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ABSTRACT
It is of significance, but still remains a key challenge, to attain excellent sound-absorbing and
mechanical properties in a material simultaneously. To overcome this challenge, herein, novel
multifunctional microlattice metamaterials based on a hollow truss-plate hybrid design are
proposed and then realised by digital light processing 3D printing. Quasi-perfect sound
absorption (a > 0.999) and broadband half-absorption have been measured. The sound-
absorbing capacity is verified to be based on the designed cascaded Helmholtz-like resonators.
Physical mechanisms behind the absorptive behaviours are fully revealed by numerical analyses.
The present microlattices also display superior modulus and strength to the conventional
cellular materials and modified microlattices, which is attributed to their near-membrane stress
state of the plate architecture. The mechanically robust behaviour of the present microlattices
in turn derives from the hollow struts. This work represents an effective approach for the design
and engineering of multifunctional metamaterials through 3D printing.
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1. Introduction

Developing lightweight high-performance engineering
materials has always been a significant task for various
applications (Ha and Lu 2020; Zhang et al. 2015) such as
military defense, aerospace, automotive, marine, etc. In
recent years, the growth of additive manufacturing tech-
nologies has spurred interest in developing artificial meta-
materials whose performances surpass those of the
traditional materials. These metamaterials are featured
by their artificial architectures realised by diverse design
strategies such as bionic design and topology optimis-
ation (Al-Ketan, Rowshan, and Abu Al-Rub 2018; Sha
et al. 2021; Zhang et al. 2022, 2020), thereby exhibiting
exotic and intriguing physical properties. A new class of
materials, microlattices, are typical examples. Defined as
periodic porous structures with elementary features such
as strut, shell, plate, or combinations, microlattice
metamaterials have small dimensional size but display
unprecedented mechanical properties (Schaedler et al.
2011; Salari-Sharif, Valdevit, and Schaedler 2014; Clough
et al. 2019). For instance, they possess excellent
specific stiffness/strength as load-bearing materials

(Zhanget al. 2022), customisability in stiffness as self-adap-
tive materials (Fang et al. 2022), and high specific impact
energy absorption ability as passive protective devices
(Kai et al. 2022). Intrinsically, lattice structures present
high design freedoms for customisable feature-pore mor-
phology and interconnectivity, and thus they have been
successfully developed for multifunctional application
purposes. To name a few, recoverable energy absorption,
tunable rigidity, and reconfigurable morphology by liquid
metal lattice (Deng, Nguyen, and Zhang 2020); superior
out-of-plane load-bearing capacities and broadband
radar absorption characteristics (Zhang et al. 2021); band
vibration suppression and sound absorption (An et al.
2021). These works all show efficient lattice designs with
multifunctional considerations. Additionally, the devel-
oped generalised models for the purpose of topological
optimisation or simulation have also contributed to the
development of microlattice materials (Ciallella et al.
2022; Berezovski, Giorgio, and della Corte 2016; Abdoul-
Anziz and Seppecher 2018).

Notwithstanding, facing the increasingly serious
noises that exist in daily transportation, office, and
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other constructions, typical microlattice metamaterials
seemingly are incapable of mitigating the noise
problem owing to their pale sound absorption perform-
ance (Sun, Jiang, and Wang 2020; Yang et al. 2020).
Indeed, through the synthesis of advanced materials,
the state-of-the-art foam materials have been proposed
as sound absorbers, displaying superb sound absorption
performance (Jia et al. 2020; Pang et al. 2022). Meanwhile,
architected sound-absorbing metamaterials (Assouar
et al. 2018; Shao et al. 2022; Ma et al. 2022) also represent
radical advances in recent years. Some typical examples
include Fabry-Pérot (FP) channel (Yang et al. 2017),
embedded-neck assembly (Guo et al. 2020; Zhou et al.
2021), and micro-perforated panels (Wang et al. 2023;
Li et al. 2021; Zeng et al. 2022). However, as compared
to these sound absorbers, there are unique potential
advantages of microlattice absorbers, that is, being struc-
turally rigid, robust, customisable, and with the potential
for multifunctionality (Deng, Nguyen, and Zhang 2020; Li
et al. 2022; Li, Yu, and Zhai 2021; Li et al. 2021). It is a pre-
vailing topic in the last two years to investigate the
absorption capabilities of lattices materials. But the
present reported microlattice absorbers attain the
sound-absorbing capacity by structural porosity, as
opposed to a specified acoustic mechanism-guided
design, showing either a narrow bandwidth, low absorp-
tion coefficients, or both. For example, the introduced
micro-pores for removing remained powders of metal
plate-lattices can opportunely offer acoustic impedance,
thereby presenting the flawed absorptive behaviours (Li
et al. 2022; Li et al. 2021). While for sheet lattices, such as
triply periodic minimal surface (TPMS), the sound absorp-
tion coefficient is undesired owing to the high intercon-
nectivity of air phases (Yang et al. 2020).

It is thus of great significance to propose a reasonable
architectural design for microlattice to attain superior

sound absorption and mechanical properties (schemati-
cally illustrated in Figure 1), for which the dual functional-
ities mutually complement in the intended application
scenarios, such as airplane, automobile, military equip-
ment, etc. Specifically, to achieve excellent sound absorp-
tion in a microlattice, one direction we can venture into is
the inclusion of Helmholtz resonance mechanism
(Assouar et al. 2018; Gao et al. 2022). With this in mind,
adding plate architectures and perforations to a truss
lattice could be an efficient approach to constitute Helm-
holtz resonators. As such, in consideration of lightweight
property and mechanical robustness, we turn to investi-
gations on the truss-plate hybrid microlattices whilst
adopting the prevailing hollow octet-truss (HOT) lattice
design motif as our basis for the present study.

