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Abstract: The great progress in material science and nano-micro fab-
rication enables the applications of metamaterials with well-defined
and well-organized microstructures for noise reduction. However,
what intrinsic morphology of the metamaterial would result in opti-
mum sound absorbing efficiency remains uncertain. This work
presents a microlattice metamaterial, comprising well-defined and
organized material morphology in terms of pore size and porosity,
for generating optimum sound dissipation. A compact governing
equation is established and verified experimentally to show that the
optimum sound absorption can only be reached when the pore size
equals twice the thickness of a viscous boundary layer.
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1. Introduction

Currently prevalent sound absorbing materials (SAMs) are featured as comprising a
massive amount of intricate and interlocked irregular pores, through which sound
energy is dissipated as a result of friction between the acoustic airflow and their rigid
skeletons, or of thermal loss.'® One limitation associated with the SAMs is that their
pores are poorly controllable in both dimension and configuration. This makes the
optimization on intrinsic structures of the SAMs targeting maximum sound absorptiv-
ity a challenging task, and also makes previous efforts to prefer to use flow resistance
as the intermediate variable, instead of the material morphology, in SAM optimiza-
tion.® Recently, metamaterials or metasurfaces’ '* based SAMs providing manageable
and adaptable performance are attracting growing interest; some may provide dark
acoustic effect at low frequency!' or ultra-broadband acoustic absorption.'?> These
SAMs possess well-defined and organized microstructures. Nevertheless, a question still
exists as to what pore size and porosity would render a SAM with maximum sound
absorbing efficiency, while the existence of such an optimum pore size may be implic-
itly indicated.®

In this work, starting with a three-dimensional (3D) printed microlattice meta-
material composed of well-defined and organized micro-structures, we tailor the inner
pores to be uniformly sized as twice the thickness of a viscous boundary layer of acous-
tic airflow. We show that this gives rise to critical friction between the airflow and the
interstitial surfaces of the SAM, allowing the pore cross-sections to be completely filled
up with a useful dissipative layer but concurrently to avoid over-resistance. For any
given thickness, the resulting metamaterial demonstrates maximum sound absorbin%
efficiency, outperforming the widely recognized good sound absorber, glass fiber.>
Thermo-viscous acoustic simulations on the sound absorptions are in good agreement
with the experiments. In particular, a brief explicit equation regarding the optimum

®Author to whom correspondence should be addressed.
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pore size is established, for which may be surprising is that it simply involves two varia-
bles, i.e., the frequency of sound and the viscosity of air.

2. Theoretical model

The proposed microlattice material is constructed of multiple layers of perforated
plates, spaced apart from each other with air gaps and interconnected by micro-sized
rods. As shown in Fig. 1, each monolayer of the plates is formed by micro-ridges and
wires, defining uniform sub-millimeter square pores. The rods and ridges, thicker and
wider than the wires, act as a solid and sturdy framework of the microlattice. Samples
are prepared in a circular disk, with each sample having a peripheral wrapper layer.
The morphological features of the microlattice can be precisely controlled by tuning
the following parameters: pore width a, wire width w, ridge width s, square rod width
W, layer thickness t, and layer spacing /.

For a perforated plate, the general form of its acoustic impedance can be
expressed® as z = k + jy, where k = (32ut)k,/(apycod?), 1 = (wt)ky/(aco), j> =1, t is
the layer thickness, ¢y is the sound speed in air, u is the dynamic viscosity of air, g is
the porosity, and k, and k,, are the two variables dependent on pore diameter d. The
first term x denotes resistance and relates to the part of energy dissipation, while the
second term y denotes “reactance,” and can be compensated by the distance between
the plate and a rigid back wall. This could result in a maximum sound absorption

coefficient in the form of o = 4 /(1 + «)*.° Particularly, k = 1 results in unity absorp-
tion, i.e., o = 1. This yields od®> = (32ut)k./(pyco), which can be further reduced to

optimum pore radius: r =k /2u/(wp,), with k = /8nk,tf/(ccy) and f being the
sound frequency.

Because k has a complicated form, it is important to find its value in order to
determine the optimum pore radius corresponding to unity absorption. First, in our
case, using the expression in Ref. 6, k, is estimated to be around 1.0-1.2.° Second,
after determining the frequency f and porosity ¢ corresponding to maximum sound

