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P H Y S I C S

Efficient nonreciprocal mode transitions 
in spatiotemporally modulated acoustic metamaterials
Zhaoxian Chen1,2†, Yugui Peng3†, Haoxiang Li1†, Jingjing Liu1, Yujiang Ding1, Bin Liang1*, 
Xue-Feng Zhu4*, Yanqing Lu2, Jianchun Cheng1*, Andrea Alù3,5*

In linear, lossless, time-invariant, and nonbiased acoustic systems, mode transitions are time reversible, consistent 
with Lorentz reciprocity and implying a strict symmetry in space-time for sound manipulation. Here, we overcome 
this fundamental limitation by implementing spatiotemporally modulated acoustic metamaterials that support 
nonreciprocal sound steering. Our mechanism relies on the coupling between an ultrathin membrane and exter-
nal biasing electromagnetic fields, realizing programmable dynamic control of the acoustic impedance over a 
motionless and noiseless platform. The fast and flexible impedance modulation of our metamaterial imparts an 
effective unidirectional momentum in space-time to realize nonreciprocal transitions in k- space between differ-
ent diffraction modes. On the basis of these principles, we demonstrate efficient nonreciprocal sound steering, 
showcasing unidirectional evanescent wave conversion and nonreciprocal upconversion focusing. More generally, 
our metamaterial platform offers opportunities for generation of nonreciprocal Bloch waves and extension to 
other domains, such as non-Hermitian topological and parity-time symmetric acoustics.

INTRODUCTION
It is of fundamental interest and practical importance to mold the 
acoustic fields with the desired wavefront, but acoustic propagation 
in Hermitian systems obeying time reversal symmetry is always 
reversible under the constraint of Lorentz reciprocity (1). While 
magneto-optical phenomena are commonly used to break reciprocity 
in electromagnetics, magnetoacoustic phenomena are usually too weak 
to support efficient nonreciprocal sound propagation (2). Attempts 
to realize acoustic nonreciprocity trace back to the so-called acous-
tic diodes based on asymmetric nonlinearities (3–5), but they suffer 
from several drawbacks, including instabilities, distortion, limited 
efficiency, inherent dependence of the response on the excitation 
from multiple ports, and output phase chaos. The recent introduction 
of parity-time symmetry (6) in optics (7, 8) and acoustics (9–12) has 
enabled anisotropic transmission resonances and unidirectional wave 
diffraction, which overcome constraints stemming from power con-
servation, but still obey reciprocity as long as the systems remain 
linear (13). In the past decade, progress in condensed matter phys-
ics has extended the paradigm of topological insulators from elec-
tronics (14) to photonics (15), mechanics (16), and acoustics (17). 
However, the bosonic nature of phonons makes the suppression of 
spurious reflections in the most common implementations of topo-
logical acoustic structures based on valley pseudo-spin very chal-
lenging because of the underlying reciprocity and unavoidable 
time-reversible mode coupling associated with disorders (18–20). 
Acoustic Chern insulators (21–23) or Floquet insulators (24–26) 
have offered opportunities to realize topologically robust one-way 

sound transport induced by broken reciprocity, but they have been 
relying on complex arrays of individually controlled piezoelectric 
elements, mechanically spinning elements, and/or vibrations con-
trolled by motors (27, 28). Nonreciprocal airborne sound steering 
remains elusive because of the challenges in the experimental reali-
zation of fast, efficient, and precisely tailored space-time modula-
tion patterns that can enable irreversible mode transitions of choice 
in the frequency-momentum space.

Here, we overcome these limitations in terms of speed, efficiency, 
sensitivity, and precision of spatiotemporal modulation in acoustic 
metamaterials (29–31) and experimentally demonstrate a range of 
nonreciprocal mode transitions and steering for airborne sound 
waves. Avoiding slowly moving mechanical components (32, 33), 
individually controlled piezoelectric elements in large arrays (26), 
or flows in bulky structures (28), our approach to spatiotemporally 
modulate the acoustic response of a metamaterial is based on thin 
resonating membranes coupled to an external electromagnetic field. 
As a convenient implementation, the metamaterial unit cell is designed 
using a thin film transducer driven by a programmable electronic cir-
cuit. We derive the required time variation of the spatial distribution 
of effective acoustic impedance to enable efficient nonreciprocal mode 
transitions and verify its functionality with numerical simulations and 
experimental measurements. Under the judiciously designed spatio-
temporal modulation of the electroacoustic coupling strength, we show 
unidirectional acoustic mode transitions in the k- band diagram, 
breaking space-time reversal symmetry, as schematically shown in 
Fig. 1. This functionality enables nonreciprocal sound steering in var-
ious forms, including unidirectional evanescent wave conversion and 
nonreciprocal focusing of upconverted signals. Our study shows how 
spatiotemporally modulated metamaterials can produce totally new 
opportunities for the manipulation of sound in space-time.