Herein, we propose the lightweight multifunctional
microlattices (LMMs) with superior sound-absorbing
and mechanical properties. These LMMs are fabricated
by digital light processing (DLP) 3D printing. Experimen-
tally demonstrated, the microlattices realise the quasi-
perfect sound absorption (a > 0.999) with a wide half-
absorption (around 3.9 kHz). Besides, they can sustain
the weight more than 30,000 times its own, display
damage-tolerant behaviour, and offer superior
modulus and strength to the conventional cellular
materials and modified microlattices. The mechanisms
underlying the sound-absorptive and mechanical
responses are fully revealed.

2. Architectural design

Hollow design of lattice struts substantially improves the
mechanical robustness of materials as compared to solid
lattice materials (Salari-Sharif, Valdevit, and Schaedler
2014; Surjadi et al. 2021), which avoids the catastrophic
failure when subjected to compression. This is mani-
fested in our preliminary experiments for hollow octet-
truss (HOT) and solid octet-truss (SOT) lattices (Figure
S1, Supplementary Material). Nevertheless, the mechan-
ical performance of HOT is still limited by the stress
instability and low stress plateau. Moreover, the sound
absorption tests show that HOT and SOT both exhibit
poor sound absorption coefficient a ranging from
1000 to 6300 Hz without obvious difference (Figure S2,
Supplementary Material). As such, although HOT has
been widely investigated owing to its outstanding
damage tolerance, substantial improvements on its
acoustic absorption and mechanical properties are
highly desired. In this study, HOT is employed as the
design motif in our lattice design, and the specific
design guideline is illustrated below.

Before elaborating the proposed design strategy, the
general requirements for achieving enhanced sound

Figure 1. Schematic of the noise and crash energy hazards and a
possible multifunctional microlattice to mitigate these problems
simultaneously.
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absorption and mechanical performance are discussed.
With regards to acoustic absorption, the HOT exhibits
poor absorption because of the highly-interconnected
air phase, as shown in Figure 2. This adversely affects
sound absorption as no efficient damping mechanism
is presented (Yang et al. 2020). To address this issue,
its air phase needs to be reconfigured, such that an
effective resonant system can be established to
enhance the resonance-induced loss. Previously
reported sound absorber metamaterials are mainly
designed based on the Helmholtz resonator (Ma et al.
2022; Jiménez et al. 2016) – a typical structure composed
of micro perforations and empty cavities. However, chal-
lenges still exist on how to introduce the HR mechanism
to lattice structures at the microstructural level. As for
the mechanical reinforcement, as analysed before,
higher strength and plateau stability are desired for
HOT. Berger et al. (Berger, Wadley, and McMeeking
2017) suggested that the plate-based lattice develop
membrane stresses that efficiently utilise material
volume independently of the macroscopic loading direc-
tion. Hence, it is intuitive to add plates to this truss lattice
for enhanced mechanical performance.

As inferred from preceding analyses, a hybrid truss-
plate architectural design strategy is proposed for simul-
taneous sound-absorbing andmechanical improvement,
as plotted in Figure 2. Specifically, in Step 1, thin plates
between adjacent struts are added as acoustic hard
boundaries to separate the air phase. Given the special
geometry, three plates of [111] family of planes are
embedded to a 1/8-unit cell, while the plane connected
to the central cavity maintains unchanged. Then, in
Step 2, for a 1/8-unit, micro-perforations are constructed
on the geometric centre and four corners in each

direction, i.e. [100], [010], and [111]. As such, the whole
connected air phase is separated by narrow air channels.
Eventually, mirroring the 1/8-unit, a complete LMM unit
cell equipped with micro-perforations with associated
cavity is obtained. ta, dp, and l0 denote the thickness of
plate, perforation diameter of perforations, and unit cell
length, respectively. The outer and inner diameter of
hollow struts are designated as d1 and d2.

3. Materials and methods

3.1. Fabrication by DLP

Additivemanufacturing (AM) process enables the fabrica-
tion of complex structures with fine-features and internal
geometries at themicroscale to be possible. Some typical
AM technologies, such two-photon lithography direct
laser writing, self-propagating photopolymer wave-
guides, anddirect inkwriting, show compelling potentials
in achievingmaximisedperformanceofmodernproducts.
Herein, all the microlattice specimens were fabricated by
DLP technology (Asiga Max X27 DLP, Australia). The
material in use was a 405 nm wavelength acrylate-based
UV photosensitive resin composed of non-toxic acrylic
polyester, from Nova3D, China. Filling up the resin tank,
the build platform was vertically submerged into the
tank. The UV laser emitted from an optical digital device
traced the designed pattern of each layer, with 2D
pattern formed on the platform. Hence, the microlattice
pattern was attained by repeating this process layer by
layer. After printing, the raw samples were thoroughly
washed using isopropyl alcohol (IPA) for around 20 min
to remove the excess resin, and then dried by a high-
power blowing machine. After fully drying, the samples

Figure 2. Architectural design for the purpose of realising superb sound-absorbing and mechanical performance simultaneously. Two
design steps are illustrated: adding plates and perforating. The air phase of a 1/8-unit for each lattice configuration is compared. The
highly-interconnected phase of HOT is transformed into a single phase connected by narrow air channels.
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were then post-cured in an ultraviolet chamber for 0.5 h,
Asiga Flash. Main DLP printing parameters include a
light intensity of 5 mW·cm−2, layer thickness of 100 μm,
and an exposure time of 1.5 s for each layer.

3.2. Geometry and characterisation

Specific geometric parameters of lattice specimens are
given in Table 1. Herein, LMMs are classified into four
groups by the hollow level of struts, i.e. varying inner
tube diameter d2. The suffix A, B, C, and D represent d2 =
0.3, 0.5, 0.7, and 0.9 mm, respectively. All these microlat-
tices consist of 3 × 3 × 3 cells, and each type is fabricated
in triplicate (Figure S3, Supplementary Material). The
measured densities of these specimens are shown in
Table 2. Figure 3(a) shows themicrostructuralmorphology
of microlattices viewing from [001] plane by KEYENCE
VHX-6000 digital microscope. There are no obvious frac-
ture, burr, and fault-segmentation as observed. Figure 3
(b) shows the representative microstructural features of
hollow struts and micro-pores. A small portion of the
hollow struts of LMM-A is blocked,while other three speci-
mens all show good printing precision. As the pore size is
an important parameter for sound absorption, the actual
pore size of as-printed specimens is measured by the
microscope software. A large area covering 17 pores is
selected for the measurement as shown in Figure 3(c).
The measured data are shown in the column map
(Figure 3(d)). It is found that all the pores possess slightly
smaller diameter than the designed value of 500 μm.
This is attributed to the printing discrepancy for such a
microscopic feature especially for the substrate layer. The
averaged value of the measured diameters is 425 μm,
which will be used in the following analytical calculations.