(®)
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Fig. 1. (Color online) The sample of the microlattice metamaterial: (a) The microstructure of the microlattice
metamaterial, (b) SEM picture of longitudinal sectional view on solid frameworks, (c) cross-section of one layer
with uniformly-sized pores, and (d) the sound absorption measuring device with a modified loading portion,
and ten disk-shaped samples to be tested.
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absorption, it is found that f is in linear relation to o, so that the ratio of f /o is gener-
ally non-variable. Figure 2(a) shows the sound absorptions as functions of d and ¢ for
twelve 1/3 octave frequencies. It is seen that porosities corresponding to maximum
absorption regions increase as frequencies tone up, for which the values of f'/o for dif-
ferent samples can be found numerically. In addition, because each layer of the perfo-
rated plates has the same characteristic impedance and wavenumber, the thickness ¢
now should denote the total thickness of the samples. With the ratio of /o and the
value of 7 obtained, the value of & can be determined and is shown in Fig. 2(b). It may
be surprising to find that its value is generally close to 1.0 (k = 1.00.07), regardless
of sample thickness ¢ or frequency. The calculation of sound absorptivity of the micro-
lattice is carried out by using an integrated transfer matrix method.'® First, the complex
acoustic wave number k,, and impedance z, of the nth monolayer of the membranes
are obtained using the simulated acoustic response in COMSOL Acoustics. It follows
that a transfer matrix [7,] can be established to link the acoustic pressure and velocity
fields at opposite sides of this layer: [p,1uni1] = [t:][pnttn]. And then an overall transfer
matrix for the whole sample can be established as [T] = [t][t2] - - - [tn] - - - [tn], With N
being the total number of layers. As a result, the sound absorption coefficient can be
calculated by using « = 1-|R|?, where R is the reflectance, R = (T}1-zT51)/
(T11 + 20T21), and zj is the characteristic impedance of air. The size of square pores
investigated is between 0.05 and 0.5mm (for circular pore d = 2a/+/m: 0.056-0.56 mm),
and the porosity is between 0.1 and 0.8. The thickness of each layer is chosen as 50 um,
while the spacing / is selected as 450 um. Consequently, for N = 100, the overall sam-
ple thickness is 50 mm.
Therefore, the optimum pore radius can be rewritten as

ropt = \/2u/(wpy), (1)

which equals exactly the thickness of the viscous boundary layer ¢, = \/2u/(wp,).>"*
Other approaches may also eventually come to a certain form of equation for optimum
pore radius, such as the Johnson-Allard model,' or the Ingard model,® but such an
explicit and straightforward brief form as Eq. (1) remains not reported, as to the best
of our knowledge.

By satisfying Eq. (1), the acoustic airflow undergoes critical friction within the
pores. The effect of the viscous boundary layer on sound wave includes permeability
and dissipativity. Acoustic air medium becomes less resistant and less dissipative when
it is distant from the solid-air interface. The viscous boundary layer per se implies a
range only within which the viscosity takes effect.'* Therefore, inside a pore, from its
peripheral wall toward its center, both the resistance and dissipativity gradually
decrease. If r > t,, there exists a center region beyond the range of the boundary layer,
so this center region is to some extent wasteful in the sense of dissipation. In contrast,
if r<t, the boundary layer overlaps in the center region and results in over-
resistance, making this region less penetrable, i.e., more reflective, a factor unfavorable
for sound absorption. As a result, it is easy to infer that if an optimum state does exist,
it should be r = ¢,. Only under this condition, the viscous layer exactly fills up the
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Fig. 2. (Color online) (a) The mapping of sound absorption coefficients of 50 mm thick microlattice under dif-
ferent pore size and porosity for 12 octave frequencies, enclosed areas indicate maximum absorption regions.
(b) The numerically calculated values of k£ corresponding to maximum sound absorption as a function of fre-
quency for different sample thicknesses.
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pore, neither overlapping nor leaving any vacancy. Consequently, all acoustic airflow
passes through the pore critically, undergoing full dissipation and concurrently experi-
encing the lowest reflection.

Figure 2(a) and Eq. (1) briefly reveal optimum pore size at specific frequencies,
which can be readily extended to a more universal one over a wide frequency band.
F'u'rthe'r, rewriting Eq. (1) as répt =v/(nf), with v = u/p, being the momentum diffu-
sivity, 1t comes to

SOpt = VT» (2)

where Sop = m%pt is the optimum cross-section area and T =1/f is the cycle.
Equation (2) may be interpreted as: the optimum pore should be configured to allow
acoustic airflow momentum to diffuse over its entire area within a sound cycle. Again,
to the best of our knowledge, this extraordinarily brief equation has never been
reported before. Since v is typically constant, the cycle time 7 becomes the only param-
eter determining the diffusion effect of acoustic airflow. So for a noise comprising a
series of frequencies f; or cycles T; = 1/f;, each corresponding to an area Sop; = v7T;,
the total area needed for all momentum diffusion would be obtained as S =) ,vT
= ;Sopi,» With I the total number of frequencies in consideration. On average, the
amount of momentum diffusion over all the frequencies is S =S/ =" ,Sop;/I. If

such a sum of diffusion arises from a single pore, it should be sized as: 7 = /S /x.

The resulting universal optimum pore size can be verified from the overall rat-
ing of the microlattice material. One widely used rating of sound absorption is the
Sound Absorption Average (#saa),'> which uses the average of sound absorption coef-
ficients from twelve 1/3 octave frequencies. Figure 3(a) shows the SAA mapping of the
microlattice over pore size and porosity. A region of remarkable maximum agaa (0.72)
can be seen at a pore size (diameter) around 180 um (rop = 90um) and a porosity

above 0.56. The calculated optimum radius using 7 = /> ;#?/I is around 95um,

which is in excellent agreement with that derived from Fig. 3(a). In Fig. 3(a), a dashed
line indicating a universal optimum combination of pore size and porosity is also
shown. An expression of this curve is found to be 6d> = ¢k, according to data fitting,
with ¢, a constant simply determined by using initial values: ¢, = 0.56 x 0.18>. This
expression is a reduction of od? = (32ut)k,/(pyco), by defining ¢, = (32ut)/ (pyco) and
by using k, = 1.0, as discussed previously. Figure 3(b) shows the required thickness for
reaching a target SAA=0.7, in which a corresponding region denoting minimum
thickness of 50 mm can be seen. This also confirms that the predicted optimum pore
size and matched porosity offer the most efficient sound absorption.

