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Acoustic imaging is crucial in diverse applications, such as target tracking, clinical treatment, and
structural health monitoring. Current approaches mainly use complex and large transducer arrays. A
space-coiling anisotropic metamaterial with stochastic structural parameters is proposed to realize a single-
detector acoustic camera. Analytical and numerical results demonstrate that the high anisotropy based on
the space-coiling method enables the metamaterial to produce an orthogonal directional modulation for
input acoustic waves. Thus, the information of sound sources can be reconstructed from the modulated
mixed signals by means of a compressive sensing framework. Experimental results show that the localiza-
tion and imaging of multiple broadband sources can be achieved in azimuthal and planar geometries. The
metamaterial-based single-detector acoustic camera expands the capabilities of single-detector acoustic
imaging, thereby opening avenues for designing an alternative class of acoustic sensing systems.
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I. INTRODUCTION

Acoustic imaging is critically needed in diverse appli-
cations, including acoustic target tracking [1], clinical
treatment [2], and structural health monitoring [3]. Cur-
rent approaches for realizing acoustic imaging are mainly
based on an acoustic camera, a device that generally
consists of a transducer array with imaging algorithms
[3–7]. The use of multiple transducers imposes strict
requirements for simultaneous data acquisition. The spa-
tial resolution of acoustic imaging depends on the number
of transducers and the array dimensions. The complex-
ity and very large dimensions of the system are major
disadvantages that limit the applications of acoustic cam-
eras. Efforts have been made to overcome the shortcom-
ings of the transducer array by developing devices with
unusual properties. Bionic microphones were utilized for
azimuthal estimation based on the hearing systems of
the parasitic fly Ormia ochracea and the gecko [8–10].
The size of a bionic microphone can be considerably
smaller than the wavelength of the incident sound wave,
but still provide sufficient cues for sound localization due
to the mechanically coupled vibration of the structure.
In addition to bionic microphones, studies have achieved
directional acoustic sensing by placing a single detec-
tor in an artificial anisotropic acoustic structure [11–13].
However, the working bandwidths of these devices are
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limited to structural resonance frequencies. The require-
ment of active scanning and the incapability to separate
overlapping signals from multiple sources are two other
problems.

Recently, a technique, namely, single-pixel compressive
imaging, has been developed by using one detector instead
of multiple detectors for electromagnetic computational
imaging [14–16]. One-dimensional (1D), two-dimensional
(2D), and three-dimensional (3D) acoustic imaging have
been successfully demonstrated by utilizing the imaging
algorithms coupled to spatially encoded scattering masks
[17–19]. However, the size of the scatterers typically needs
to be larger than the wavelengths involved [18,19]; oth-
erwise, diffraction effects must be considered [17]. The
device will be large when working at low frequencies. This
problem can be solved by using acoustic metamaterials.
Acoustic metamaterials are artificial structures that com-
prise subwavelength blocks with homogenized unusual
properties and functionalities that are not found in nature
[20–26]. Fascinating applications, such as cloaking [27–
29], beam steering [30], diffusing [31], and logical con-
trol [32–34], have been proposed and demonstrated. For
single-detector acoustic imaging, acoustic metamaterials
can achieve the spatial encoding of acoustic waves on a
subwavelength scale compared with scattering masks. A
broadband metamaterial-based single-detector device was
proposed by producing an orthogonal directional acoustic
modulation with multiple arrays of Helmholtz resonators
[35]. The device can solve the azimuthal multispeaker
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listening problem by combining a compressive sensing
framework, which opens up an alternative approach to
broadband single-detector acoustic imaging. However, the
frequency modulation is determined by the lengths of the
Helmholtz resonators. The height of the device depends on
the longest resonator, which is not suitable to be extended
to planar acoustic imaging. Single-detector acoustic imag-
ing in azimuthal and planar geometries with metamaterial-
based devices remains unexplored.

