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We propose a multi-order Helmholtz metamaterial with deep-subwavelength thickness in which perfect continuous acoustic absorption is achieved
within 400 Hz ∼ 2800 Hz. The metamaterial is composed of multiple detuned cells, each of which is constructed by several perforated plates
inserting into the cavity of a Helmholtz resonator (HR) and hence gains multiple individually-tuned high-order peaks besides the original HR peak.
By precisely designing each peak of the cells, the extra-broadband perfect absorption can be obtained. This kind of metamaterials could possess
broad applications in noise control engineering owing to the extraordinary absorption performance and high flexural stiffness.
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L
ow-frequency sound absorption has been a challen-
ging topic due to the weak energy dissipation in
traditional materials, such as microperforated panels

(MPP)1–3) and porous materials.4–6) In the last two decades,
acoustic metamaterials have opened a new perspective for the
researchers. A series of metamaterials with subwavelength
thickness has been designed to achieve near total low-
frequency sound absorption, such as membrane-type
metamaterials,7–11) coiled-up metamaterials12–16) and coupled
subwavelength resonant system.17,18) Owing to the resonant
nature, most of these metamaterials can only obtain a narrow-
band performance, which has limited engineering applica-
tions.
Until now, only a few works have presented broadband

absorption by introducing multiple detuned cells.19–33)

Some kinds of membrane-type materials19–22) have been
reported for low-frequency broadband absorption on the
basis of Mei’s work.9) By using the coiled-up method, Liu
et al. proposed an absorber based on 6 coiled Fabry–Perot
(FP) channels which could achieve perfect absorption
within 100 Hz∼ 200 Hz.23) Chen et al. reported a structure
in which two axially channels in series were coiled-up into a
layer perpendicular to incident waves for reducing the
sample thickness.24) Another alternative is to use multiple
Helmholtz resonators (HR) with coiled-up cavities.25,26) In
Ang et al’s work,27,28) two enclosed parallel cavities in a
new plate-type metamaterial were connected by a small
hole, and the consequent couplings could provide a new
transmission loss peak, which was also enlightening for the
sound absorption. But it is worth noting that only the first-
order peak of single cell was utilized for the broadband
absorption in most current researches. In fact, the bandwidth
can be sufficiently further broadened by introducing high-
order peaks. In latest research, a sound-absorbing structure
including high-order peaks, composed of 16 coiled-up FP
channels, was presented by Yang et al.29) with a thickness of
10.36 cm, in which near-perfect flat absorption was obtained
in the range of 400 Hz∼ 3000 Hz. The structure, however,
was a little thick since each channel length should still be up
to a quarter wavelength of operating frequency; meanwhile,
all the peaks of each channel were simultaneously affected
by the structure parameters and could not be adjusted
separately.

In this work, we propose a new kind of 8 cm thick multi-
order Helmholtz metamaterial with a perfect absorption band
within 400 Hz∼ 2800 Hz, and the basic unit is comprised of
multiple coiled cells, namely multi-order Helmholtz resona-
tors (MHRs), each of which can provide multiple high-order
peaks. Compared with those of FP channels, the MHR peaks
have lower frequencies and similar bandwidth under the same
structural dimensions. The metamaterial hence has a thinner
thickness reduced by 22.8% than Yang et al’s structure.29) In
particular, each peak can be tuned individually within a
certain frequency range, which is very beneficial to critically
couple the peaks for the continuous broadband absorption.
The unit of the proposed metamaterial is composed of n

