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Nonreciprocal Intelligent Soundproof Barrier with Active
Nonlocal Acoustic Metastructure

Yue Zhuo, Xue Chen,* Ziling Liu, Zong-Qiang Sheng, and Hong-Wei Wu*

Sound insulation is an important issue in daily life and has applications in
various scenarios. Conventional acoustic passive metamaterial barriers are
designed as a reciprocal sound insulation. However, for some specific
application scenarios, unidirectional acoustic insulation is required, which is
an enormous challenge for breaking the reciprocity of sound transport with
conventional passive metamaterials. Here, a soundproof barrier with nonlocal
acoustic metastructure is proposed, which consists of a microcontroller to
connect a pair of spatially separated microphones and speakers, to tailoring
the acoustic wave transmission for realizing nonreciprocal acoustic
insulation. The theoretical calculation and experiment measurement indicated
that the active acoustic barrier with a selectable working frequency can realize
the suppressive effect in one direction and the enhancive effect in the other
direction for an incident acoustic signal. Particularly, the function of an active
soundproof barrier can be freely switched to forward, backward, and
bidirectional sound insulation by tailoring the nonlocal distance of the digital
meta-atom. Furthermore, this acoustic metastructure is extended from a
one-dimentional waveguide to a two-dimentional plane to illustrate that it is
still valid in an open-field environment. The proposed customizable
nonreciprocal soundproof barriers provide an avenue for many applications in
the specific scenarios that require unidirectional sound insulation and high air
permeability.

1. Introduction

Sound insulation or noise attenuation is a crucially impor-
tant topic in the acoustic field and have many applications in
several scenarios, such as heavy machinery cabins, buildings,
and stations. Simultaneously, the high ventilation be also re-
quired for practical applications. However, it is incompatible
between sound-insulating efficiency and ventilating capability
for conventional acoustic barriers.[1,2] With the development
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of acoustic metasurface, it becomes
possible to design soundproof barriers
to realize efficient sound insulation and
ventilation simultaneously.[3] In past
decay, various localized subwavelength
resonant units have been designed to
construct the metasurface for this pur-
pose, such as Helmholtz resonators,[4]

membranes,[5,6] coiled spaces,[7,8] etc.
In the above efforts, the soundproof
mechanism of the localized resonance or
Fano-like interference inevitably induces
the narrow band effect. In fact, the noise
usually covers multiple discrete char-
acteristic frequencies of noise sources.
Thus, some efforts have also been made
to broaden the working frequency range
of the soundproof barriers with dif-
ferent working mechanisms, such as,
double-layered perforated metastruc-
tures based on acoustic absorbers with
multifrequency resonances,[9] broad-
band acoustic silencer with ventilation
based on slit-type gradient Helmholtz
resonators,[10] hornlike helical metasur-
faces based on the superposition be-
tween monopolar and dipolar resonant
modes,[11] 3D soundproof cage structure

based on the phononic band gaps,[12] and multiband omnidirec-
tional ventilated acoustic barriers with localized acoustic rain-
bow trapping metastructures.[13] In fact, it is well known that the
thicker metamaterials are required for covering the wider sound-
proof band. However, the noise usually comes from some specific
noise sources with the special eigenfrequency, instead of perfect
continuous ones. Thus, a barrier with a customized spectrum to
achieve sound insulation at the desired eigenfrequency may be
more intelligent and convenient for satisfying the practical ap-
plications. Based on this content, a customizable acoustic meta-
material barrier, which is a composite structure consisting of a
Helmholtz resonator and a microperforated panel, has been de-
signed to achieve intelligent and selective sound insolation.[14]

For practical scenes, it is worth looking forward to the intelli-
gent active soundproof barriers with the advanced advantages of
compact volume, tunable working frequency, and low processing
cost.

