of its constituents. Nonetheless, HTM-
1.6/1.2 reveals the most effective superposition where the HTM curve shows to be generally
much higher than both the OST and IHT throughout.

Figure 2D shows the trends for a constant OST. At a fixed OST-1.6, both the addition
and an increasing IHT from 0.8 to 1.2 reveal significant increases in the sound absorption
coefficients along with a slight right peak shift. The peak shift is consistent with the IHT
trend observed in Figure 2B. In turn, no notable differences in the absorption properties are
observed for the HTMs consisting of OST-1.2. In fact, the HTM curves follow that of the
OST-1.2 closely. This is in contrast to the large variations observed with an OST of 1.6.
Figure 2E shows the cases for a constant IHT. For both IHT-0.8 and 1.2, observations show
that the IHT curves are dissimilar to either of their HTM curves. In other words, the
introduction of OST has drastically changed the absorption behaviour and there seems to be a
lack of contribution by the IHT. This is in contrast to the cases observed in Figure 2D for the
OST studies, where the addition of IHT influences the HTM properties whilst still on top of
the OST basis. These examples show that the extent of contribution by either phase is highly
dependent on the physical geometries of both.

Overall, HTM-1.6/1.2 has the highest improvement in the sound absorption properties
over its constituents. Figuratively speaking, the average absorption coefficient of HTM-
1.6/1.2 is around 0.72 whilst that for OST-1.6 and IHT-1.2 is at 0.47 and 0.38, respectively.
In terms of effective bandwidth, the proportion of its absorption curve above a high
coefficient value of 0.6, is around 90.4% for HTM-1.6/1.2, much higher than 10.9% and

17.9% for OST-1.6 and IHT-1.2, respectively. These indicate that the absorption is high
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the increments in properties are

achieved with a 68 % reduction in mass from OST-1.6.
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Figure 2: Summary of the OST, IHT, and HTM geometries under investigation and their

experimentally measured sound absorption curves. (A) The experimentally measured sound

absorption coefficient curves of pure OST and IHT structures, and a schematic of the HTM

geometrical parameters. (B) An overall chart showing the OST and IHT strut diameters of the

HTM expressed in millimetres. Values are denoted in the top row and left column,

respectively. For each HTM, their respective mass reduction with the introduction of THT is

shown in the heat map with its corresponding colorbar. The HTMs adopted for experimental

sound absorption studies are marked in the same figure. The experimentally measured sound

absorption coefficient curves of (C) HTMs with a wall thickness of 0.2mm, and as compared
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to their constituent phases; and HTMs, as compared when they have a (D) constant OST and
(E) constant IHT diameter.
2.2 IHT absorption mechanisms
It is apparent that there is a complex size dependency (IHT and OST diameters) by the
effective sound absorption of HTM. To understand the underlying mechanisms, we carry out
analyses based on the individual acoustic impedances of each phase. There are two separate
air phases within an HTM (Figure 3A). The two mechanisms associated with the sound
absorption of HTM include: (i) the geometrical resonance associated with the IHT, and (ii)
the Helmholtz resonance associated with the OST. We first give a separate breakdown of
these mechanisms. The material properties used for the air in the following calculations are
collated in the methods section.

Owing to its cubic symmetry, the unit cell of the HTM (hence including IHT and
OST) can be further discretized into an irreducible zone, i.e., an eighth of a unit cell, for ease
of numerical calculations. The eighth IHT unit cell consists of two separate, and complete
tubular paths that sound waves can travel through (Figure 3B). For the torturous path, we
first derive their associated tortuosity (). Based on computer-aided design calculations and
curve-fitting, the relationship between the volume fraction of the lattice (®v) and the strut
diameter (d), expressed in millimetres, is given as:

®, = 0.436d — 0.16 (D)

The volume of the lattice is then calculated by multiplying the volume of a cube with sides
corresponding to the unit cell size L. A single complete tubular path is then based on a

sixteenth of this unit, and its volume Vr can be expressed as:

L3
V= (0436d —0.16) 7 (2)

The effective distance (Le¢) in which sound waves travel through the struts, as if the struts are
stretched straight (Figure 3Bii), is based on the division of Vr by the strut’s cross-sectional

10
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arca:

__Vr
Le= n(d/2)? (3)

Given y to be the ratio between Lc and the actual material thickness,*!! i.e., the unit cell size

L, y for the IHP can thus be expressed as:
2

x= (g) (%) (0.436d — 0.16) 4)

The flow resistivity through a channel is associated with y and is expressed as:[**

8nx

= $(d/2° (5)

g

¢ refers to the porosity, per representative unit area on the surface. It is herein further
normalized by dividing cos(0), where 0 refers to the strut inclination angle, to account for the
increased porosity with this geometry. 0 is 45° and 55° for paths I and II, respectively. The

characteristic viscous length through the hollow-strut is then given as:[3*!