3.3. Sound absorption tests

A two-microphone impedance tube (BSWA MPA416)
setup in accordance to ISO 10534-2 standard was

utilised for sound absorption coefficient measurements
(Figure S4, Supplementary Material). The impedance
tube has a diameter of 30 mm, providing valid testing
frequency range from 0.8 to 6.3 kHz. To fit the lattice
samples into the tube, they were extruded cut in CAD
with a cylinder pattern with diameter of 30 mm. Speci-
mens were rigidly backed in the sample holder and
loaded at the end of the impedance tube. The tests for
each sample were repeated multiple times and each
reported absorption coefficient curve was averaged
result from at least three measurements.

3.4. Compression tests

Compression tests for microlattice specimens were per-
formed using Shimadzu AG25-TB universal testing
machine at a strain rate of 0.002 s–1. The parallel pair
of faces in line with the DLP printing direction was orien-
tated for compression. The microlattices were placed in
the centre of the platen, and compressed by the moving
rigid plate along the longitudinal direction until the
specimen is densified. A digital camera was used for
the capture of deformation modes. All tested data
were reported in terms of three sets of averaged
results with the error by their standard deviation.

4. Results and discussions

4.1. Experimental sound absorption performance

The experimentally measured sound absorption coeffi-
cient a of LMMs are presented in Figure 4(a). Apparently,
as compared to the absorption performance of SOT and
HOT with a around 0.6 (Figure S1, Supplementary
Material), all LMMs exhibit higher peaks and wider
absorption bandwidth. Two resonant peaks are
observed, and the peak value of the first resonant fre-
quency is higher than that of the second one. The
highest a is obtained by LMM-B. When frequency is
1750Hz, a of LMM-B exceeds 0.999, reaching a quasi-
perfect absorption (Romero-Garciá et al. 2016; Duan
et al. 2020). By fitting the measured data, Figure 4(b)
plots the influence of hollow level of struts on sound-
absorption performance. It is pronounced that the
increasing d2 (inner diameter of struts) deflect both the
first and the second absorptive peaks to higher frequen-
cies, and interestingly, the peak value slightly goes down
for the first peak while ascends for the second one. The
sound absorption improvement brought from the
present design are then demonstrated by the measured
average a over all the frequency range and the half-
absorption bandwidth (Ba=0.5). Figure 5(a) compares
the average a of LMMs with that of SOT and HOT. For

Table 1. The designed geometric parameters of LMMs (Unit:
mm).

d1 d2 l0 ta dp

LMM-A 1.3 0.3 7.0 0.3 0.5
LMM-B 1.3 0.5 7.0 0.3 0.5
LMM-C 1.3 0.7 7.0 0.3 0.5
LMM-D 1.3 0.9 7.0 0.3 0.5

Table 2. The measured densities of the as-printed lattices.
LMM-A LMM-B LMM-C LMM-D

Mass density
(g/cm3)

0.56 ± 0.009 0.52 ± 0.004 0.46 ± 0.005 0.37 ± 0.008

Relative density
(%)

47 ± 0.7 44 ± 0.4 38 ± 0.4 31 ± 0.6
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LMMs, the average a stabilises from 0.63 to 0.66, and
that of LMM-B is around 2.2 and 2.0 times over that of
SOT and HOT, respectively. Also, a substantial improve-
ment is observed in terms of the Ba=0.5, as shown in
Figure 5(b). Ranging from 1000 to 6000 Hz, Ba=0.5 of
our LMMs occupies 62%–77%, while this proportion of
SOT and HOT is only 15% and 11%, respectively. Gener-
ally, LMMs possess the close performance in terms of
average a and Ba=0.5 while exhibits a slight frequency
shift in absorption spectra, and more importantly, they
all show a substantial absorption improvement com-
pared with that of SOT and HOT. The mechanisms

associated with these absorptive behaviours are dis-
cussed in the next section.

4.2. Sound absorption mechanism

The sound wave attenuation capability of microlattice
materials is based on the resonance effect (Li, Yu, and
Zhai 2022). Herein, enabled by the designed Helmholtz
resonant units for LMMs, effective resonance effect is
obtained. To elucidate the resonant responses, a finite
element model (FEM) of microlattice is constructed in
COMSOL. The FE model is schematically plotted in

Figure 3. DLP-printed specimens and microscopic features. (a) Microstructural morphology of lattices viewing from [001] plane. (b)
Representative microstructural features of hollow struts and micro-pores. (c) Representative area for actual pore size measurement. (d)
Corresponding measured perforation diameters of as-printed lattices.

Figure 4. Experimentally measured sound absorption performance of LMMs. (a) Sound absorption coefficient (a) of LMMs from 1000–
6000 Hz. (b) The influence of d2 on a from 1000–6000 Hz.
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Figure S5, with modelling details presented (Section S3,
Supplementary Material). Herein, the simulation is
employed for LMM-B as an example. Specifically, due
to the perforations in microlattice being submillimeter
scale, the thermo-loss and viscous loss should be
responsible for the energy dissipation. Thus, in the simu-
lation, the system is assumed as lossless and isentropic.
The Navier-Stokes equation is linearised, and then the
thermo-viscous effect is calculated by the continuity
equation, momentum equation and energy conserva-
tion equation in thermo-viscous module, as respectively
given by Equations (S1)–(S3), Supplementary Material.