Moreover, a conventional soundproof barrier made with the
passive metamaterials usually insulates the sound transmission
for both incident directions, that is, reciprocal acoustic insula-
tion. However, in some special application senses, unidirectional
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soundproofing is required to insulate the interference from the
outside noise signals but permit the communicated signal to pass
through (even enhancement) from the inside. Unfortunately,
reciprocity is a fundamental property of passive linear wave dy-
namic systems in the different physical branches, including mat-
ter waves, optical waves, acoustic waves, and elastic waves. That
is to say, a wave transmitted from source to receiver is symmet-
ric when the source and receiver are switched in their locations.
For a long time, breaking the reciprocity is a persistent pursuit
for designing the nonreciprocal devices with advantaged proper-
ties. In matter-wave system, the nonreciprocity can be easily real-
ized by diodes and transistors in electronic systems by inflicting
an external electric field. In optical wave systems, nonreciprocity
have been demonstrated by the Faraday effect with magnetic field
biasing,[15] nonlinearity,[16,17] topological insulators,[18–20] and
systems with angular momentum bias.[21] For acoustic wave sys-
tem, the nonreciprocity is usually achieved by nonlinear effects
that convert the fundamental modes into high harmonics.[22–25]

However, acoustic nonlinear effects are weak and demanding
for most materials. With the development of acoustic meta-
materials, based on the external basis of the constant flow or
directional modulation, the sound topological insulators can
break the reciprocity to control the acoustic wave directional
transmission.[26–29] Furthermore, it is found that tunable prisms
and lossy acoustic gradient index metasurfaces can also achieve
acoustic asymmetric transmission.[30–31] Very recently, due to the
progress in obtaining tunable metamaterial parameters,[32] time-
varying material properties have been being added as a new
knob in controlling wave using metamaterials.[33–36] In this case,
the continuous translational symmetry of metamaterials is bro-
ken, and many interesting phenomena have been being pro-
posed and under active exploration, the most prominent one is
the magnet-free nonreciprocity.[37–40] In this content, it is signifi-
cant to design the nonreciprocal soundproof barrier for one-way
sound insulation as an alternative strategy in special application
senses.

In this paper, we propose a nonreciprocal soundproof barrier
made with active nonlocal metastructure (ANM) which consti-
tutes of a pair of spatially separated microphones and a speaker
controlled with a microcontroller. In the microcontroller, we use
an inverse process to pick the incident noise frequency detected
by the microphone, then automatically tune the resonating fre-
quency of the performed Lorentz resonant response to insulate
the noise signals. Owing the spatial distance between the micro-
phone and speaker induces the asymmetry for the two incident
ends, it will tailor the acoustic wave transmission for realizing
unidirectional acoustic insulation. The results by theoretical cal-
culation and experiment measurement indicate that the active
acoustic barrier can realize the suppressive effect in one direc-
tion and the enhancive effect in the other one for intelligently
matching the incident signal. The nonreciprocal level and trans-
mission losses can be freely tuned by tailoring the resonating pa-
rameters in the microcontroller and the sound insulation band-
width can be further widened by constructing multifrequency-
ANM. Furthermore, we can also switch the function of the ac-
tive soundproof barrier to forward, backward, and bidirectional
sound insulation by changing the spatial nonlocal distance be-
tween the microphone and speaker. Most importantly, our acous-
tic metastructure can be extended from a one-dimentional waveg-

uide to a two-dimentional plane, which confirms that it is still ef-
fective for open-field acoustic environments. The versatile active
soundproof barrier with the advantages of frequency-selectable,
function-switchable, compact volume, and high ventilation effi-
ciency, may provide alternative strategies to satisfy the require-
ments of various application scenes.