3. Experiment and results

For experimental verification, the diameter of the pores of the microlattice materials
can be chosen between d=180 and d=220um, or equivalently for square pores,
between a =160 um and a =195 um. Without losing importance, the actual pore width
is selected as integer multiple times of 39 um, which is the XY in-plane resolution of
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Fig. 3. (Color online) (a) The distribution SAA over 12 octave frequencies of microlattice of 50 mm thickness,
maximum sound absorption region locates at pore size of 180 um and porosity above 0.56. (b) The required
sample thicknesses for achieving a target SAA 0.7 under different pore size and porosity, minimum required
thickness region exists at the similar location as that in (a).
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the adopted Asiga Pico 2-39 3D printer. So, the pore width is finally chosen as
a=195um (i.e., d=224 ym). Another microlattice sample having a larger pore width
a=468 um (i.e., d=528 um) and ¢ =0.56 was also fabricated for comparison. The
cross-sectional planes of each microlattice sample were directly modeled in a digital
matrix, with each element of the microlattice encoded into pixels, denoted by either 1
or 0 in the matrix. During printing, the exposure time for the photosensitive polymer
and other machine parameters were carefully adjusted. Upon completion, the printed
sample was transferred from the printer’s building platform into ethyl alcohol for ultra-
sonic treatment for 30s to remove the adhering uncured resin.

As shown in Fig. 1(c), the samples have uniformly sized pores that are formed
by micro wires. Pores with uniform width =190 um (slightly smaller than the
designed value of 195 um) and wires of 45 um can be seen [Fig. 1(c)]. Accounting for
all the solid parts, i.e., the rods, wires, and peripheral wrapper layer, the actual in-
plane porosity is 56%. Scanning electron microscope (SEM) images offer details of the
layers and rods [Figs. 1(b) and 1(c)], showing excellent structural control in microfabri-
cation, with seamless bonds intermediating rods and ridges that constitutes a solid and
stable framework. Taking the space between two adjacent layers into account, the vol-
umetric porosity (o)) is estimated as high as 94%, resulting in small interlayer airflow
resistance that ensures an impedance match between incident air medium and the bulk
sample.

To experimentally characterize the sound absorbing efficiency of these 3D-
printed microlattice materials, bulk samples were prepared as circular disks [Fig. 1(d)]
with a diameter of 9.84 mm and a height of Smm (i.e., 10 layers of membranes). A
stack of 10 disks (total thickness H=50mm) was mounted into a sound impedance
tube having the same inner diameter (D =9.84 mm), backed by a rigid steel plate of
thickness 5mm (not shown). This impedance tube is a holder of a standard sound
absorption coefficient measuring device [Fig. 1(d)].

The measured sound absorption properties of the microlattice samples are
shown in Fig. 4(a). Good agreement between experimental (dashed lines) and numeri-
cal (straight line with scatters) results can be seen. The microlattice material samples
with optimum pore configuration show enhanced performance among all the frequen-
cies. The performance of the present microlattice materials having optimum structures
is compared with that of common SAMs, shown in Fig. 4(b). It can be noted that the
optimized microlattice (a =190 um, p=66mg/em?, o, = 0.94) outperforms the glass
fiber (p=32mg/em?, o) = 0.98) (dashed line) throughout all frequencies, while the lat-
ter is widely recognized as a good absorber when proper density and porosity are
selected.>* Other popularly used sound absorbers, such as foams, are generally 0.3-0.4
underperforming than the microlattice. It is also worth noting that the 3D printed
microlattice is a solid structure with inherent high stiffness/mass ratio, which provides
it with greatly improved stability and reliability. The significant enhancement in
absorptivity of microlattice with optimum microstructures signifies a new avenue for
design and manufacturing of next generation SAM:s.

4. Conclusion

Through theoretical analysis, numerical and experimental investigation on sound
absorption by microlattice material with well-defined microstructures, it is found that
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Fig. 4. (Color online) Sound absorbing properties of microlattice materials. (a) Numerical and experimental
results of sound absorbing coefficient agree with each other for microlattice samples with width =190 um (i.e.,
d ~ 210 yum) and a =468 um (i.e., d ~ 500 um). (b) Comparison of absorbing coefficients between the microlat-
tice materials and other SAMs.
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the optimum pore size for maximum sound absorption is twice the viscous boundary
layer thickness. This surprisingly brief relation was not explicitly presented before, as
to the best of our knowledge. In addition, optimum combinations of pore size and
porosity for maximal sound absorption over the entire frequency band were also deter-
mined for practical applications. The findings in this work offer a useful guide for
designing SAMs with enhanced performance.
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