A cut plane along the middle line of microlattice in
[001] plane is selected to demonstrate the FE results
(Figure 6(a)). Figure 6(b) shows the distribution of total
energy dissipation in the cut plane at the resonant fre-
quency of 1750 Hz. It can be identified that most inci-
dent acoustic energy is dissipated in the vicinity of

perforations, while the dissipation by cavity is negligible.
The red arrows, which represent the average velocity
distribution of air, further verify that the air vibration
mainly takes places in the perforations. The same
phenomenon is also observed in the distribution map
of air velocity and sound pressure in Figure S6, Sup-
plementary Material. The velocity and pressure
changes severely in the perforations rather than cavities.
Like typical micro-perforated panels,(Wang et al. 2021;
Duan et al. 2021; Tang et al. 2017) the energy dissipation
(Figure 6(b)) and velocity (Figure S6(a), Supplementary
Material) both show that the air particles vibrate more
severely in the upper perforations, and then gradually
decrease from the top to bottom.

Generally, owing the present architectural design, our
microlattices dissipate sound energy based on Helmholtz
resonance mechanism. The energy dissipation primarily
occurs via the vibration-induced friction viscous loss

Figure 5. Enhancement of sound absorption. (a) Compared average sound absorption coefficient of SOT, HOT, and LMMs. (b) Com-
pared half-absorption bandwidth of SOT, HOT, and LMMs.

Figure 6. Demonstration of viscous and thermal dissipation with LMM-B as an example. (a) The selected cut plane along the middle
line of microlattice. (b) The distribution map of total energy dissipation in the cut plane at the resonant frequency of 1750 Hz. The red
arrows represent the average velocity distribution in microlattice. (c) Viscous and thermal dissipation values at the resonant frequen-
cies of 1750 and 5100 Hz.
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and thermal boundary layers. To be specific, Figure 6(c)
compares their contributed values at resonant frequen-
cies. As shown, viscous dissipation occupies around
93% and 95%, while the proportion of thermal dissipa-
tion is around 7% and 5%, at 1750 and 5100 Hz, respect-
ively. In physics, the viscous boundary layers are formed
because of the vibration and friction of air molecules
when the incident wave passes through the micro-per-
forations, and thus the viscous dissipationWv can be cal-
culated as (Cops et al. 2019) Wv = 1/2(hv2t /fv), where vt
denotes the tangential velocity with t of time evolution,
and fv denotes the viscous boundary layer. As such,
viscous dissipation converts the sound energy into heat
due to the severe air molecules’ vibration, which also
explains why the energy dissipation is more pronounced
around the internal walls of perforations. Regarding
thermal dissipation, physically speaking, it is induced
by the breakdown of adiabatic propagation of sound
waves. In other words, when airflow passes through the
microlattice, the arising thermal boundary layers are
responsible for the energy conversion and lost, and the
dissipation is given by (Cops et al. 2019)
Wt = 1/2(r − 1)p2(wx/2r0Cp)

0.5/r0c
2
0, where γ, p, x, and

Cp refers to the specific heat ratio, pressure outside of
the boundary layer, thermal diffusivity, and specific
heat capacity of air, respectively. To conclude, with
sound waves flowing into the surface of microlattice,
the air particles gather around the vicinity of micro-per-
forations, and then the airflow passes through the
pores with dramatic air vibration, thereby impelling the
viscous-thermal loss to damp sound waves into heat,
with the sound intensity being diminished.

To uncover the underlying physics of sound absorp-
tion and elucidate the effect of hollow level of struts,
acoustic impedance of LMMs under normal incident
sound waves is analytically calculated based on
electro-acoustic analogy method. Lateral pore connec-
tions are essentially neglected for airflow (Li, Yu, and
Zhai 2021; Li et al. 2022). The present design enables a
LMM unit cell to be working as a Helmholtz resonator.
The air necks and cavity of a microlattice unit cell are
marked in Figure 7(a), with specific parameters associ-
ated with impedance calculations annotated. The perfor-
ation pore size (dp) of as-printed specimens is illustrated
in Section 3.2. Pore thickness (tb) is calculated by
tp = d1/2. As the cavity is obtained based on octet-
truss, the effective cavity length Deff is calculated as
Deff =

���������������
Vtotal − Vstruts3

√
, where Vtotal and Vstruts represent

the volume of air phase inside the equivalent octet-
plate lattice and the volume occupied by the microlat-
tice struts, respectively. Surface porosity sl refers to
the area of pores with respect to that of the non-
porous area from [001] face. These parameters are

given in Table S1. As few air flows into the hollow
struts, herein they are regarded as acoustic rigid bound-
aries. For our 3 × 3 × 3 microlattices, their resonant cells
are equivalent to the series connection without parallel
connection, and hence the periodical cells along [001]
direction constitute a three-layer cascaded resonant
system (Figure 7(a)).

The impedance of each layer is calculated based on
acoustic-electric analogy method as follows. The acous-
tic impedance of micro-pores Zm,l and cavities Zc,l of l-th
layer resonator are calculated. The surface impedance
(Zs,l) is obtained as

Zs,l = Zm,l + Zc,l (1)

The impedance of micro-perforations Zm,i is obtained as
(Maa 1998; Li et al. 2021):

Zm,l = 32htp
d2p,lsl

�������������
1+ vr0d

2
p,l

128h

√
+ 2lRs

⎛
⎝

⎞
⎠

+ j
vr0tp
sl

1+ 9+ vr0d
2
p,l

8h

( )−0.5( )

+ 1
sl

(0.85jvr0dp,l)

(2)

where v denotes the angular frequency of incident
sound wave and c0 denotes air velocity. r0 and h rep-
resent air density and dynamic viscosity, respectively.
2lRs denotes the correction term for air flow friction
with constants Rs = 1/2

��������
2hr0v

√
(Ingard 1953) and l is

2.0 for our case. The last term 0.85jvr0dp,l (Maa 1998;
Tang et al. 2017) represents the end correction for
mass reactance.