2. Results and Discussion

2.1. Working Mechanism of the Nonreciprocal Sound
Transmission

As a start, we first present an application scenario in Figure 1a,
where the outdoor noise generated from the car is insulated to
keep silence in the room, while the effective signal is desired to
enhance from indoors to outdoors. For more clearly show our
strategy, Figure 1b is an enlarged view of the window part for
the application scenario. The incident noise signal marked by
red waveforms is insulated into indoors by the ANM which con-
sists with a pair of spatially separated microphones (“D”) and a
speaker (“S”) controlled by a microcontroller (“MC”) as shown as
Figure 1b, on the other hand, the communicated signal marked
by green waveform from indoors to outdoors is enhanced. To
demonstrate the working mechanism of nonreciprocal sound in-
sulation, we set an ANM on a one-dimentional acoustic waveg-
uide manufactured using 3D printing technology, whose trans-
mission channel dimensions are much smaller than the incident
signal wavelength. As shown in Figure 1c, there are two speakers
labeled with “LS” and “RS” at the left and right ends to gener-
ate incident signals. Microphone D and speaker S are inserted
through two small holes at the top of the one-dimentional hol-
low waveguide and do not block the propagation of sound waves.
The side view of our test system is shown in the upper right cor-
ner of Figure 1c, we can see that there are no obstructions inside
the waveguide. The practical ANM have a distance d between the
speaker and microphone, then the transmitted and reflected sig-
nals are picked up by four detected microphones for obtaining
the transmissivity and reflectivity.

In the microcontroller, we perform a convolutional kernel to
process the detected signal, which can be expressed as:y (t) =
gsin (𝜔rest + 𝜃)exp (− 𝛾t)Θ(t). Here, g, 𝜔res, 𝜃, 𝛾 correspond

to the resonating strength, resonating angular frequency, line-
shape tuning parameter, and decay rate.Θ(t) is the Heaviside step
function for implementing a causal response in the microcon-
troller. By Fourier transforming the y (t) in time, the convolutional
kernel in the frequency domain can be approximated as:

Y
(
f
)
≅

g
2

(
ei𝜃′

𝜔res + 𝜔 + i𝛾
+ e−i𝜃′

𝜔res − 𝜔 − i𝛾

)
(1)

where f = 𝜔/2𝜋 is the incident frequency, and the line-shape tun-
ing parameter 𝜃′ = 𝜃 + 𝛿𝜃, 𝛿𝜃 attribute from a fixed time delay
for performing program and all electronic components, and 𝜃 is a
selectable value in the program to control the Lorentz response as
passive or active case. For example, for 𝜃′ = − 𝜋/2, the response
corresponds to a passive Lorentz resonating shape, and the real
and imaginary part of the response Y(f)/i are shown in Figure 1d
as red and black lines, where the parameters are selected as
𝜔res = 2𝜋 × 1 kHz, g = 2𝜋 × 30 Hz, 𝛾 = 2𝜋 × 10 Hz. Then, the
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Figure 1. The application scenario and experimental sets. a) The application scenario that require nonreciprocal sound insulation, that is, the noise
signal from the car in outdoors is suppressed into the room, while the effective signal from indoors is enhanced and transmitted into outdoors. b)
Localized enlarged view of the intelligent soundproof barrier arranged on the window. The noise signal marked by red from the outdoors is mostly
reflected back to outside and the green effective signal from indoors is enhanced to outdoors. The three electron components labeled by “D”, “MC”
and “S” correspond to the microphone, microcontroller, and speaker. c) The experimental sets. The distance between “D” and “S” is set as d, and
connected by “MC”. LS and RS correspond to the sound sources at the left and right ends, the transmitted and reflected signals are detected by the four
microphones. The upper right corner shows the inner of the one-dimentional waveguide loading the ANM. d) The performed convolution kernel in the
microcontroller satisfies the Lorentzian resonating shape in the frequency domain, the red and black lines represent the real and imaginary components
of the resonating response Y(f)/i, respectively.

convolution result S (f) = Y(f)D(f) is feed back to the speaker in
generating a resonating scattering waves. For the ANM, the spa-
tial distance d between the microphone and speaker generates
asymmetry for the whole system and induces the different trans-
missivity coefficients at the right and left ends of the waveguide
as:

tR

(
f
)
=

1 + Y
(
f
)

e−i𝜙 − Y
(
f
)

ei𝜙

1 − Y
(
f
)

ei𝜙
(2)

tL

(
f
)
=

1 + Y
(
f
)

ei𝜙 − Y
(
f
)

ei𝜙

1 − Y
(
f
)

ei𝜙
(3)

The details are given in Note S1 (Supporting Information). The
spatial phase is ϕ = kd(k = 2𝜋f/c, c = 343 m−1s is the speed of
sound in air).