_ [Bwpox
s = ’ = (6)

o refers to the angular frequency given as 2xnf. Following these, the effective density can then

be expressed as:*2 34

p=p(1 +%Gc(s)) @

Ge, as a function of s, is given as:

s =lilsv=i) 2 Ji(sv=i)
Jo(sy/—D) sV=iJo(s/—1)
where i refers to the imaginary unit, Jo and Ji to the zeroth and first order Bessel functions,
respectively.
The bulk modulus is in turn:32 34
P
K= = ©

[y — (v = DF(B?w)]

11
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F, as a function of B?, is given as:

2,0y — o
F(B*w) =1/|1 +mGC(BS)] (10)

B2 is the Prandtl number as given by /(p,v’) where v = k/(pg ¢p). Following the

derivation of p and K, the impedance at normal to the surface of an IHT is thus:*?]
Zc
ZIHT = _lECOt(kLe) (11)

where Z, = \/K_p and k = w./p/K. The list of constants and their values used for
calculations in equations (5) — (11) are summarized in Table 1. Zmr is calculated for both
paths I and II. After which, they are then summed up in series to obtain the overall impedance
of the eighth of a unit cell. For its symmetry, this unit is representative of the entire unit cell.

The sound absorption coefficient, o, for a particular frequency, is then calculated as:

_ 4Re(Z1/Z) 12
T+ Re(Z1/Z)? + Im(Z,/2,)? (12)

Zy = PoCo (13)
The absorption curve is then obtained via calculation through the entire range of frequency.
Good agreements between the numerical calculations and experiments have been achieved.

Plots are illustrated in Figure S2, Supporting Information.

2.3 OST absorption mechanisms

Similarly, we work on an eighth of the unit OST air phase as shown in Figure 3Ci.
The OST can be discretized into an arrangement of alternating small pores and large cavities
along the incident sound wave direction (Figure 3Cii). Such a structure is akin to a series
connection of Helmholtz resonators.'® The overall sound absorption of such a structure is
hence primarily dependent on four geometrical parameters, namely the pore diameter (dp), the

surface porosity (€), pore thickness (t) and cavity depth (D) in the direction of the incident

12
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wave, and secondarily, the number of unit cells through-thickness (N). Details on obtaining
the geometrical parameters are shown in Figure S3, Supporting Information. To obtain the
acoustic impedance of the multi-layered structure, we perform a transfer impedance series
addition of all the layers, starting from the bottom to the top.

There are two types of acoustic impedances associated with the multi-layered
Helmholtz resonator — that from the small pores (also known as perforations), and that from
the cavity immediately following (Figure 3Cii). Consisting of both the impedance of the
perforation and the cavity, the impedance of any n™ layer (Zn), where the subscript n refers to
that particular layer, equals to the linear sum of the impedance of the perforation (Zp) and its
immediate cavity (Zcn).

Zn=2Zp+Zcn (14)

The impedance of the perforation is solely geometry dependent on (dp, t, €), and is

inter-layer independent. It is expressed as:!!°

1
32nt / k2 wpot k2\'2 §
Zp = —— 1+—+28R [ 1 94+ — - 15
p dng + 32 + 2B6R; |+ - + + > + . (15)

k refers to the perforate constant as given by k = d,/ pow/41n. 2BR; is the resistance end

correction factor and Ry = 1/2,/2npew and B = 4.5 § = 0.68d,(1 — 1.14Ve) is the
reactance end correction term as adapted from Allard ez al. and corrected for a triangular pore
geometry.[3?!