Here, we demonstrate a space-coiling anisotropic meta-
material to realize a single-detector acoustic camera for
azimuthal and planar acoustic imaging. The metamaterial
is designed by assembling different fan-shaped space-
coiling acoustic channel modules comprised of unit cells
with stochastic structural parameters (Fig. 1). We use
the term “metamaterial” to describe the proposed system,
because the aperture size A and total length of the fan-
shaped module L for the maximum wavelength involved
are λ/7.5 and λ/1.7, respectively [36,37]. The structural
randomness of the space-coiling metamaterial makes its
effective acoustic parameters highly anisotropic, thereby
enabling orthogonal directional modulation of the inci-
dent sound waves. The information of the sound sources
can be reconstructed from the modulated mixed signals
by using a compressive sensing framework. We experi-
mentally demonstrate that the metamaterial-based single-
detector system is capable of imaging similar to an acous-
tic camera for multiple broadband sound sources. This

study broadens the scope of single-detector acoustic imag-
ing and can be applied to numerous acoustic engineering
fields.

II. RESULTS

A. Design of the space-coiling anisotropic
metamaterial

Figure 1(a) shows that the proposed metamaterial is
comprised of 36 fan-shaped modules with space-coiling
acoustic channels. Each acoustic channel module includes
10 different unit cells as shown in Fig. 1(b). The unit cells
are numbered 1 ∼ n from the inside to the outside of each
module. The inner radius of the nth unit cell is repre-
sented as Rn = R1 + (n − 1) �R, where R1 = 35 mm is the
inner radius of the fan-shaped module, and �R = 10 mm
is the overall length of the unit cell. Thus, the radius of
the entire metamaterial is 135 mm. The height of the meta-
material is designed to be 12 mm, corresponding to λ/14.3
for 2000 Hz. The turning angle of the folded channel is
βn, which is a stochastic variable dominating the length
Ln of the acoustic-wave trajectory highlighted by the red
solid line in Fig. 1(b). Based on the effective medium the-
ory, the nth unit cell can be equivalent to a homogeneous
medium with an effective refractive index nn

eff and an effec-
tive mass density ρn

eff. It has been demonstrated that the
effective parameters can be calculated using the path length
of the acoustic wave [25,38]. nn

eff and ρn
eff of the nth unit cell

(a)

(c)

(b)

(d)

FIG. 1. Space-coiling anisotropic metamaterial. (a) Schematic diagram of the space-coiling metamaterial. The metamaterial is com-
prised of 36 fan-shaped modules with space-coiling acoustic channels. The aperture size A of the fan-shaped module is 23.6 mm. The
total length of the fan-shaped module L is 100 mm. The inner radius of the acoustic channel is R1 = 35 mm and the height of the
metamaterial is h = 12 mm. (b) The unit cell and the effective model. The dimensions of the unit cell are determined as �R = 10 mm,
w = 2.5 mm, b = 2.25 mm, and α = 10°. (c) The effective model of the metamaterial. (d) Acoustic modes under different incident
angles at 3725 Hz.
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can be expressed as:

nn
eff = Ln/�R, (1)

ρn
eff = π(Rn + Rn+1)

Mw
nn

effρ0 , (2)

where Ln is a function of the stochastic variable βn; M is
the channel number of the metamaterial; w is the chan-
nel width; ρ0 is the density of air. The transfer matrix
method (TMM) is used to derive the analytical transmis-
sion coefficient of the module comprised of 10 unit cells
[37]. In this method, the transfer matrix of the nth unit cell
is obtained and the transfer matrix of the entire acoustic
channel module is consequently derived (see Appendix A
for the analytical derivation). By applying boundary con-
ditions, the transmission coefficient of one module is given
by:

T = 2
M11 + M12/ρ0c0 + ρ0c0M21 + M22

, (3)

where c0 is the sound speed of air; Mij are elements of the
transfer matrix of the module. The amplitude of the trans-
mission coefficient is denoted as Tamp = |T|. The transmis-
sions obtained by the TMM and the numerical calculation
of the exact model have a high degree of agreement
(Appendix A). The results demonstrate that the transmis-
sions of different modules are orthogonal. The structural
randomness of the unit cell essentially leads to stochastic
effective acoustic parameters. The entire metamaterial is
highly anisotropic by assembling different modules. As a
result, the frequency responses of the metamaterial can be
sensitive to direction.