To clear the physical mechanism of the nonreciprocal sound
transmission, we define the reference plane as shown in the yel-
low dashed line in Figure S1 (Supporting Information). For in-
cident wave PinL from the left port of the waveguide, the forward
scattering wave (which is defined as the scattering wave direction
along the incident direction) have a phase 𝜓R = Arg( Y(f )e−i𝜙

1−Y(f )ei𝜙
)

comparing with the incident wave pinL, while the phase of the
scattering wave becomes as 𝜓L = Arg( Y(f )ei𝜙

1−Y(f )ei𝜙
) for the incident

wave PinR from the right port. It can be seen from Figure 2a1 that
the transmissivity (T = |t|2) are overlap for two different incident
directions for the spatial distance d = 0, that is to say, the sound

transmission is reciprocal. The reason of the reciprocal transmis-
sion is that the phases of the scattering wave are also overlap as
shown in Figure 2a2. To quantify the level of nonreciprocity for
two incident directions, we define an isolation factor (IF) as the
ratio of the transmissivity |tR|2 and |tL|2 as:

IF =
||||20Log10

(|||tR

(
f
)
∕tL

(
f
)|||
)|||| (4)

It is obvious that the IF is always 0 for the spatial distance d = 0
as shown in Figure 2a3. However, when the spatial distance is
set as d = 0.2𝜆res (here 𝜆res = 2𝜋c/𝜔res is the resonating wave-
length), we can find that the phase 𝜓R ≅ 0 for the sound propa-
gating from left to right end at the incident frequency f = 1 kHz,
while the value becomes |𝜓L| ≅ 𝜋 for opposite direction. Then,
constructive and the destructive interference are presented be-
tween the incident wave and scattering wave depending on their
phase difference. Thus, the sound transmission is suppressed
(enhanced) for the sound propagating from the right (left) to the
left (right) port, as shown in Figure 2b1. The similar configu-
ration is used to achieve nonreciprocal transmission[41] by only
adding a phase into the scattering wave emitted from speaker as
the conventional active noise cancellation. However, in this work,
due to the resonating response is performed in microcontroller,
and the phase of the scattering wave will be overturned at high
frequency as shown as Figure 2b2, the other nonreciprocal trans-
mission at 1.04 kHz can also be found. The sound transmission is
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Figure 2. a1–c1) The transmissivity T for different spatial distance d = 0, 0.2𝜆res, and 0.4𝜆res, respectively. The red lines represent the transmissivity for
the wave propagating from the left input, and the blue line corresponds to the inverse direction. a2–c2) The phase and amplitude of the scattering waves
emitted from the speaker for different spatial distances. a3–c3) Isolation factor for the three spatial distance d, respectively.

enhanced (suppressed) for wave propagating from the right (left)
to the left (right) end. Figure 2b3 gives the IF as a function of inci-
dent frequency, we can find the two peaks at 1 kHz and 1.04 kHz.
As the spatial distance increases to d = 0.4𝜆res, a very high trans-
missivity is obtained near the resonance frequency, as shown in
Figure 2c1. The state is unstable because of too much sound am-
plification. Moreover, it can be seen from Figure 2c2 that the
phase at the resonance frequency for the sound propagating from
left to right is equal to that in the opposite direction, that is, |𝜓R| ≅