The cavity impedance is in turn dependent on the Zx of the previous layer. Since the
OST structure ends with a cavity (Figure 3Cii), Zcn of the bottom layer hence equals to
solely the impedance of the cavity’s geometry. For a structure with N number of layers,

starting from N to 1, the bottom layer cavity impedance can be represented as:

w
0

13
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The subsequent layer, Zc-1), is in turn dependent on Zx and can be expressed as:[¢]

DY 4 iz sin(D <L
Zen = Zo jm - (Z ) + IZOSL,n (2 Z‘j) (17)
o COS (D a) +iZ,.1S5in (D a)

Equations (14) — (17) sum up the expressions for calculating the impedance of each layer.
Given the structural complexity of the OST, each layer needs to be further broken down for a
clear illustration of the connectivity. The inverse of the OST, the air phase, is shown in
Figure 3Cii. It is to note that the inverse of the OST is essentially a close-pack arrangement
of a rhombic dodecahedron (RD) like structure. Again, discretizing into an eighth of a unit
column, two types of different layers are observed for the OST:

e Type-A: Parallel arrangement of two 1/8 RD

e Type-B: 1/4 of the RD

Despite the varying layers, given that they consist of the same RD unit motif, the geometrical
parameters of concern (for Zp and Zcn) relevant to calculations are still the same throughout.
As such, parallel transfer impedance calculations from a Type-B to Type-A layer then
simplify into:

Z, =2 18
S (e

Zns1 Zn4

A1 and Az refer to the planar area proportion of the air phases and they essentially simplify
into their RD volume ratio. The transfer impedance from a Type-A to Type-B layer then
follows the series transfer. As can be seen in Figure 3Ciii, there are a total of 6 layers, each
consisting of a cavity and perforation layer, in the OST. The effective impedance of the OST
(Zosr) is then given by Zi1, which is derived iteratively after the transfer calculations from Zs,
Zs ... to Z1 completes. Using Zosr, the sound absorption coefficients are then calculated in a

similar way to that in equation (12). Good agreements between the numerical calculations

14
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and experiments have also been achieved as summarized in Figure S4, Supporting

Information.
A  HTM unit cell Bi 1 of an HT unit air Il Air phase: 2 torturous paths
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Figure 3: Sound dissipation mechanism of the HTM. (A) Illustration of an HTM unit cell and
the two separate air phases it contains. (Bi) Illustration of an eighth of an IHT unit air,
repeated three times through-thickness; (ii) the two torturous paths through the unit. (Ci)
lustration of an eighth of an OST unit air, repeated three times through thickness; (ii) the
Type-A and B layers, and the neck perforation regions; (iii) the acoustic impedances for the

cavity and perforation of each layer. (D) Illustration of the overall acoustic impedance circuit.
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2.4 HTM absorption mechanism

Having the mechanisms of their individual forms affirmed, a summation will be required to
obtain the overall HTM acoustic impedance and hence the sound absorption curve. As can be
seen, within the HTM, the IHT and OST are separated by a solid wall and no lateral airflow is
possible (Figure 3A). This implies that the parallel addition rule would be the appropriate
summation in such a scenario.['”) With their porosities already being taken into account of,
Zmr and Zost are then summed up in parallel by the same unit cell surface area (A’), and thus
in a ratio of 1:1, as shown in equation (19). The overall impedance circuit map is shown in
Figure 3D. It is to note that the total area is also given by A’ since the two phases are

superimposed onto each other.

A 1

Zytm = —77 T =
A+A 1+1

(19)

ZIHT ZOST ZIHT ZOST

Good agreements between numerical calculations and experiments have also been
observed for the HTM (Figure S5, Supporting Information). Therefore, we can draw
information from their acoustic impedances with confidence to obtain an understanding of the
structural and contribution relationships. The acoustic impedance (denoted as Z) consists of
two parts, the air resistance based on the real part (Re(Z)), and the air mass reactance, based
on the imaginary (Im(Z)). Physically speaking, the resistance describes the energy loss in the
structure whilst the reactance determines the frequency where the highest dissipation occurs.
To achieve the highest sound energy dissipation, or total sound absorption, i.e., a = 1, it is
noted from equation (12) that Re(Z) and Im(Z) should be ideally 1 and 0, respectively. For
such a scenario, the impedance is said to be critically coupled. The resistance and reactance
curves of the OST, IHT, and HTMs, extracted based on their final Z values, are plotted in

Figure 4A,B. Similar to the trend observed in Figure 2B for their absorption coefficients, the

16
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frequencies with the highest absorption (resonance peaks) correspond to that with Re(Z) and
Im(Z) simultaneously close to ideal values.