Direction-sensitive frequency responses of the entire
metamaterial are obtained through numerical calculations
(see Fig. S1 of the Supplemental Material [39]). The aver-
age cross-correlation coefficient of the direction-sensitive
frequency responses is approximately 0.20 for the meta-
material, indicating that the modulation effect of the sound
waves is orthogonal under different incidences. Figure
1(c) shows an effective model of the metamaterial. The
simulated frequency responses of the effective model are
consistent with the exact model (Appendix A), indicat-
ing that the effective model can accurately reflect the
anisotropic acoustic property of the space-coiling metama-
terial. Figure 1(d) presents the simulated acoustic modes
of the exact model under different incidences at 3725 Hz.
Substantial differences exist among the acoustic modes
even if the incident angles differ by 10°. This property
guarantees a sufficient resolution for acoustic imaging. The
orthogonal directional acoustic modulation is due to the
high anisotropy of the space-coiling metamaterial, which
results in the realization of a desirable single-detector
acoustic compressive imaging.

B. Metamaterial-based single-detector acoustic
compressive imaging

The general procedure of the metamaterial-based single-
detector acoustic compressive imaging is illustrated in
Fig. 2. A single detector is placed inside the center of the
anisotropic metamaterial. The input sound waves emitted
from multiple sound sources are directionally modulated
by the metamaterial in amplitude and then collected by the
central detector. The metamaterial-based sensing system is
appropriate for the framework of compressive sensing due
to the sparsity of sound sources and the orthogonality of
the modulation effect. We describe the sensing system as

y = Mx, (4)

where y is the observation vector; M is the measurement
matrix determined by the metamaterial and the testing sig-
nals; x is the object vector to be estimated. An audio library

(a)

(c)

(b)

FIG. 2. Procedure schematic diagram of the metamaterial-
based single-detector acoustic compressive imaging. (a) The
training process to obtain the directional frequency response H
of the metamaterial for constructing the measurement matrix. (b)
The testing process to estimate the performance of the sensing
system. (c) Schematic of the entire procedure. The object vector
x is estimated by the reconstruction algorithm.

034013-3



JIANG, HE, and PENG PHYS. REV. APPLIED 11, 034013 (2019)

is established to store the testing sound signals, the spec-
tra of which form a matrix R. For single-detector acoustic
compressive imaging, it is important to know the a priori
measurement matrix. Here, the measurement matrix M is
constructed by the directional frequency response H of the
metamaterial and the testing signal matrix R (Appendix B).
The directional frequency response H is obtained by play-
ing the source in different locations as shown in Fig. 2(a),
whereas the matrix R is measured by playing the testing
signals in free space. This process can be described as
training. After training, a sequence of sounds in the audio
library is simultaneously generated from the sources to
examine the performance of the sensing system, as shown
in Fig. 2(b). This process is described as testing, where the
observation vector y is obtained. The compressive sensing
concept can be introduced to solve Eq. (4) for estimating
the object vector x because sound sources are sparse and
the correlation between each column of the measurement
matrix is small enough. Estimation is performed to recon-
struct the audio content of each source from the mixed
signal by using the inverse signal processing algorithm.
The solution to Eq. (4) can be obtained with an L1-norm
minimization:

x̂ = min||x||1 s.t. Mx = y , (5)

where x̂ is the solution of the unknown x, and ||x||1 denotes
the L1-norm

∑
i|Mxi − yi| of x. Many methods exist to

solve the inverse problem of Eq. (5) based on the com-
pressive sensing theory. The nonzero elements in x contain
the information of potential locations and signal labels of
sources. The entire procedure of the metamaterial-based

single-detector acoustic compressive imaging is summa-
rized in Fig. 2(c).

An experiment is conducted in an anechoic cham-
ber to verify the acoustic imaging performance of the
metamaterial-based single-detector sensing system accord-
ing to the preceding procedure as shown in Fig. 3(a).
The metamaterial is fabricated with poly-lactic acid (PLA)
plastics by using fused-filament-fabrication 3D printing.
Broadband input sound waves generated from a speaker
are coupled into the metamaterial from free space. Two
microelectromechanical microphones (Analog Devices,
ADMP401) are placed inside and outside the metama-
terial with their z axis perpendicular to the ground to
pick up the observed signal and the referenced signal,
respectively. Because of the unavoidable visco-thermal
effects [40] and the manufacturing tolerance, the actual fre-
quency responses of the metamaterial are different from
the numerical simulations. The training process should be
experimentally performed in advance to obtain the actual
measurement matrix. The directional frequency responses
of the metamaterial are shown in Fig. 3(b), where the aver-
age cross-correlation coefficient is approximately 0.33. In
the testing process, a bird tweet and a machine vibration
signal are successively emitted at 36 different locations
(every two locations differ by 10°) to test the performance
of the metamaterial-based sensing system. Waveforms and
frequency spectra of the two signals are provided in Fig.
S2 of the Supplemental Material [39]. The two-step iter-
ative shrinkage/thresholding (TWIST) algorithm is used
to reconstruct the audio message of each source, which
includes the information of the source location [41]. The
reconstruction results of the bird tweet and the machine