|𝜓L|. And the nonreciprocity is weakened, as shown in Figure 2c3.
However, for further increase the distance to d = 0.8 𝜆res, the
nonreciprocity become strong again, but the nonreciprocal char-
acteristic is flipped as shown in Figure S2b1 (Supporting Infor-
mation). Furthermore, we also calculate the transmissivity for
the two incident directions and the IF for different line-shape
tuning parameters 𝜃′ in Figure S3 (Supporting Information). We
can find that the two nonreciprocal transmission (Figure S3a1,
Supporting Information) become single stronger nonreciprocal
transmission (Figure S3b1, Supporting Information) at resonat-
ing frequency due to the 𝜓R ≅ 0 and |𝜓L| ≅ 𝜋 occur at the resonat-
ing position with the biggest amplitude. It is easy to tune the IF
by change the line-shape tuning parameter 𝜃′ in our experiment.
In following applications of nonreciprocal sound insulation, the
value of 𝜃′ was set as zero for obtaining stronger nonreciprocal
transmission. In this work, the nonreciprocal level and the work-
ing frequency can be freely tailored by tuning multiple resonat-
ing parameters (resonating strength, resonating frequency, de-

cay rate and line-shape tuning parameter), which will provide a
versatile platform to control the nonreciprocal transmission. The
details of the simulation model are in Note S4 (Supporting Infor-
mation).

2.2. Nonreciprocal Soundproof with Nonlocal Acoustic Barrier

In the above section, we have discussed the nonreciprocal mech-
anism for the acoustic transmission by the ANM in which per-
formed a resonating response. Next, we will use this configura-
tion to investigate the transmission losses for the incident signals
propagating along different directions.

To demonstrate the unidirectional soundproof barrier with
our configuration, in Figure 3a, we give the transmission spec-
trum for inputting from left and right ports as the red and blue
lines (symbols), the lines correspond to the simulated results
and the symbols are experimental results. The parameters of
the resonating response are selected as 𝜔res = 2𝜋 × 1 kHz,
g = 2𝜋 × 30 Hz, 𝛾 = 2𝜋 × 10 Hz and 𝜃′ = 0 in experiment. We

can find that the signal is enhanced from left to right port with
transmissivity T = 2.6, while it is suppressed along the inverse
direction with T = 0.15 at f = 1 kHz. To intuitively observe
the nonreciprocal level between the two propagated directions,
we also give the IF in Figure 3b according to Equation (3), the
experimental result agrees well with the simulated result that
the maximal IF at 1 kHz as IF = 12 dB. To demonstrate the uni-
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Figure 3. a) The transmissivity for different propagating directions with the parameters: 𝜔res = 2𝜋 × 1 kHz, g = 2𝜋 × 30 Hz, 𝛾 = 2𝜋 × 10 Hz and
𝜃′ = 0, the lines and symbols corresponding to simulation and experiment. The distance between D and S is d = 0.2𝜆res. b,c) corresponding to the IF and
TL. d,e) show the input signal with f = 1 kHz and the output signal from the left and right port in the time domain, respectively. g)-i) The experimental
results of an input signal with f = 1 kHz and output signal from the left and right port in the frequency domain, respectively.

directional sound insulation, we also calculate and measure the
transmission losses (TL) in Figure 3c, which can be expressed as:

TL = −20 Log10
|||t (f

)||| (5)

here, the t(f) is transmissivity coefficient. It is not difficult to see
that the left output signal is insulated with TL = 8.5 dB, and
the right output one is enhanced with TL = −4 dB at 1 kHz.
For clearly show the directional soundproof function, we also
experimental measure the signal in the time domain as shown
in Figures 3d−f and in the frequency domain as shown in
Figures 3g−i. The corresponding simulated results in the fre-
quency domain are given in Figure S5 (Supporting Information).
Comparing the input signal with frequency f = 1 kHz, the right
output signal is much stronger than the signal output from the
left port. In our configuration, the signal enhanced and sup-
pressed level can be furtherly strengthened by increasing the res-
onating strength from g = 2𝜋 × 30 Hz to 2𝜋 × 60 Hz as shown

in Figure S6 (Supporting Information) of Supplementary Ma-
terials. To illustrate the convenient tuning the soundproof fre-
quency, we also calculate and measure the transmissivity, IF, and
TL for different resonating frequencies fres = 0.95 kHz, 1.0 kHz,
and 1.05 kHz in Figure S7 (Supporting Information). The re-
sults show that the nonreciprocal soundproof frequency can be
freely tailored by tuning the resonating frequency in the micro-
controller. Furthermore, broadband sound insulation can be re-
alized by adding several speakers (“S”) in the ANM to construct
multifrequency-ANM, as shown in Note S8 (Supporting Informa-
tion).