detuned MHR cells which are of N different types, as shown
in Fig. 1(a). The unit has an incident area S0= L×W and a
thickness of H, where L and W represent unit length and
width, respectively. The cell has a square cross-section area
Sc and a total cavity length of å=l l ,i0 where li is the length
of each layer. The ratio of the cell area to unit area is defined
as /h = S S .c 0 All the cells are coiled up to acquire excellent
low-frequency absorption performance with a deep-subwa-
velength thickness. As illustrated in Fig. 1(c), the MHR cell
was constructed by one or more separating plates with a
small hole inserting into the interior of a HR, and could
exhibit multiple perfect absorption peaks without changing
the structural dimensions. It is worth noting that the first peak
of the MHR cell can nearly stay the same position as the
original HR peak, retaining the original low-frequency
absorption performance. By carefully designing the cou-
plings between the cells, the metamaterial with excellent
absorption performance is finally obtained with the para-
meters as: cell number n= 30, cell types N= 14, length
L= 49 mm, widthW= 25 mm and height H＝ 80 mm. In the
unit, the orange cells (1, 2) are of 4 orders, green cells (3, 5,
7, 8, 9, 12 and 13) of 2 orders and yellow ones (4, 6, 10, 11
and 14) of 1 order, i.e. common HR. The absorption
coefficient of the metamaterial is presented in Fig. 1(d) and
compared with that of MPP (one of typical traditional
materials) with the same thickness (8 cm). It can be observed
that the metamaterial has a better absorption performance
than the MPP within the range below 3000 Hz. A perfect
continuous absorption spectrum is obtained by the metama-
terial in the frequency range of 400 Hz∼ 2800 Hz, while the
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MPP loses the absorption ability in the middle range of
1200 Hz∼ 2200 Hz resulting in a discontinuous absorption
band.
The multi-peak mechanism of the MHR cell is demon-

strated by the sound absorption coefficients of cells with
different orders, as shown in Fig. 2(a), and the results of the
theoretical calculations and finite element simulation show a
good agreement (see the supplementary data for the methods
of the theoretical calculation and finite element simulation,
available online at stacks.iop.org/APEX/12/084002/mmedia).
It can be observed that, while the 1-order MHR (common
HR) just gains one absorption peak, the 2-order, 3-order and
4-order MHR cells can respectively obtain 2, 3 and 4 near-
perfect peaks without changing the external dimensions. In
particular, the first peaks of the MHRs ( f= 420 Hz, 415 Hz
and 405 Hz) are all nearly kept in the same frequency as the
peak ( f= 415 Hz) of the 1-order MHR. The inherent gen-
erating mechanism is that the original single-degree-
of-freedom system is transformed into a multi-degree-
of- freedom system by the separating plates with small holes.
The acoustic reactance Xs of the MHR can therefore have
multiple zero points and the system obtains multiple peak
frequencies. On this basis, the corresponding acoustic resis-
tances Rs at each frequency can be close to the characteristic
impedance of air medium by the adjustments of the separ-
ating plates’ parameters, and hence each peak can nearly
achieve 100% absorption. As presented in Figs. 2(b) and
2(c), taking 4-order MHR as an example, the relative specific
reactance xs crosses zero at each absorption peak (arrows).
The relative specific resistances rs are 0.90, 1.11, 0.98, and
0.89, respectively, which nearly meets the impedance
matching condition. Thus, the absorption coefficients can
reach almost 100%. In addition, owing to the large values of
the resistances rs, the 4-order MHR fails to get absorption
peaks at other zero points ( f= 780 Hz, 1570 Hz and
2125 Hz).
The absorption performances of the MHRs and the FP

channels with the same external dimensions are compared in
Fig. 3(a). The area ratios are both set η= 1/16. The hole
diameters are 2.8 mm and 1.4 mm when l0= 100 mm, and

2.8 mm, 1.1 mm and 1.3 mm when l0= 150 mm, respec-
tively. It can be observed that both the MHR and FP channel
obtain two near-perfect peaks as the depth is l0= 100 mm, in
particular, the MHR peak frequencies are about 100 Hz and
500 Hz lower than those of the FP channel, respectively. As
for l0= 150 mm, the MHR also gains there absorption peaks
with lower frequencies. It can also be found that the peaks of
the MHR and FP channel nearly have the same bandwidths.
For example, the first peak bandwidths of the MHR and the
channel are 42 Hz and 45 Hz, respectively. In addition, one of
MHR peak frequencies can be individually tuned in a certain
range by adjusting structure parameters with other peak
frequencies nearly remaining constant. Figure 3(b) presents
the effects of the cavity depths on the absorption performances
of a 2-order MHR cell. The area ratio is also η= 1/16. The