(a)

(c) (d)

(b) FIG. 3. Experimental results of single-source
recognition. (a) The schematic diagram of the
experimental setup. (b) The measured direc-
tional frequency response of the metamate-
rial. Reconstruction results for (c) the bird
tweet and (d) the machine vibration signals,
respectively.
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vibration signals are shown in Figs. 3(c) and 3(d). The
estimated location, where the reconstruction strength is the
strongest, agrees well with the real location of the sources.
More details about the reconstruction results can be found
in the Supplemental Material [39]. The results preliminar-
ily verify that the metamaterial-based single-detector sens-
ing system can recognize azimuths of broadband sound
sources, which lays the foundation for multiple source
recognition and imaging.

C. Recognition of azimuthal multiple sound sources

Recognition tasks of azimuthal multiple sound sources
are experimentally conducted to examine the performance
of the space-coiling metamaterial-based single-detector
sensing system. Twenty-four different bird tweets with nor-
malized energy are collected in an audio library as testing
signals (waveforms and spectra are provided in Fig. S4
of the Supplemental Material [39]). Figure 4(a) shows

the task to identify the locations of three sources and
segregate the overlapping signals at the same time. The
testing signals are randomly selected from the audio library
and simultaneously emitted by three speakers. The mixed
signal measured by the central microphone contains the
messages of the locations and audio contents of the three
sources. The reconstruction algorithm recovers the audio
messages and the results are shown in Fig. 4(a) (see Sup-
plemental Material [39] for more details). A darker color
means a higher signal strength. The recognized audio is
defined as the audio whose highest reconstructed strength
matches the truth for each source in every experiment. The
recognition ratio can thus be calculated as the number of
the recognized audios over the total number of the audio
messages. For this task, the recognition ratio is 96.7%.
Figure 4(b) shows the task to reconstruct the audio mes-
sages of two or three randomly selected sources out of
four possible locations. Here, a successful recognition is
defined as one for which the highest reconstructed strength

(a)

(b)

FIG. 4. Recognition performance for
azimuthal multiple sources. (a) The
recognition task of three sources and the
reconstruction results. (b) The recogni-
tion task to reconstruct the audio mes-
sages of two or three randomly selected
sources out of four possible locations.
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of the activated source is above 0.5 (whereas it is below
0.2 for the silence source) and matches the truth. The
recognition ratio calculated using the above definition is
95.8%. In addition, more recognition tasks and results can
be found in Fig. S6 of the Supplemental Material [39].
The above results demonstrate that the metamaterial-based
single-detector sensing system is capable of identifying
locations and simultaneously separating audio contents
from the mixed signal, which is desirable to solve mul-
tispeaker listening problems (e.g., the “cocktail party”
problem).

D. Planar acoustic imaging

The proposed metamaterial prototype has a deep-
subwavelength scale in height (corresponding to λ/14.3
for 2000 Hz and λ/5.7 for 5000 Hz). Thus, the single-
detector acoustic camera can be realized by stacking dif-
ferent metamaterial samples for planar acoustic imaging
as shown in Fig. 5(a). A single microphone is placed in
the cavity behind the stacked metamaterial structure. The
metamaterial-based single-detector acoustic camera mod-
ulates the sound waves in two dimensions (i.e., azimuthal
and pitching angles), which can be used for planar acous-
tic imaging. Figure 5(b) shows the schematic of the planar
acoustic imaging experiment. The objective plane is 0.8 m
away from the stacked metamaterial-based single-detector
acoustic camera and is meshed as 5 × 5 grids as shown in
Fig. 5(c), hence the angular resolution is about 11.4°. The
sound source can be positioned at the center of the grid,