Then, the cavity impedance of l-th layer can be
expressed in terms of

Zc,l = Z0
Zl+1cos(kDl)+ jZ0sin(kDl)
Z0cos(kDl)+ jZl+1sin(kDl)

, l = 1, 2, 3 . . .N− 1

−jZ0 cot(kDl), l = N

⎧⎨
⎩

(3)

where k = v/c0 refers to the wavenumber and N refers
to the total number of layers.

After calculating the impedance from layer 3 to layer
1, we then obtain a under an incident sound wave as

a = 1− Zs/Z0 − 1
Zs/Z0 + 1

∣∣∣∣
∣∣∣∣2 (4)

where Zs denotes the total surface impedance, and Z0
represents the characteristic impedance of air, calcu-
lated as Z0 = r0c0.

The calculated a of LMMs by this analytical model
agree very well with the measured data (Figure 7(b)
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and Figures S7–Figure S9, Supplementary Material).
The curve of FEM also shows a close trend and peak
values, with only a slight derivation on the second
peak frequency. This derivation is mainly attributed
to fabrication defects of samples as illustrated before.
The dotted line refers to a = 0.5, and the curves are
above this line in most frequencies. As analysed
before, the absorption mechanism is associated with
the Helmholtz resonance effect. Herein, the impedance
matching and damping behaviours are discussed to
understand the underlying physics. Perfect absorption
can be attained when the surface impedance equals
to the impedance of air medium, that is, the real (Re
(Zs/Z0)) and imaginary parts (Im (Zs/Z0)) simultaneously
being equal to 1 and 0, respectively (Jiménez et al.
2016). Physically, the real and imaginary parts directly
demonstrate the damping state and the peak frequen-
cies, respectively. For the first peak, as shown in Figure
7(c), a well-matched impedance is observed for LMM-B,
and this explains the quasi-perfect absorption perform-
ance in Figure 4(a). The second-best impedance match-
ing state is offered by LMM-A, followed by LMM-C, and
LMM-D, which exactly corresponds to the slight
reduction of their peak values in Figure 4(a). The resist-
ance of LMMs all keeps increases to a peak value, and
then decreases to around 1.0 around the second res-
onant frequency. Besides, the discordant resistance
peak keeps shifting to higher frequencies with the

rising d2. Figure 7(d) physically illustrates the
damping state by the distributions of log10 |R|2 in the
complex frequency plane (Romero-Garciá et al. 2016;
Jiménez et al. 2017), where R denotes the reflection
coefficient. In the lossless case, the reflection coeffi-
cient contains a complex conjugate zero and a pole.
Herein, for LMM-B, the zero locates around the real fre-
quency axis at the first resonant frequency, generally
reaching the critical coupling state. Thus, the energy
loss and leakage in the system are greatly balanced.
Corresponding to Figure 7(c), all the zeros of LMMs
are below the real axis when coming to the second res-
onant frequency, and thus the system is over-damped,
resulting in the relatively lower peaks (Figure 4(a)). The
frequency domain where a > 0.5 is circled by the black
dotted line and real frequency axis. It is observed that
the absorption valley mainly locates around 3000–
4000 Hz, which shift to higher frequencies when d2
increases.

4.3. Parametric analysis on sound absorption

4.3.1. Effect of pore size
The diameter of perforations dp in the above analyses
was fixed as 0.5 mm. In fact, this value has a significant
influence on sound absorption performance (Zhou
et al. 2021; Duan et al. 2021; Maa 1998), hence its
effect is discussed here by taking LMM-B as an

Figure 7. Physical mechanisms. (a) Air necks and cavity of a microlattice unit cell, geometric parameters for acoustic impedance cal-
culations, and the three-layer cascaded resonant system. (b) Correlation between analytical calculation, experiment, and FEM in terms
of sound absorption coefficient of LMM-B. (c) Relative impedance demonstrated by acoustic resistance and reactance, and (d) rep-
resentation of the reflection coefficient in the complex frequency plane of LMMs with varying d2.
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example. The other geometric parameters are kept
unchanged. Specifically, based on the derived model,
the sound absorption coefficient a is calculated with
dp changing from 0.3 to 0.7 mm, as depicted in
Figure 8(a). As shown, when dp ranges from 0.4 to
0.5 mm, high a is obtained for both two peaks, indi-
cating it is an ideal range for high absorption.
However, with the rise of diameter, the absorption
peak value decreases, e.g. dp = 0.7 mm. The compared
average a and half-absorption bandwidth of five
representative perforation diameters in Figure 8(b)
clearly demonstrates this regularity. The highest
average a and Ba=0.5 are obtained with dp of
0.4 mm, while the rising diameter leads to a huge
reduction on these two values. As illustrated in
Section 4.2, the absorptive behaviours of the present
microlattices are physically dependent on their impe-
dance matching behaviour. Thus, the relative impe-
dance is compared here for these varying diameters
cases. Figure 8(c) shows that the increase of diameter
results in severer fluctuation of resistance curves
whose frequencies corresponding to Re(Zs/Z0) = 1

soar to higher frequencies, and this is unmatched
with the reactance trends (Figure 8(d)). Therefore,
this extremely unmatched impedance behaviour
reveals the reason for poorer absorption with the
rising diameter.

4.3.2. Heterogeneous arrangement of perforations
All the above findings in this study are based on a
homogeneous arrangement of perforations. In other
words, the perforation diameter dp is identical in
every layer of the microlattice. For the present 3 ×
3 × 3 microlattice sound absorber, the heterogeneous
arrangement of perforations is employed as shown in
Figure 9. Along [001] direction, the diameter of each
layer is designated as dp,1, dp,2, and dp,3 from top to
bottom, and hence they still produce the cascaded res-
onance. While for [100] and [010] directions, the reso-
nators form the cascaded-parallel resonance instead.
Note that the findings in section 4.3.1 indicate that
the diameter of 0.4 mm is a proper value for a better
absorption. As such, three representative cases, based
on the diameter only changes in one specific layer

Figure 8. Analysis on the effect of pore size performed by analytical calculations. (a) The influence of perforation diameter (from 0.3–
0.6 mm) on a from 1000 to 6000 Hz. The black dotted curve represents a = 0.5. (b) Compared average a and half-absorption band-
width, (c) resistance, and (d) reactance in the cases of five representative perforation diameters (dp = 0.3, 0.4, 0.5, 0.6, and 0.7 mm).
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with that of the other two layers equaling to 0.4 mm,
are discussed here. Indeed, the possible arrangements
are limitless, and machine learning based methods
can be further developed to optimise the geometries
in future work (Chen et al. 2022).