In the above example, we have demonstrated that the barrier
can insulate the signal in an incident direction, while enhanc-
ing the communicated signal in the other incident direction. It is
well known that different noise sources will have different eigen-
frequencies. Thus, it is significant for automatically adjusting the
working frequency of the soundproof barrier according to the in-
cident signals. For achieving the automatic adjustment, we add
an extra microcontroller (MC1) to process the probed signal from
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Figure 4. a) shows a diagram of the example scenario, an ANM together with an extra microcontroller (MC1) for detecting the signal frequency fs to
realize nonreciprocal sound insulation that insulates the red noise signal and enhances the green communicated signal incident from outdoors and
indoors. b) shows the transmissivity T for continuously changing the incident frequency from 0.9 to 1.1 kHz with different inputting ports, the lines, and
symbols corresponding to simulated and experimented results. c) and d,e) and f,g) and h) are the time-domain outputting signals received at the right
and left port for different incident signal frequencies f = 0.94, 1.0 and 1.06 kHz, which is marked in b) with colorful circles. i–k) are the corresponding
frequency domain spectra.

the microphone (D) by performing a fast Fourier transform to
obtain the incident signal frequency fs, which can determine the
working frequency (resonating frequency fres) in MC2 as shown
in Figure 4a. The parameters setting of MC2 are consistent with
the legend in Figure 3a, except for the resonance frequency fres.
Based on the configuration of the ANM with an extra microcon-
troller, we want to

realize the intelligent unidirectional sound insulation that the
left inputted signal marked by green line is enhanced to outdoors
and the right inputting signal with the red line is forbidden into
indoors. In Figure 4b, we numerically simulate and experimen-
tally measure the transmissivity for continuously changing the
incident frequency from 0.9 to 1.1 kHz. The red line and red
symbols are the transmissivity by simulation and measurement
for input from the left port and output from the right port. The
blue line and blue symbols are the transmissivity for inverse
incident direction. We can find that the barrier can automatically
adjust the working frequency to insulate the signal with different
frequencies inputting from the right port and induce low T. In
the other direction, the signal can be enhanced as shown in the

red line and symbols for different signal frequencies. For clear
observation, we give the transmitted signals in time from 150 to
170 ms received at the right port and left port corresponding to
Figures 4c–h for the incident wave with different frequencies f =
0.94, 1, 1.06 kHz marked in Figure 4b with dashed circles with
different colors. Comparing the outputted signals from right and
left port, we can find that the enhanced signal magnitude can
arrive at 1.5 Pa, while the suppressed signal magnitude only have
0.4 Pa. The results of the outputted signals in the frequency do-
main also show that the enhanced signals are achieved inputting
from the left port, while the suppressed signals are obtained
for the opposite direction, as shown in Figure 4i–k. In fact, the
signal strengths can be further enhanced or suppressed for the
two incident directions by increasing the resonating strength g
as demonstrated in Figure S6 (Supporting Information). Here,
we define this unidirectional nonreciprocal sound insulation as
backward sound insulation with the nonlocal spatial distance
d = 0.2 𝜆res. Furthermore, in Figure 2, we have illustrated that
the nonreciprocal sound transmission comes from the spatial
nonlocal response of the ANM, that is, the spatial distance
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Figure 5. a) Diagrams of the two-dimentional ANMs devices. The top and bottom pictures show the schematic with the excitation source placed on the
left or right, respectively. Microphones (D) and speakers (S) are located on either side of the plane midline (blue dash line). The five blue points are the
test locations during the experiment. b1,b2) The simulated results of the sound pressure intensity when the ANMs are turned off. b3,b4) The simulated
results of the sound pressure intensity when the ANMs are turned on from the left and right ports, respectively. c) The experimental results of the sound
pressure intensity ratio (|PON/POFF|) at the corresponding five blue points.