We then proceed to use two contrasting cases, HTM-1.6/1.2 and HTM 1/0.6, to
illustrate the combined absorption mechanism. Zost and Zmur are plotted alongside their
respective ZutM. Overall, it is found that the resulting Re(Znutm) curve corresponds to the
superimposed portions of the Re(Zost) and Re(Zinr) curves where their values are closer to 1.
The Im(Zut™m) curve then varies between Im(Zost) and Im(Zint) if they are close to each
other, while it follows the curve closer to 0 if Im(Zost) and Im(Ziut) differ significantly. We
turn to a specific example using HTM-1.6/1.2 for illustrations (Figure 4Bi). For Re(Z), in the
region of around 1000 — 4500 Hz, the resistance of IHT-1.2 is much closer to 1 than OST-1.6.
The Re(Zurm) curve therefore follows closely to that of Re(Zinr), bypassing the anti-
contributions from Re(Zost). However, beyond around 4500 Hz, Re(Zur) increases sharply
and Re(Zosr) in turn becomes much closer to 1. A crossover point, from following Re(Zmr),
to Re(Zosr), hence exists. For Im(Z), given that Im(Zost) and Im(Zinur) are rather close to
each other, the resulting Im(Znrm) curve hence lies somewhere in between the two. A
schematic illustration of the physical phenomenon is shown in a proposed dissipation band
diagram in Figure 4Bii. Dissipations of the OST and IHT are represented by their bar charts
and a higher dissipation is denoted by a thicker bar. Depending on the frequency band,
dissipation occurs most rapidly at either the OST or IHT and points of crossovers(s) exist.
There are comparable contributions across the entire frequency range by both phases and
Zurm™ 1s hence brought closer to being ideal. Therefore, HTM-1.6/1.2 leverages the
advantages of both of its constituents and the combination is said to be compatible. However,
contrasting observations have been made for HTM-1/0.6. Throughout almost the entire
frequency range, Re(Zint) and Im(Zmr) are observed to deviate significantly further from 1

and 0, respectively, as compared to Re(Zost) and Im(Zost) (Figure 4Ci). Re(Zutm) hence
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follows closely to Re(Zost) owing to its lower resistance whilst Im(Znutm) follows closely to
Im(Zost) since Im(Zint) lies to be significantly further. Dissipation in IHT-0.6 is bypassed
almost entirely and it provides minimal contributions to moving the curves closer to ideal
values (Figure 4Cii). This is consistent with the observations in Figure 2C where the
absorption curve of HTM-1/0.6 follows closely to that of OST-1. In addition, the resistance
and reactance of OST-1 and IHT-0.6 also deviate significantly further away from ideal values
as compared to their counterparts in HTM-1.6/1.2. On top of that, HTM-1.6/1.2 leverages the
advantages of both of its constituents with an almost equal contribution of both. The superior
sound absorption of HTM-1.6/1.2 as compared to HTM-1/0.6 therefore attributes to two
factors: better (i) dissipation capabilities and the (ii) compatibility of its constituent
structures.

We hence conclude that the HTM absorption mechanism is based on the
superimposed critically coupled impedance paths, at different frequency bands, of the two
phases. The same observations are made for the other HTMs and their respective impedance
curves are plotted in Figure S6, Supporting Information. As can be seen, the overall
mechanism has a complex inter-dependency on both the IHT and OST diameters and it is
also frequency dependent. A (non)linear measure of their degrees of contributions to the
overall absorption would hence not be applicable herein. Following this, an overall
observation, shown in Figure 4C, can be made from the trends. Judging from the analyses, it
can be said that the OST is more dominant given its Re(Z) and Im(Z) values which are closer
to ideal. The most synergistic contribution from both phases occurs with OST-1.6. When the
OST sizes are small, IHTs contribute little and the HTM absorption curves generally follow
that of the OST (Figure 2C). In the middle, moderate contributions from the IHT are
observed for OST-1.4 and OST-1.5. It can be seen that there is a concept of strut diameter

compatibility to achieve the highest absorption. For our HTMs, it is determined that
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compatibility increases with simultaneously thicker OST and IHT struts. Otherwise,

customizable absorption curves and weight reductions (Figure 2B) can be achieved with

moderately compatible and incompatible HTM geometries, respectively. The mechanism

presented in Figure 4 also serves as a design guideline for HTMs.
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overall summary of the compatibility of different OST and IHT phases in their respective

HTMs.