The case where sound wave flows along [001] direc-
tion is discussed here. With changing dp,1, dp,2, and
dp,3, the absorption curves and relative impedance are
demonstrated in Figure 10(a–c), respectively. Appar-
ently, the diameter of 0.2 mm is an improper value for
all these cases, especially for the first layer. As shown
in Figure 10(a), when dp,1 equals to 0.2, a is below 0.4
throughout the frequency range. The excessive surface

impedance under such a small diameter is responsible
for this poor absorptive response. This finding also indi-
cates that the first layer plays a more important role than
the other two layers in impedance-matching perform-
ance. Besides, with the increase of diameter, the absorp-
tion curves are slightly deflected to higher frequencies,
which results from the frequency shift of the corre-
sponding relative impedance.

The present heterogeneous arrangement of perfor-
ations in Figure 9 empowers the microlattice to be
capable of offering the combination of parallel and cas-
caded resonance when sound waves flow along [100] or
[010] directions. Herein, a set of diameters optimised by

Figure 9. Heterogeneous arrangement of perforations and the resultant possible equivalent circuits (cascaded and cascaded-parallel)
under varying incident sound direction.

Figure 10. Analytically calculated absorption performance with sound waves flowing along [001] direction. Absorption curves and
relative impedance with changing (a) dp,1, (b) dp,2, and (c) dp,3.
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the analytical model is given as: dp,1 = 0.33, dp,2 = 0.60,
and dp,3 = 0.50, and the calculated absorption curve (in
red) is shown in Figure 11(a), which shows higher a in
most frequencies as compared to the measured data
of LMM-B with only cascaded resonance. Figure 11(b)
intuitively plots the absorption improvement generated
by the present heterogeneous design. With regards to
average a, it increases by 11% to a high value of 0.72.
The half-absorption bandwidth improves by 43% to
4.9 kHz, indicating the absorption curve is above 0.5
almost in the whole frequency range.

Overall, the heterogeneous arrangement of perfor-
ations maximises the potentials of sound absorption
performance of microlattice. The improvement in
terms of sound absorption could be further enlarged
by using machine learning method considering not
only the pore size and heterogeneous arrangement,
but also the unit cell geometry of microlattice, which
deserves investigation in the future. Further, the hetero-
geneous arrangement of perforations would trigger

another interesting mechanical phenomenon, that is,
the change of the deformation sequence of each layer
under compression. The geometrical optimisation for
both acoustic and mechanical improvement is a
complex topic, which deserves exploration in the future.

4.4. Compressive performance

As practical engineering materials, efficient mechanical
responses such as high stiffness and strength, and
damage-tolerant behaviour are highly-desired for micro-
lattices. The compressive performance of LMMs is
explored here. A set of experimentally measured
stress–strain curves is shown in Figure 12(a). As shown,
the hollow design enables LMMs to be damage-tolerant,
that is, offering a long stress plateau, which avoids the
premature and catastrophic failure of SOT, and at the
meantime, the strength is substantially improved com-
pared to that of HOT (Figure S1, Supplementary
Material). Besides, with the rising d2, the stress plateau

Figure 11. Absorption performance and enhancement of the present heterogeneous design with sound waves flowing along [100] or
[010] directions predicted by analytical model. (a) Absorption curves in the case of heterogeneous arrangement with cascaded and
parallel circuit, and the homogeneous arrangement with cascaded circuit. (b) Comparison of average a and half-absorption band-
width of the typical homogeneous design and the present heterogeneous design.

Figure 12. Experimentally measured compressive performance of LMMs. (a) A set of stress-strain curves. (b) Measured specific com-
pressive strength and Young’s modulus. (c) Comparison with HOT in terms of specific plateau stress.
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of LMMs gets a more flat plateau with less fluctuation,
e.g. LMM-D. Based on the measured data, the averaged
specific compressive strength and modulus of LMMs
with standard deviations are given in Figure 12(b),
showing a downward trend with the rise of d2. But this
also indicates that, with this hollow strut design, our
LMMs are capable of offering on-demand strength and
modulus by modulating the hollow level of struts. The
specific plateau stress, calculated as the average
specific stress with 1 from 0.2 to 0.5 in the stable
folding region, is calculated for HOT and LMMs in
Figure 12(c). With varying hollow level, all LMMs have
a specific strength over 3 MPa·cm3/g and higher than
that of HOT. Taking LMM-B as an example, its specific
plateau stress is double that of HOT. The dynamic
loading tests with strain rate of 0.5 s−1 were also per-
formed for LMM-B. Compared with the quasi-static
case, the yielding stress in such a dynamic loading is
elevated substantially, which reveals the high sensitivity
of strain rate of the base material (Figure S10, Sup-
plementary Material).

The mechanical properties of LMMs are further evalu-
ated by Ashby charts in Figure 13, where various light-
weight cellular materials with different constituent,
porosity, and geometry are compared. As shown in
Figure 13(a), the present microlattices are relatively
stiffer than the modified polymer octet-truss, parylene
microlattice, alumina and silica cellular materials, even
though the greatest performance is offered by the poly-
methacrylimid foams. Our LMMs all follow the general
trend that the moduli are improved with the increase
of density, thereby exhibiting this decent stiffness per-
formance. Further, Figure 13(b) shows the compressive
strength plotted against the density. As compared to

the previously reported polymer microlattices and
nickel hollow microlattice, the present microlattices
follow the general trend and exhibit higher strength.
In brief, owing to the higher density of as-printed
samples and the reinforcement brought from plate
architectures, our LMMs possess higher modulus and
strength than most of these cellular materials. The mech-
anisms associated with the efficient mechanical
responses of LMMs are revealed in the next section.