Fig. 1. (Color online) (a) Basic unit of the metamaterial composed of n coiled MHR cells. (b) Photograph of the sample. (c) Cross section of the MHR cell.
Green part represents the common HR and the red part is the separating plates. (d) Comparison of the absorption spectrums between the metamaterial and the
MPP. The MPP is composed of a 0.2 mm thick aluminum plate perforated by 0.2 mm diameter circular holes with a perforation ratio of 1%. The aluminum
plate is backed by an 8 cm cavity.

Fig. 2. (Color online) (a) Sound absorption coefficients of the MHRs with
different orders (The MHR cavity has a square cross-section area of
Sc = 10 mm × 10 mm and a total depth of l0 = 100 mm that is equally
divided by the separating plates. The area ratio is set η = 1/8.). The lines
correspond to the numerical simulation, while the circles correspond to
theoretical calculations. The relative specific resistance rs (b) and reactance xs
(c) of the MHRs.
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total depth of the cavity is l0= 100mm, and the hole diameters
are 2.8 mm and 1.4 mm, respectively. It can be seen that the
two peak frequencies are changed with the depth variations,
but the peaks can always achieve perfect absorption. While the
first peak is slightly shifted to higher frequencies with the
increasing depth, the second peak moves to lower frequencies
significantly. To a certain degree, it can be claimed that the
second peak frequency can be individually adjusted by the
depth while the first peak frequency is kept nearly constant.
This independent property can help us to obtain peaks in the
target positions more easily because the effects of the
couplings between the two peaks are weakened, which is a
great advantage over the FP channels. It can be therefore
concluded that the MHR is a better choice for the sound
absorption owing to its lower peak frequencies and indepen-
dent peaks under the equal bandwidth.
The most effective way to broaden the absorption band-

width is to introduce multiple detuned cells, but different cell
numbers n can bring about the variations of the area ratio η,
which can affect the absorption performance of the MHR
cell. The specific analysis is conducted by means of a
simplified model in which a 1-order MHR cell is adopted
with different area ratios η. The total cavity depth is also
l0= 100 mm, and the hole diameters are 0.5 mm, 0.8 mm,
1 mm, 1.4 mm and 2 mm, respectively. Figure 3(c) shows
MHR absorption performances, and the results from the
simulations and the theoretical calculations agree well. It can
be found that, as the area ratio η is decreased, the peak
bandwidth ΔB is decreased from 260 Hz to 40 Hz. It is

therefore known that the total bandwidth B of a multi-cell
structure, which is obtained as ·= DB n B with /h=n 1 ,
can be broadened by the decreased η, but the growth rate is
not significant. It increases only from 690 Hz to 1280 Hz
when η decreases from 1/8 to 1/32. A balance hence should
be reached between the cell number n and the accompanying
design and manufacturing difficulties, rather than increasing
the number blindly. On the other hand, it is also found that
the single peak is shifted from 320 Hz to 710 Hz with the
decrease of the ratio η, which is not beneficial to the low-
frequency absorption. Therefore, the effects of the area ratio η
(or cell number n) on the peak positions should be also
considered besides that on the bandwidth. (See supplemen-
tary data for detailed explanations.)
For continuous broadband absorption, the metamaterial