2.5 Compressive properties
Complementary to sound absorption properties, the compressive energy absorption
characteristics of the HTMs are next investigated. There are two primary parameters which
characterize the HTM: the OST radius (r), and the wall thickness (w) to the OST radius (w/r)
ratio. The HTMs and OSTs (w/r = 1) selected for compression tests are shown in Figure SA.
Experimental findings reveal a high dependency of specific energy absorption (SEA) on both
r and w/r. The stress-strain curves of OST and HTMs measured under quasi-static
compression tests are shown in Figure SB. OSTs display high compression strengths
followed by immediate post-compression valleys characterized by a high negative stress-
strain gradient. Their behaviours are characteristic of highly stretch-dominated truss
microlattices.!”) For OST-1.6, abrupt failure occurs at an early onset with the loss of load-
bearing capabilities around -0.3 strain. Distinctly different from the OSTs, HTMs display a
highly reduced post-compression valley and they present stable plateau stress deformation
behaviors. This reduction is additionally more prominent with a lower w/r ratio. Specific
energy absorption (SEA), calculated via the work done up to densification, is plotted onto the
same figure in Figure SA. As shown from the plot, a lower r gives higher SEA values.
Additionally, an optimal SEA exists at a moderate w/r ratio, e.g., such as 0.5 in this work. In
fact, HTM-1.6/0.8 displays an improved SEA by up to around 50% from HTM-1.6.
Observations leading up to these compressive behaviours are shown in the captured
deformation sequences in Figure 5C. As evident from Figure 5Ci, the main deformation
mechanism of the OSTs lies with the material failure, either compression, shear or tension, of

the struts in the stretch-dominated configuration. An abrupt brittle rupture of the entire lattice,
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from a low strain of -0.1, is hence observed for the OSTs. This results in the early loss of
load-bearing capabilities of OSTs as observed in Figure 5B. For the HTMs, their mode of
deformation is in turn more structural-based as evident from the cell wall
folding/bending/tearing and sequential macroscopic shear bands (Figure 5Cii).l*”) Different
from OSTs, there is no presence of abrupt rupture and the HTMs are also observed to be well
intact at -0.1 strain. This hence results in the HTMs to deform with a characteristic plateau
stress and densification zone, similar to ductile microlattices.!**3°! The combination of a long
plateau stress region, along with the reduced mass, results in improved SEA for the HTMs.

Overall, the concept of “less is more”, is also illustrated for energy absorption.
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OSTs. An overview of the mechanical properties. (A) An overall plot of the relative density,

21



WILEY-VCH

with respect to the w/r ratio, for HTM samples with different OST diameters. The samples
chosen for experimental compression tests are marked out on the same plot. Their measured
SEA values are indicated on the same plot. (B) The representative compressive stress-strain
curves of the OST and HTM samples. (C) The captured digital images of the deformation

sequence of the samples.

3. Further discussion

Traditionally, the sound absorption mechanisms of microlattices are based primarily on
resonance or flow resistance. This limits the bandwidth and coefficients of the absorption
curves. Despite being capable of achieving near unity coefficients, resonance-based
microlattices generally display absorption peaks characterized by a narrow bandwidth.[!>: 18]
In turn, microlattices based on flow resistance display low absorption coefficients despite
having a wider bandwidth.[>*2%) All in all, across a wide bandwidth, microlattices based on a
homogeneous unit cell generally tend to display low averaged absorption coefficients (Figure
6).[1> 18,2440 For microlattices based on either mechanism, to improve broadband sound
absorption performances, efforts have been placed on additive means, e.g. introducing
heterogeneity to the neighbouring cells, or functionally-graded successive cells. However,

these types of non-uniform structures are generally size-limited. A unit absorption area (or

unit cell) of a heterogeneous microlattice would then be extended to consist of all of its

(17 42]

heterogeneous units, e.g. four cells,!!”) ten meta-units,[*!) three orders of hierarchy,*?! etc.

Functionally-graded microlattices are in turn extended in the thickness direction with cells of

21-22,401 The abovementioned techniques in improving sound absorption

varying sizes.!
performance does not take into considerations of the volume-space constraint (Figure 6).