4.5. Deformation mechanisms

The deformation modes of LMMs with the compressive
strain of 0, 0.15, 0.30, and 0.45 are shown in Figure 14
(a). As shown, LMM-A and LMM-B possess similar defor-
mation features. Specifically, fractures firstly are observed
around the pores with 1 = 0.15. This phenomenon is pre-
dictable – an ultralow strain energy is needed for defor-
mation for squeezing these pores. Hence, the
introduced micro-perforations guide the preliminary
and fractional fractures. Then, it comes to the local col-
lapse of unit cells of a specific layer. When 1 = 0.45, we
found that there are some parts of lattices falling,
marked by the yellow arrows. For LMM-C, a clear local
shear band is observed, and this shear band keeps
expanding with continuous loading, accompanying
with the local collapse of unit cells. While for LMM-D, in
such a high hollow level, interestingly, the plastic
bending behaviour dominates the preliminary defor-
mation. The reason is that, the hollow struts could be
regarded as straw-like structure (Schaedler et al. 2011;
Zheng et al. 2014) which substantially improves the
damage tolerance. With successive loading, bearing,
tearing, and folding of unit cells are observed. Then,

Figure 13.Modulus and strength scaling of cellular materials. (a) An Ashby chart exhibiting the modulus versus density for LMMs and
other previously reported cellular materials. References used: modified octet-truss (Song et al. 2019), parylene microlattice (Maloney
et al. 2013), alumina cellular materials (Kucheyev et al. 2006), polymethacrylimid foams (Maiti, Ashby, and Gibson 1984), and (Woignier
et al. 1998). (b) An Ashby chart exhibiting the strength versus density for LMMs and other previously reported cellular materials. Refer-
ences used: modified octet-truss (Song et al. 2019), diamond-like polymer microlattice (Zhou et al. 2016), nickel hollow and parylene
microlattice (Maloney et al. 2013), PμSL polymer microlattice (Dar et al. 2020), and PLA microlattices (Sun, Guo, and Shim 2021).
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these microscopic deformation features eventually lead
to the whole layer-by-layer collapse. Therefore, com-
pared to the LMM-A, LMM-B, and LMM-C that show
stretching-dominated deformation characteristics, the
bending-dominated mode of LMM-D enables it to
display a flat, stable, and long stress plateau and avoids
the sharp drop of stress after yielding (Figure 12(a)).

Von Mises stress and equivalent plastic strain (PEEQ)
distributions of LMMs are compared in Figure 14(b) via
unit cell representations with compression strain of
2%. Note that FEM was employed mainly for the analysis
and understanding of trends in stiffness and strength
rather than the prediction of large-strain deformation
(see details in Section S5, Supplementary Material). As
shown, their different mechanical responses are attribu-
ted to the varying stress contributions owing to struc-
tural differences. It is noteworthy that, typical highly
stretch-dominated truss structure shows concentrated
stress on strut nodes and inclined struts (Li et al. 2021;
Dong, Deshpande, and Wadley 2015), which leads to a
low strain energy needed for deformation and hence
catastrophic failure is easily to be observed. In contrast,
the inclusion of plates of LMMs optimises the stress dis-
tribution and reaches a near-membrane stress state
(Berger, Wadley, and McMeeking 2017). With successive
loading, the high-stress spreads uniformly over the
structure, and higher strain energy is needed for defor-
mation. Therefore, this near-membrane stress state
enables LMM to not only offer mechanical enhancement
over HOT, but also to display higher modulus and
strength than other truss-based microlattices. Besides,
with the rising hollow level, it is found that the stress

of plates is decreasing. This phenomenon is more pro-
nounced in the equivalent plastic strain (PEEQ) nepho-
gram. From LMM-A to LMM-D, as shown by the red
dotted line, the plastic strain around the pores located
in the hollow struts increases substantially, while that
of the plates, on the contrary, decreases. Therefore,
such a large plastic strain in the neutral position of
struts explains the unique bending feature and rupture
of struts of LMM-D in Figure 14(a). Further, note that,
the existence of microscopic pores guides the initial
plastic deformation, which also improves the mechanical
robustness of lattice materials to an extent.

5. Further discussion

5.1. Hollow level of struts

The present microlattice is composed of hollow truss
and plate architectures. The above analysis has already
indicated that the inclusion of plates is of great signifi-
cance for enhancing the sound-absorbing and mechan-
ical properties. Herein, the overall effect of the hollow
level of struts is concluded and discussed. Based on
the above measured data, the inner diameter d2 of
hollow struts empowers the microlattice to be customi-
sable in sound-absorbing and mechanical properties.
Although d2 poses a slight effect on average a and
Ba=0.5 of LMMs, the rise of d2, deems to deflect the
trends of absorption spectra. Regarding to this phenom-
enon, as illustrated in Figure 2, the air phases of hollow
struts and resonant cavity is connected, and thus the
hollow struts herein influence the acoustic absorption

Figure 14. Deformation modes and mechanism. (a) Deformation modes of LMMs captured by digital camera with compressive strain
of 0, 0.15, 0.30, and 0.45. (b) Finite element model analysis of a single unit cell of with compressive strain at 2%: Mises stress and
equivalent plastic strain nephograms.
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by surface porosities, which is illustrated in Section 4.2.
From Figures 4 and 5, with varying d2, the peak frequen-
cies and values take changes although the average a

stabilises around 0.6 in these cases. In physics, the differ-
ence of peak values at the first resonant frequencies is
ascribed to the different impedance matching states
(Figure 7(c)). With rising d2, the shift of discordant resist-
ant peak as well as zeros in complex plane to higher fre-
quencies reveal the physical essence for the shift of
absorption curves. This fact is intuitively uncovered by
the ‘mass-spring’ theory here.(Tang, Xin, and Lu 2019)
To be specific, the ‘mass’ and the ‘stiffness of the
spring’ can be calculated by m = r0tS and
k = r0c

2
0S

2/V respectively. The resonance frequency is
then given as

vr =
�����
k/m

√
= c0

������
S/Vtp

√
(5)

where S denotes the cross-sectional area of pores; tp, and
V represent the pore thickness and cavity volume.
Hence, the rising d2 leads to the higher ‘stiffness of the
spring’ in this system, and finally results in the larger
vr . For mechanical performance, the effect of hollow
level is intuitively observed in the stress–strain curves
in Figure 12(a). With rising d2, the stress plateau is
more flat without severe fluctuations, which owes to
the bending-dominated deformation modes. The high
hollow level enables the struts to be more like ‘straws’
(Zheng et al. 2014; Schaedler et al. 2011), and thus
bending and folding of unit cells are dominant in the
compression with less ruptures. In other words, the
higher hollow level substantially enhances the damage
tolerance of microlattice.