unit is obtained by critically coupling multiple cells to ensure
that all the peaks are distributed uniformly and compactly.
Figure 4 depicts the process in detail. The high-order
(4-order) MHR cells are firstly designed of which the first
peak and the last peak are placed at the lower and upper
limits of the absorption band, respectively. Then, N= 7
lower-order (2-order) MHRs are utilized to fill the absorption
valley, as shown in Fig. 4(b). Most of the valley is raised up
by the peaks of 2-order MHRs, but these MHR peaks have a
narrow bandwidth owing to the resonant nature. To gain a
broader band, the peaks cannot be too close with each other
and therefore small dips between them still exists. At last, 1-
order MHRs are adopted for the rest of the band valley. The
final structure is shown in Fig. 1(a), of which the absorption
coefficients are illustrated in Fig. 4(c). The valley disappears
and an extraordinary absorption spectrum with small dips is
obtained in the low-frequency range of 400 Hz∼ 2800 Hz
with the mean absorption coefficient above 95%, which
comprises 27 near-perfect absorption peaks. Compared with
HR-based structures, this metamaterial obtains 13 more peaks
and the bandwidth is dramatically broadened about 100%.
What we want emphasize is that this superior absorption
performance is not easily achievable since mutual couplings

Fig. 3. (Color online) Sound absorption coefficients of (a) the MHRs and
the FP channels with different total depths l0, (b) the 2-order MHR cell with
different cavity depths l1, and (c) the 1-order MHR cell with different area
ratio η. The bandwidth refers to the frequency band whose absorption
coefficient is above 0.7. The lines correspond to the numerical simulation,
while the circles correspond to theoretical calculations.

Fig. 4. (Color online) Process to critically couple the cells of the
metamaterial with broadband absorption. (a) Absorption using MHR types
N = 2, (b) absorption using MHR types N = 9 and (c) absorption using
MHR types N = 14.
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between the cells due to the surface evanescent waves can
also have some effects on absorption performances.29)

To verify this result, the metamaterial is fabricated by the
3D printing technology with the acrylonitrile butadiene styrene
(ABS) plastic, and measured in a square acoustic impedance
tube. The test sample and the measured sound absorption
coefficient are shown in Figs. 2(b) and 4(c), respectively. The
sample is comprised of two basic units and has a length of
49mm, a width of 49mm and a thickness of 80mm,
respectively. Cell 1 has a total cavity depth of l0= 100mm
which is divided equally by the separating plates. The hole
diameters are 4 mm, 2 mm, 2 mm and 2.5 mm, respectively.
The impedance tube has a side length of 50mm, in which only
the plane wave can propagate below 3200 Hz. The sample was
installed at the end of the tube and measured with the standard
two-microphone transfer function method.34) Two 1/4 inch
condenser microphones were used to record the sound
pressure, and a B&K data acquisition system was employed
to acquire the sound pressure. It can be found from Fig. 4(c)
that the experimental result is basically consistent with the
theoretical and numerical results. The slight discrepancy is
mainly caused by imperfections in the sample manufacturing.
In order to confirm this fact, the correctness of the theoretical
approach and finite element simulation model were firstly
ensured through the comparisons with relevant studies. The
reliability and accuracy of the test system were then verified
through a simple structure measured for five times, and the
experimental results agreed well with those of the theoretical
and numerical methods. Thus, it comes to the conclusion that
the discrepancy is mainly resulting from the manufacturing
errors of this complicated structure.
In this study, an acoustic metamaterial is proposed with a

near-perfect continuous absorption spectrum within
400 Hz∼ 2800 Hz, of which the thickness (8 cm) is reduced
to the deep-subwavelength regime. This metamaterial is
comprised of multiple detuned MHR cells, each of which
can gain multiple absorption peaks by inserting separating
plates into the HR cavity. Particularly, the first peak of the
MHR cell is kept nearly unchanged with the original HR
peak. Compared with the HR-based structures, the bandwidth
can be dramatically broadened about 100% in the low-
frequency range by the MHR cells. Besides, the MHR cells
can acquire peaks with lower frequencies and similar
bandwidth than the FP channels. The proposed metamaterial
would offer a new approach to the investigations of the
broadband absorption and has great future applications in the
noise reductions of rooms, plants, automotive industry and
aerospace engineering. See the supplementary data for the
methods of the theoretical calculation and finite element
simulation, and the detailed explanations for the effects of the
area ratios on the absorption performances.
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