Herein, on the basis of the truss microlattice, as opposed to additive methods, we

improve its sound absorption performance by a conceptually novel methodology, an in-situ
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subtraction of its materials. This reduction is carried out by hollowing out the struts of the
truss architecture, such that the microlattice consists of two separate continuous air domains
bounded by the outer-solid and the inner-hollow phases. This then constitutes the HTM to
display dual dissipation mechanisms, based on the (i) Helmholtz resonance from its complex
truss interconnectivity, and the (ii) geometrical resonance of its hollow interior. Such a dual-
functioning mechanism had not been previously reported. At a compatible set (inner and
outer) of strut diameter, e.g., HTM-1.6/1.2, drastic improvements in the absorption
coefficients have been observed. Being subtractively enhanced, our HTM hence does not
suffer from increased volume and mass. In fact, as compared, our HTM is much thinner at a
thickness of 24 mm whereas mainstream samples are usually thicker than 30 mm.[!5 1718, 21-22.
401 The average coefficient of HTM-1.6/1.2 at 0.72 compares favourably with that of the
reported values of various (homogeneous, heterogeneous, functional graded) microlattices!>
17-18,21-22,40) and foams!?* that are measured in the similar frequency range. With a lower
thickness of 24 mm, HTM-1.6/1.2 then compares superior in terms of a higher coefficient-to-
thickness ratio (Figure 6). Meanwhile, improved SEA, across a range of HTM geometries, is
also achieved given the improved compressive toughness observed. All of these
achievements are remarkable considering that the gains are achieved via a 68% reduction in
the mass of the material. The HTM concept is also universal for any type of truss-lattice
architecture. Nonetheless, different sound dissipation mechanisms or absorption properties
would be expected from different structures. For instance, the existence of the Helmholtz
resonance dissipation mechanism depends on the interconnectivity of the lattice structures,
i.e., whether a pore-and-cavity morphology exists in the OST (Figure 3C). Where applicable,
the strut arrangements influence the number of necks and cavities, their effective number of

resonating cells through the structure (N), the perforation geometrical parameters (dp, t, D),

and the surface porosity (€).['*! For the IHT, the tortuosity (y) is directly influenced by the
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complexity of the architecture while the surface porosity (¢) is influenced by both this
complexity and the strut diameter (d) (Figure 3B). Therefore, different lattice architectures
may result in vastly different parameters related to the OST and IHT dissipation mechanisms
and modifications to the acoustic impedance calculations might be needed. The HTM class of
material can also be fabricated using advanced hybrid additive manufacturing techniques,

43-441 1 fact, these allow the extension of

such as the deposition-etching class of techniques.!
the design space, such as smaller struts or thinner cell walls, beyond what is presented in this
work. With the potential shown in this work, we envisage that new lattice designs and

extended geometrical allowances may result in metamaterials with further unprecedented

acoustics properties.
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Figure 6: A schematic illustration of the overall sound absorption performance of the HTM
as compared to microlattices reported in literature. The figure also illustrates the subtractive
method that we have used herein (that derived the HTM) as opposed to additive methods
reported in the literature to improve sound absorption performances. References used to aid
in the comparison are as follows: homogeneous, 1> 1% 2440 heterogeneous,!'”! functional

graded.[21-22:40],
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4. Conclusion
In summary, we have proposed and experimentally validated, via additive manufacturing, a
novel concept of hollow-truss metamaterial (HTM) for effective broadband and high sound
absorption. As opposed to their solid-truss counterparts, the HTMs harness an additional
sound dissipation mechanism, from the geometrical resonance of their inner-hollow phase,
apart from the innate Helmholtz resonance from their out-solid phase. Through acoustic
impedance calculations, we have proposed a numerical model for analysing the acoustic
impedances of the HTM. A new dissipation mechanism for the HTM, based on the
superimposed path of the critically coupled resistance and mass reactance of the two phases
across different frequency bands, is proposed. In general, if the resistances of the two phases
are in close proximity to each other, and each has its regions that are close to the ideal
resistance of 1, the resulting resistance of the HTM would be a superimposed curve based on
the regions close to the ideal value. If one is dominantly further from 1 than the other, the one
that is far would be bypassed. Similar deductions are made for mass reactance too. The
acoustic impedance, and thus the absorption coefficients, are hence highly dependent on the
diameters of the outer-solid and inner-hollow struts. The HTMs display superior and/or
customizable sound absorption coefficients as compared to their constituents.