RESULTS
Nonreciprocal acoustic mode transitions
Figure 1A schematically illustrates our acoustic metamaterial plat-
form supporting ultrafast and efficient spatiotemporal modulation, 
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enabling large nonreciprocity for sound steering. Each metamateri-
al unit cell is formed by a thin membrane, much smaller than the 
acoustic wavelength in all three dimensions, coupled to an external 
electromagnetic field with fast-varying and highly tunable strength. 
The capability of the membrane to interact with the incident acous-
tic wave depends on its coupling strength, enabling a fast and effec-
tive impedance modulation with no need for mechanical rotations 
or external air flow. For simplicity, and without loss of generality, in 
the current study, we implement this platform using a commercial 
membrane transducer, consisting of a deeply subwavelength thin 
film coupled to a coil controlled by a magnetic field, loaded by an 
auxiliary programmable circuit. In contrast to the conventional op-
eration of a loudspeaker, which radiates sound through a vibrating 
film driven by the Lorentz force acting on the coil, here, the mem-
brane transducer works as a passive acoustic component, and its 

coil, without any active electric signals fed in, serves as a load that 
can be controlled by an electric relay. When the relay switches ON, 
the acoustic impedance abruptly changes from Zi to Zi + Z, with Zi 
and Z being the intrinsic acoustic impedance of the thin film and 
the additional impedance resulting from the electroacoustic coupling, 
respectively. For a one-dimensional (1D) array of identical unit cells 
aligned along the x direction, as shown in Fig. 1A, a periodic mod-
ulation of the acoustic impedance can be implemented in space-
time, with periods Pm and Tm, respectively, as shown in Fig. 1B, by 
programming the circuit to feed the relays with electric square wave 
signals with ordered phase sequences. Applying a Fourier expan-
sion, the resulting surface impedance can be expressed as a series of 
sinusoidal components carrying different synthetic momenta

	​ Z(x, t ) = ​Z​ 0​​ + ​∑ 
n
​ ​​ ​Z​ n​​ cos(n ​​ m​​ t − ​nk​ m​​ x)​	 (1)

where the index n is an odd integer,  = 2/Tm is the modulating 
frequency, km = 2/Pm is the modulating spatial wave vector, Z0 is 
the static acoustic impedance, and Zn is the modulation strength of 
the nth-order sinusoidal component (see note S1 for a detailed der-
ivation). We tailor the impedance modulation so that the first-order 
Fourier component dominates the response, as shown in Fig. 1C, 
because we want to enable a first-order frequency transition. When 
a plane wave mode with frequency i and wave vector ki impinges 
on the array, the transmitted wave will consist of blue-shifted and 
red-shifted Fourier components due to mixing over the surface with 
the modulation signal (34–40)

	​​
p(r, t ) = ​p​ 0​​ exp(i ​​ i​​ t − i ​k​ i​​ ⋅ r ) +

​   ​p​ 1​​ exp [ i(​​ i​​ + ​​ m​​ ) t − i ​k​ i​​ ⋅ r − ​ik​ m​​ x ] +​   
​p​ −1​​ exp [ i(​​ i​​ − ​​ m​​ ) t − i ​k​ i​​ ⋅ r + ​ik​ m​​ x]

 ​​	 (2)

where p0, p1, and p−1 are the pressure amplitudes of the zeroth-, first-, 
and −first-order modes, and we neglect higher-order terms. Here, 
the synthetic linear momentum induced by the spatiotemporal mod-
ulation breaks reciprocity and it is expected to induce largely asym-
metric mode transitions. For example, in Fig. 1D, an acoustic plane 
wave with frequency i impinges normally (kx = 0) on the spatio-
temporally modulated array. The blue-shifted wave at i + m ac-
quires an additional momentum km in the x direction, emerging 
from the array at the refraction angle 1. However, in Fig. 1E, we 
study the time-reversed scenario of a wave with frequency i + m 
propagating backwards from angle −1. The corresponding trans-
mitted mode at frequency i acquires additional momentum, exit-
ing the light cone and turning into an evanescent wave. This is an 
indication of a largely nonreciprocal mode transition, which can be 
used to realize nonreciprocal excitation of evanescent waves.