generating specific broadband white noises as testing sig-
nals. The training process is conducted by traversing all
grids with the source to construct the measurement matrix.
After that, the testing process is performed by randomly
positioning one or two sources in the grids. The single
source imaging results are shown in Fig. 5(d). The dark-
est color block indicates the most probable location of
the source. The estimated results are in agreement with
the actual source locations. Figure 5(e) shows the imag-
ing results of two sources emitting sounds simultaneously.
The reconstructed strength of the estimated object vector x
should be analyzed to distinguish which source is located
at what position (Appendix C). When two sources are rel-
atively far apart from each other (e.g., the sources are in
the 16th and 10th grids), we can determine the locations
of the sources by comparing the substantial energy differ-
ences in the reconstructed strength. When two sources are
too close to each other (e.g., the sources are in the 17th
and 12th grids), the reconstructed strength difference is so
small that the source of the signal cannot be distinguished.
Nonetheless, the imaging results in Fig. 5(e) clearly show
the existence of two sources.

The imaging performance of the metamaterial-based
single-detector acoustic camera is also investigated by
using sound sources with different amplitudes as well
as different positions. Here, three tasks are performed as
shown in Fig. 6. The objective plane with an area of
0.8 × 0.8 m2 is meshed as 6 × 6 grids with an angular
resolution of 9.5°. The first task is schematically illus-
trated in Fig. 6(a). A testing signal is sequentially emitted

(a) (c)

(d) (e)

(b) FIG. 5. Planar acoustic imaging of
the metamaterial-based single-detector
acoustic camera. (a) The metamaterial-
based single-detector acoustic camera
for planar acoustic imaging is fabricated
by stacking nine metamaterial samples
to produce 2D modulations of the acous-
tic waves. View A shows the section
of the stacked metamaterial structure
where a single microphone is positioned
in the cavity behind the metamaterial
structure. (b) The schematic experimen-
tal setup of the planar acoustic imag-
ing. (c) The meshing and numbering
of the objective plane. (d) The recog-
nition results of the single source. (e)
The recognition results of two sources.
The actual locations of the sources are
marked by triangles.
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(a) (c)

(d)

(e)

(f)(b)

FIG. 6. Planar acoustic images with
amplitude and position information.
(a) Schematic of the imaging task for
a single source with different ampli-
tudes and positions at six moments.
(b) Reconstruction result of the mov-
ing source. (c), (e) Imaging tasks for
two and three different sources with
different amplitudes, respectively. (d),
(f) Reconstructed acoustic images of
multiple sources. The gradation of the
color bar is logarithmic to improve the
visualization. The paths of the sources
in (b), (d), and (f) are denoted as S1,
S2, and S3, respectively, and marked
by dotted arrows.

from six speakers of the same type at intervals of one sec-
ond to simulate a moving source. The relative amplitudes
of the signal at the six moments (t1–t6) are −6 ∼ 9 dB,
respectively. Figure 6(b) shows the superposition of the
reconstruction results at each moment. The path (denoted
as S1 and marked by the dotted arrow) and strength of
the moving sound source can be clearly reflected from the
acoustic image. Details of the reconstructed image at each
moment can be found in Fig. S7 of the Supplemental Mate-
rial [39]. In the second task, two different testing signals are
simultaneously emitted at three moments (t1–t3) as shown
in Fig. 6(c). The relative amplitudes of the testing signals
are 0 and 6 dB, respectively. The reconstructed acous-
tic image in Fig. 6(d) shows two sound sources moving
in opposite directions with different amplitudes (denoted
as S1 and S2). The third task illustrated in Fig. 6(e) is
similar to the second task but using three different test-
ing signals, and the results are shown in Fig. 6(f). The
above reconstruction tasks demonstrate that the designed
metamaterial-based single-detector acoustic camera can
yield an acoustic image with amplitude and position infor-
mation, which has application prospects in tracking drones
or other targets.