In this work, the best combination is based on an HTM with an outer diameter of 1.6
mm and an inner diameter of 1.2 mm. The average absorption coefficient of this structure,
across a broad range of frequencies from 1000 — 6300 Hz, measures to be 51.1 and 84.4%
higher than its pure solid and hollow strut constituents, respectively. The effective bandwidth
is also drastically improved, where 90.4% of its absorption coefficients are above a high
value of 0.6, as compared to 10.9% and 17.9% of its formerly mentioned constituents.
Complementary to sound absorption, compressive mechanical properties also reveal

improved SEA, up to an increase of 50%, from the enhanced plateau deformation behaviour
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of the hollow struts. Remarkably, all these improvements are achieved via a large 68%
reduction of mass, as opposed to a gain. These fully illustrate the concept of “less is more”,
where with less materials, we achieve a gain in better properties.

5. Experimental section

Numerical calculations and design: Standard tessellation language (.stl) files used for 3D
printing were modelled using SolidWorks. For all of the experiments, a cubic unit cell with a
side of 8 mm was adopted. For sound absorption measurements, the unit cell is repeated
3x%3x3 such that the overall structure consists of 27 unit cells with a thickness of 24 mm in
the direction of the sound wave. Owing to the tubular geometry of the impedance tube, slight
extrusion cuts were made to the edges of the overall structure. Compression samples are in
turn based on the overall cubic structure with 3x3x3 unit cell repetitions. Both OST and
HTM samples are designed and 3D printed as they would appear to be. However, since the
pure IHT is based on hollow tubes, the IHT is 3D printed based on the inverse of the hollow
truss structure instead. All of the abovementioned 3D printing designs and some
representative as-printed samples are illustrated in Figure S7,8, Supporting Information.
Numerical calculations of the acoustic impedance and absorption coefficient curve were
coded using the MATLAB programming language. The material constants for air used for

equations (1) — (16) are collated in Table 1.

Table 1: The list of constants and expressions for air, at standard temperature and pressure,
used in the numerical calculations.

Constant Expression Value [Units]

Speed of sound c 343 [ms!]

Density Po 1.21 [kg m?]
Dynamic viscosity n 1.846x107 [Pa-s]
Pressure Po 1.01x10° [Pa]

Thermal conductivity K 2.614x102 [W (mK)™]
Heat capacity Cp 718 [J (kgK)™!]

Ratio of specific heat Y 1.4 [-]
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3D printing: The designed structures are 3D printed using the digital light processing
technique (DLP) with the Asiga Max X27 DLP (Asiga, Australia). The material in use is
Nova Stan, a 405 nm wavelength curable photosensitive resin, from Nova3D, China. Main
DLP printing parameters include a light intensity of 5 mW c¢m, layer thickness of 100 um,
and an exposure time of 1.5 s for each layer. After printing, the parts are thoroughly washed
using isopropyl alcohol for around 20 minutes to remove the excess resin. After allowing to
fully dry, the parts are then post-cured in an ultraviolet chamber, Asiga Flash, for 1 h to allow
full curing. The parts are then used for both sound absorption and compression tests as-
prepared after this step.

Sound absorption measurements: Sound absorption measurements were carried out using the
BSWA SW477 (BSWA Tech, China) impedance tube in accordance with ISO 10534-2
standards. This tube has a diameter of 30 mm which corresponds to our frequency range of
interest from 1000 to 6300 Hz. Sound absorption coefficient curves were reported based on
the average of three readings.

Compression tests: Quasi-static compression tests were carried out at a strain rate of 0.001 s™!
using the Shimadzu AG25-TB (Shimadzu Corporation, Japan) universal testing machine. The
contact surfaces of the samples and the compression platens were greased to reduce friction.

A digital camera was used to capture the deformation sequences of the samples.
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This work presents a conceptually novel hollow-truss microlattice metamaterial capable of
harnessing dual sound dissipation mechanisms to achieve superiorly enhanced broadband,
and/or customizable sound absorption. A new theorem for the underlying mechanism, based
on the superimposed critically coupled acoustic impedances, is brought forward. The
performance gain is remarkable considering it comes with a material subtraction as opposed

to an addition.
Xinwei Li, Xiang Yu, Wei Zhai*

Less is more: Hollow-truss microlattice metamaterials with dual sound dissipation

mechanisms and enhanced absorption capabilities
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