between the microphone and speaker. Further, we also demon-
strate that the spatial distance is tailored from d = 0.2 𝜆res to
0 and −0.2 𝜆res, the nonreciprocal property of the soundproof
barrier can be tuned as shown in Figures S9 and S10 (Support-
ing Information) to achieve bidirectional and forward sound
insulation for satisfying different application senses. These
results indicate that our nonreciprocal configuration will provide
a versatile platform to control the nonreciprocal transmission.

This acoustic metastructure was extended from a one-
dimentional waveguide to a two-dimentional plane to illustrate
that it is still valid in an open-field environment. Figure 5a shows
the device diagram of the ANMs, where the upper and lower
acrylic plates are used to simulate a two-dimentional scenario.
Sound reflection at the boundaries is reduced by using black an-
gular sound-absorbing foams around the perimeter. The top and
bottom pictures in Figure 5a show the schematic with the exci-
tation source placed on the left or right, respectively. The length
(m) and width (n) of the two-dimentional plane are 100 and 40cm,
respectively. Microphones (D) and speakers (S) are located on
either side of the plane midline (blue dash line) and the dis-
tance between them is d1 = 0.2 𝜆res = 6.86 cm. The distance
between adjacent speakers/microphones (S/D) is d2 = 14 cm
and l1 = m

2
= 50 cm represents the distance from the excita-

tion speaker to the plane midline. The five blue points are the
test location during the experiment and the incident frequency is
set to the resonance frequency (fs = fres = 1 kHz). The simulated
results of the sound pressure intensity are

shown in Figure 5b1,2 when the ANMs are turned off. It can
be seen that the sound pressure intensity is reduced regardless of
the location of the excitation source. Figure 5b3,4 shows the sim-
ulated results when the ANMs are turned on. It is clear that the

sound pressure intensity in the right region is enhanced when
the excitation speaker is placed on the left side, while the sound
pressure intensity in the left region is weakened when the ex-
citation speaker is placed on the right side. The experimental
results of the sound pressure intensity ratio (|PON/POFF|) at the
corresponding five blue points are presented in Figure 5c. The
ratio is ≈1.4 (red line) when the excitation speaker is placed on
the left side, while the ratio is ≈0.45 (blue line) when the excita-
tion speaker is placed on the right side. Therefore, it can be con-
cluded that the ANMs still exhibit nonreciprocal transmission in
the two-dimentional plane. The corresponding movie of their ac-
tual testing results is shown in Note S12 and Movie S1 (Support-
ing Information) to interpret this exotic physical phenomenon
intuitively. Finally, as shown in Note S11 (Supporting Informa-
tion), we have also confirmed that the ANMs can maintain the
nonreciprocal property under different incidence directions and
it is highly adaptable to the environment.

3. Conclusion

In conclusion, we have proposed an active nonlocal acoustic
metastructure, which includes a pair of spatially separated mi-
crophones and a speaker connected by a microcontroller that
performed a convolution kernel of Lorentz-shape resonating re-
sponse, to realize nonreciprocal sound insulation. By theoreti-
cal analysis, we find that the nonreciprocal sound transmission
comes from an asymmetric phase of the scattering waves induced
by the spatial distance for the two incident directions. Particularly,
we can freely tune the unidirectional soundproof strength, non-
reciprocal level, and working frequency by adjusting the param-
eters of the resonating response in the microcontroller. Based on
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the advantage of multiple parameters tunable, we add an extra
microcontroller to detect the incident signal frequency to deter-
mine the working frequency of the ANM for realizing the nonre-
ciprocal sound insulation automatically. Furthermore, this acous-
tic metastructure was extended from a one-dimentional waveg-
uide to a two-dimentional plane to illustrate that it is still valid in
an open-field environment. Our experimentally measured results
demonstrate the theoretical prediction that the configuration of
the ANM can insulate the noise signal propagating along a di-
rection and enhance the communicated signal along the other
propagated direction. The nonreciprocal soundproof barrier for
unidirectional sound insulation can provide an alternative strat-
egy in special application senses.