III. DISCUSSION

The anisotropic acoustic property of the designed space-
coiling metamaterial produces the orthogonal directional
modulation of the incident sound waves, which is the phys-
ical basis for realizing a single-detector acoustic compres-
sive imaging. Experimental results demonstrate that the
metamaterial-based single-detector acoustic camera can
realize azimuthal and planar acoustic compressive imaging
with high recognition ratios. Incorrect recognitions may
be due to one signal being overwhelmed by the other sig-
nals and unavoidable background noises. Nonetheless, the

proposed design can still be satisfactory for acoustic imag-
ing tasks. The device should be protected from ambient
noises when performing in a real-world situation. Reticu-
lated or fluffy windshields can be placed around the device
to reduce noise interference during the measurement. In
addition, algorithms that can reduce background noises can
be included in the signal processing procedure.

The proposed metamaterial-based single-detector acous-
tic camera has several features that distinguish it from
other acoustic imaging approaches. Compared to a con-
ventional acoustic camera based on microphone arrays,
the proposed design reduces the system complexity and
dimensions while ensuring the accuracy of the acoustic
imaging. The resolution of a regular microphone array
can be estimated by �x = zλ/(DAcos3θ ), where z is the
distance between the array and the objective plane, DA
is the aperture size of the array, and θ is the off-axis
angle [42]. The bandwidth is approximately 730 Hz for
a cross array with 40 microphones and a DA of 1 m
to obtain the same resolution as that of the proposed
device (�x = 0.14 m) (see Supplemental Material [39]).
In contrast, the proposed single-detector acoustic camera
is approximately 0.19 × 0.15 × 0.11 m3 with a bandwidth
greater than 2000 Hz, and it is fabricated by 3D printing.
The proposed design outperforms the microphone array in
terms of dimension, bandwidth, and cost. The design can
be easily shared and modified on the basis of actual needs
because it can be implemented by 3D printing.

Moreover, the passive multiple broadband source local-
ization and separation of the metamaterial-based single-
detector acoustic camera is the main advantage over the
bionic microphones and other directional acoustic sensors
relying on active scanning. Different from the metamate-
rial multispeaker listener with Helmholtz resonator arrays
in Ref. [35], the directional modulation of the sound waves
is realized by the space-coiling method. The height of the
metamaterial can be designed so small that planar imaging
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can be realized by stacking different metamaterial samples
without making the overall size too large. In addition, the
miniaturization of the proposed device is practical with the
help of advanced manufacturing methods (e.g., microfab-
rication or stereo lithography appearance). The folding rate
and the number of the acoustic channels can be further
increased to improve the spatial resolution of the acoustic
imaging. In addition to the current assembly form of the
metamaterial modules, the device can also be fabricated as
a spherical structure for omnidirectional acoustic imaging.
Based on the improvements in both dimensions and spa-
tial resolution, the objective space can be finely meshed to
realize a more accurate acoustic imaging.

Furthermore, expanding the audio library is important to
extend the applications of the metamaterial device. Various
types of broadband acoustic signals (e.g., engine sounds
and impulsive noises) in addition to the bird tweets can be
included in the audio library as needed. The device can be
used in specific cases such as structural impact detection
and target tracking, where the signal structures are similar
in general. When the device receives enough data, feature
extraction and pattern recognition can be performed by
introducing data-driven algorithms. With the further study
of advanced algorithms, the recognition and localization of
unfamiliar sound sources can also be realized.

IV. CONCLUSION

We demonstrate a space-coiling anisotropic metama-
terial for realizing a single-detector acoustic camera,
which can achieve a multiple broadband source imaging.
We envision that the metamaterial-based single-detector
acoustic camera can be integrated with numerous systems,
such as handheld devices and robotic systems. The appli-
cation of the metamaterial-based single-detector acoustic

camera brings alternative opportunities in the fields of
acoustic engineering, including acoustic target tracking,
structural health monitoring, and medical imaging.
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APPENDIX A: TRANSMISSIONS OF THE
EFFECTIVE MODEL

1. Analytical derivations

The TMM is performed to investigate the transmission
of the acoustic channel module in the space-coiling meta-
material. Here, the viscous and thermal effects are not
taken into consideration for convenience of the derivation.
Figure 7(a) shows an effective model of the nth unit cell in
an acoustic channel module. The effective refractive index
and effective mass density of the nth unit cell are given
by Eqs. (1) and (2). The acoustic pressure and velocity at
boundary Rn are defined as pn and vn, respectively. The
acoustic equation of the fan-shaped area can be described
by Webster’s horn equation, which is expressed in the form
of velocity potential:

(
∂2

∂r2 + m
∂

∂r
+ k2

)

 = 0, (A1)

where r is the coordinate along the axial direction; m is the
flare constant; 
 is the velocity potential; the wave num-
ber is k = ω/c, where ω is the angular frequency and c is

(a)

(c) (d)

(b) FIG. 7. Effective model and transmis-
sion of the acoustic channel module.
(a) The effective model of the nth unit
cell. The acoustic wave trajectory is
marked by red solid lines A′B′C′D′E′F ′.
(b) The effective model of the acous-
tic channel module. (c), (d) Comparison
between the analytic results from the
transfer matrix method and the numeri-
cal results of two different acoustic chan-
nel modules.
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the speed of sound. The boundary length of the unit cell is
S = rα. The flare constant m can be expressed as

m = ∂ ln S
∂r

= 1
S

∂S
∂r

=
1
r

. (A2)

The solution of Eq. (A1) has the form


 = C1eμ1r + C2eμ2r, (A3)

μ1 = −m + i
√

4k2 − m2

2
, (A4)

μ2 = −m − i
√

4k2 − m2

2
. (A5)

From the velocity potential in Eq. (A3), the acoustic
pressure and the velocity can be calculated as

p = −ρ
∂


∂t
= −iρω(C1eμ1r + C2eμ2r) , (A6)

v = ∂


∂r
= C1μ1eμ1r + C2μ2eμ2r , (A7)

where C1 and C2 are coefficients to be determined. For the
effective unit cell, the speed of sound c should be expressed
as cn

eff = c0/nn
eff, where c0 is the sound speed in air. The

acoustic pressure and velocity at boundaries Rn and Rn+1
can be given by

{
pn = −iρn

effω(Cn
1eμn

1Rn + Cn
2eμn

2Rn),

vn = Cn
1μ

n
1eμn

1Rn + Cn
2μ

n
2eμn

2Rn ,
(A8)

{
pn+1 = −iρn

effω(Cn
1eμn

1Rn + 1 + Cn
2eμn

2Rn+1),

vn+1 = Cn
1μ

n
1eμn

1Rn + 1 + Cn
2μ

n
2eμn

2Rn + 1 .
(A9)

Here, the n in the subscripts and superscripts denotes the
parameters belonging to the nth unit cell. The coefficients
Cn

1 and Cn
2 can be derived from Eq. (A8) and represented

by pn and vn as follows:

⎧⎪⎪⎨
⎪⎪⎩

Cn
1 = μn

2pn+iρn
effωvn

−iρn
effω(μn

2−μn
1)eμn

1Rn
,

Cn
2 = μn

1pn+iρn
effωvn

−iρn
effω(μn

1−μn
2)eμn

2Rn
.

(A10)

By substituting Eq. (A10) into Eq. (A9), the relation-
ship between the acoustic pressures and the velocities at

(a)

(c)

(b)

FIG. 8. Comparison between the exact model and the effective
model of the entire space-coiling metamaterial. The transmis-
sions of the exact model and the effective model when incident
angles are (a) 0°, (b) 120°, and (c) 240°, respectively.

boundaries Rn and Rn+1 can be expressed as

{
pn+1
vn+1

}
= [Tn]

{
pn
vn

}
. (A11)

Here, the transfer matrix [Tn] of the nth unit cell is given
by

[Tn] =

⎡
⎢⎣

1
μn

2−μn
1

(
μn

2eμn
1�R − μn

1eμn
2�R

)
iρn

effω

μn
2−μn

1

(
eμn

1�R − eμn
2�R

)
iμn

1μn
2

ρn
effω(μn

2−μn
1)

(
eμn

1�R − eμn
2�R

)
−1

μn
2−μn

1

(
μn

1eμn
1�R − μn

2eμn
2�R

)
⎤
⎥⎦ .