5.2. Advances and potentials

The scientific advances and potentials of the present
microlattices are discussed here. With regards to sound
absorption, our microlattices not only show substantial
enhancement as compared to SOT and HOT, but also
outperform the traditional sound-absorbing materials
and advanced absorbers. Compared with conventional
foam absorbers (Wang et al. 2022; Shao and Yan 2022;
Hyuk Park et al. 2017; Cops et al. 2019), the present
microlattices perform better in both absorption peak
and half-absorption bandwidth. Specifically, our micro-
lattices can achieve the quasi-perfect absorption (a >
0.999) and hit the half-absorption bandwidth up to 3.9
kHz as demonstrated experimentally. This exceptional
absorption performance also outperforms that of the
reported microlattice absorbers (Yang et al. 2020; Li
et al. 2022; Li et al. 2021), in which the resonant cells
are not designed for sound absorption purpose.

Besides, compared with all these aforementioned absor-
bers, our LMMs also offer distinct advantages in their
favourable thickness —21 mm, which constitutes a
notably high 30% reduction in thickness compared
with the absorbers at 30 mm (Yang et al. 2019; Li, Yu,
and Zhai 2021). Therefore, the proposed straightforward
design concept in this study, that is, introducing the cas-
caded Helmholtz resonance mechanism to microlattice,
represents an advance in designing advanced sound
absorber. For its mechanical properties, the inclusion
of plates optimises the stress contribution, and enables
it to approach the approximate membrane stress body.
As a result, our LMMs show higher specific strength
than that of HOT (Figure 12(c)), and moreover, exhibit
higher or comparable modulus and strength as com-
pared to the reported polymer or metal-based microlat-
tices (Figure 13(a) and (b)). Meanwhile, it is because the
hollow design of struts is employed, LMMs display the
damage-tolerant behaviour and avoid severe failure
always found in solid truss lattices (Pham et al. 2019),
or plate lattices (Andrew, Verma, and Kumar 2021;
Andrew et al. 2021).

As practical engineering materials, the present micro-
lattices are herein evaluated from the materials perspec-
tive. First of all, our microlattices possesses lightweight
(0.37–0.56 g/cm3) property and multifunctionality. Note
that the excellent sound absorption and mechanical
properties could not be simultaneously realised by the
aforementioned sound-absorbing material (e.g. foam
and fibres) and advanced absorber metamaterials.
Specifically, as load-bearing products, our LMMs can
sustain the weight more than 30,000 times its own.
From the pristine phase to post-yield phase, they can
dissipate the crash energy by stable folding behaviour.
As compared to the highly directional sandwich
panels, the LMMs possess superior sound-absorbing
and mechanical performance in in-plane directions,
and the sound-absorbing performance could be
further improved by heterogeneous arrangement of per-
forations (Figure 11). Additionally, it is noteworthy that
the relative density has a great impact on the mechan-
ical properties of microlattices, whist the acoustic
absorption depends on the microscopic geometries
(e.g. diameter and thickness of pores) that have negli-
gible influence on relative density. Thus, for practical
products, the relative density can be determined based
on the requirements of mechanical properties at the
beginning, and then it comes to the microscopic geome-
try modulation for the desired sound absorption.

The present microlatices have great potentials in
transportations, constructions, and other indoor settings
for the purpose of both load-bearing and noises
reduction. Additionally, it is worth noting that the
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present architectural design is not limited to the applied
polymer. By compromising the lightweight property, the
proposed design can be extended for other engineering
applications via the metal-based materials. For example,
as high-strength load-bearing materials, or passive crash
energy absorbers, the base material could be aluminium
alloy, stainless steel, iron, nickel, etc. In this way, based
on the measured data (Figure 13), it is speculated that
the microlattice can also display ultra-strong mechanical
properties.

6. Conclusion

In this work, lightweight multifunctional microlattices
(LMMs) are proposed for achieving simultaneous excel-
lent sound absorption and mechanical properties.
These microlattices are fabricated by digital light proces-
sing 3D printing. The experimental results show that
LMMs offer quasi-perfect absorption (a > 0.999) at the
absorption peak, an average a around 0.66, and wide
half-absorption up to around 3.9 kHz. All LMMs exhibit
substantial enhancement on sound absorption com-
pared with the unmodified microlattices. Based on the
numerical analyses, we validate that the sound-absorb-
ing capacity is attributed to the viscous frictional flow
and thermal boundary layers based on the designed cas-
caded resonant units. The unique absorptive behaviours
and the influence of hollow level of struts are elucidated
by the impedance-matching state and damping con-
ditions. Also, compared with hollow octet-truss, the
present microlattices display great improvement in
specific strength. Superior modulus and strength of our
LMMs to the conventional cellular materials and other
modified microlattices are also observed in Ashby
maps. These mechanical reinforcement and superiorities
are then revealed by the approximate membrane stress
state of the plate architecture, whilst the damage-toler-
ant behaviour is elucidated by the hollow level of struts.
Overall, our LMMs are demonstrated to be lightweight,
sound-absorbing, and mechanically efficient materials.
This work may have implications for developing multi-
functional materials by 3D printing.
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