4. Experimental Section
All experiments were conducted in a one-dimentional waveguide or

two-dimentional plane made of acrylic, which featured an ANM placed
on top of it with a spatial distance of d, as depicted in Figures 1, 5. In
the ANM, a pair of speakers and a microphone connect with a micro-
controller (Adafruit ItsyBitsy M4 Express). The total delay time for the
ANM, comprising of the delay time for the microphone, speaker, and
electronic delay for the microcontroller, was experimentally obtained to
be 𝛿t = 420 μs ≈ 1 kHz (the center frequency of our interested range).
To achieve a Lorentz resonant response with a digital microcontroller, the
equation: 𝜕2

t S(xS, t) + 2𝛾𝜕tS(xS, t) + 𝜔2
resS(xS, t) = −g𝜕tD(xD, t) was trans-

formed into a time-discrete model but with the frequency response func-
tion Y now approximated as the open-circuit frequency response function
connecting D to S to be implemented electronically. Here, the S(xS,t) is
the signal emitted by speaker with the position xS, D(xD,t) is the signal de-
tected by microphone with the position xD. The sampling frequency was
set at 57.6 kHz, with a sampling period of 17.36 μs. Additionally, the pro-
gram for the Lorentz response was designed to finish within one sampling
period in preparation for the next sample to be sent to the speaker. The
time delay, as well as the frequency dispersive response for the speakers
and microphones, were compensated (around the center frequency 1 kHz)
by additional digital filters in the microcontroller. The four-point measure-
ment method is utilized in conjunction with a National Instruments DAQ
device to determine the reflection and transmission signals. Through the
application of the Fourier transform, the transmission (t(f)) and reflection
coefficients (r(f)) are obtained in all figures.

In the simulation part, we use finite-element simulations performed
with the time-domain module of pressure acoustics in the commercial
software of Comsol Multiphysics. We investigate the nonreciprocal trans-
mission of the ANM for air-borne acoustics. The metastructure is con-
structed using a pair of nonlocal microphones and a speaker in a one-
dimentional waveguide, which is modeled as a point source in its sec-
ondary radiation in the waveguide. The secondary radiation of the point
sources is governed by

𝜕xp (x, t) + 𝜌0𝜕tv (x, t) = 0 (6)

𝜕xv (x, t) + 𝛽0𝜕tp (x, t) = Σi𝛿 (x − xS) 2
𝜌0c

S (xS, t) (7)

where c = 1∕
√
𝛽0𝜌0 is air sound speed, 𝜌0 is the density of air and 𝛽0 is

the compressibility of air. The right-hand term of the equation represents
the monopolar secondary point sources generated by speakers (S) at posi-
tions xS. The Lorentzian model is implemented by an ordinary differential
equations (ODE) module, which responds to the pressure field by

𝜕2
t S (xS, t) + 2𝛾𝜕tS (xS, t) + 𝜔2

resS (xS, t) = −g𝜕tD (xD, t) (8)

where 𝜔res is the resonating (radial) frequency, 𝛾 is the resonating
linewidth, and g is the resonance strength. The D(xD,t) is the total pres-
sure field picked by the microphone which includes the incident field and

the secondary radiation fields from the speakers. The nonlocal spatial dis-
tance d = xS − xD. Four microphones are placed at the two ends of one-
dimentional waveguide for receiving the time-domain signals, using the
Fourier transform, the transmission (t(f)) and reflection coefficients (r(f))
can be obtained in all figures.
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the author.
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