(A12)
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Figure 7(b) shows an effective model of an acoustic chan-
nel module. The module is comprised of 10 effective unit
cells with different effective acoustic parameters. Thus, the
transfer relationship of the module can be given by

{
p11
v11

}
= [T10] · · · [T1]

{
p1
v1

}
=

[
M11 M12
M21 M22

] {
p1
v1

}
,

(A13)

where M 11, M 12, M 21, and M 22 are elements of the overall
transfer matrix of the module. By employing the boundary
conditions, the transmission coefficient of the module can
be obtained. At boundary R11,

{
p11 = pi + pr,
v11 = 1

ρ0c0
(pi − pr).

(A14)

At boundary R1,
{

p1 = pt,
v1 = 1

ρ0c0
pt.

(A15)

From Eqs. (A13) to (A15), the complex transmission
coefficient T is derived as

T = pt

pi
= 2

M11 + M12/ρ0c0 + ρ0c0M21 + M22
. (A16)

The amplitude of the transmission coefficient can be
obtained as Tamp = |T|.

2. Comparison between the effective model and the
exact model

Two different modules are investigated by using the
TMM. Parameters of these two modules are shown in

Table S1 [39]. Full-wave numerical simulations are also
performed to calculate the transmissions of the exact
model and the effective model by using the acoustic mod-
ule in COMSOL Multiphysics. All simulations are done in
two dimensions, where the viscous and thermal losses are
not taken into consideration. The results are shown in Figs.
7(c) and 7(d). It can be observed that the analytical results
from the TMM are in agreement with the numerical results
of the exact model and the effective model. The trans-
missions of different modules are orthogonal due to the
stochastic effective parameters of the unit cells. This ran-
domness of the effective parameter is ultimately attributed
to the randomness of angle βn in the unit cell, which makes
the metamaterial highly anisotropic.

The directional frequency spectra of the entire
metamaterial-based single-detector acoustic camera and
the effective model in Fig. 1(c) are also obtained from
numerical simulations. The effective acoustic parameters
of the effective model are provided in Table S2 [39].
Figure 8 shows the transmissions of the entire exact model
and the effective model when the incident angles are
0°, 120°, and 240°, respectively. The transmissions of
the effective model are consistent with the exact model,
indicating that the effective model can accurately reflect
the anisotropic acoustic property of the space-coiling
metamaterial.

APPENDIX B: CONSTRUCTION OF THE
MEASUREMENT MATRIX

The measurement matrix M includes information of the
directional frequency response of the metamaterial and
the contents of the testing signals in the audio library.
The directional frequency response of the metamaterial is

(a) (b) FIG. 9. Details of the reconstruction
results for planar acoustic imaging. (a)
Reconstruction results for Source 1 and
Source 2 when they are located at the
16th and 10th grids. (b) Reconstruction
results for the two sources when they are
located at the 17th and 12th grids.
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defined as hp (ω), where p is the number of the source loca-
tion and ω is the angular frequency. The testing signal in
the audio library is defined as rq(ω), where q presents the
signal label in the audio library. The matrices M, H, and R
can be represented in the form of column vectors, namely
M = [mj ], H = [hp ], and R = [rq], respectively. The mea-
surement matrix is constructed as [mj ] = [hp · rq], where
the subscripts j, p, and q are free indices in the index nota-
tion. Thus, the number of the columns of the matrix M is
j = p × q.

APPENDIX C: RECONSTRUCTED STRENGTH
ANALYSIS OF PLANAR ACOUSTIC IMAGING

The objective plane is meshed and numbered as shown
in Fig. 5(c). Two cases of the planar multiple source imag-
ing results are demonstrated in Fig. 9. When two sources
are far apart (e.g., the sources are in the 10th and 16th
grids), we can distinguish which source is located at what
position by comparing the substantial difference in the
reconstructed strength. It can be seen that the reconstructed
strength of the 16th element is stronger than that of the 10th
element for Source 1 as shown in Fig. 9(a). Conversely,
the reconstructed strength of the 16th element is weaker
than that of the 10th element for Source 2. Therefore, we
can determine that Source 1 is located at the 16th grid and
Source 2 is located at the 10th grid. The imaging result
in Fig. 5(e) of the main text is the superposition of the
reconstruction results for Source 1 and Source 2. When two
sources are too close to each other (e.g., the sources are in
the 17th and 12th grids), the difference of the reconstructed
strength is so small that the sources cannot be distinguished
as shown in Fig. 9(b).
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