Frequency conversion efficiency
Because of the deeply subwavelength nature of the unit cells in our 
array, the thin films vibrate like pistons, facilitating the modeling of 
the mode transitions in terms of time modulation (41). We can safe-
ly model the acoustic impedance as lumped parameters

	​​ ​Z​ i​​  = ​ [​​ ​​ m​​ + i​(​​ ​M​ m​​  − ​ ​K​ m​​ ─  ​​)​​​]​​ / ​S​ d​​​​	 (3A)

	​ Z  = ​ (BL)​​ 2​ / ​Z​ e​​ ​S​ d​​​	 (3B)
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Fig. 1. Spatiotemporally modulated metamaterial array. (A) Schematic of non-
reciprocal sound steering with space-time metamaterials. Inset: Two states of the 
unit cell comprising a membrane transducer and a programmable electronic cir-
cuit. The effective acoustic impedance of the unit changes from Zi to Zi + Z when 
the circuit switches from “OFF” state to “ON” state. (B) Spatiotemporal modulation 
of impedance of the metamaterial array: By switching OFF and ON the relay in each 
element, the corresponding impedance is tuned between Zi and Zi + Z with space 
and time periods Pm and Tm, respectively. (C) Fourier series expansion of the im-
pedance in k- dimensions. (D and E) Nonreciprocal mode transition for waves 
traveling along (D) forward and (E) backward direction. The acoustic mode at i 
and kx = 0 is transformed into i + m with kx = km and i − m with kx = −km, respec-
tively. In the backward direction, the mode at i + m and kx = − km is coupled back 
to i, but outside the light cone.
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where m, Mm, and Km are the mechanical damping coefficient, 
mass, and stiffness of the thin film, respectively; Sd = d2/4 is the 
radiation area determined by the diameter d; Ze is its electric imped-
ance; and the force factor BL enables ultrafast modulation of the 
electroacoustic coupling strength. All these parameters can be mea-
sured or calculated using the model from Klippel (42) as described 
in Materials and Methods. In our experiments, as schematically 
shown in Fig. 2 (A and B), the sample has a diameter d = 2 cm, 
which is integrated in a 3D printed holder and fixed to the imped-
ance tube with an inner diameter of 5 cm. The relay in the transducer 
circuit is controlled by a single-chip microcomputer (SCM), which 
can modulate the transducer impedance at will in each element. The 
sample has a resonance frequency of around 970 Hz, with acoustic 

impedance predicted by Eqs. 3A and 3B of Zi = 95 N ⋅ s/m3 and Zi + 
Z = 131 N ⋅ s/m3, respectively, for the relay in the OFF and ON 
position. The transmission and reflection spectra were simulated by 
COMSOL Multiphysics: At 970 Hz, as shown in Fig.  2C, the 
transmission peak decreases from 0.53 to 0.45, while the reflection 
increases from 0.47 to 0.55 after the relay switches on. The peak 
frequency is not notably affected because of the small inductance of 
the sample. We also experimentally measured transmission and re-
flection based on the four-microphone method (43), as shown in 
Fig. 2D, with results in fairly good agreement with simulations. The 
small deviation observable between simulations and measurements 
may result from the simplified lumped parameter circuit used in 
our simulations to model the transducers. These results verify that 
the metamaterial unit cell impedance can be effectively modulated 
by the driving circuit.

To demonstrate an efficient nonreciprocal mode transition in 
space-time, the sound frequency was set at 970 Hz, with relays mod-
ulated by an electric square wave signal at 100 Hz. As shown in 
Fig. 2E, the measured transmission spectrum presents a series of 
blue-shifted and red-shifted peaks spaced by multiples of the mod-
ulation frequency. With a square wave modulation, shown in the 
inset, the odd-order modes are stronger than the even-order ones 
(see more details in note S2). The finite-difference time-domain 
simulations agree well with the experimental measurements. How-
ever, because of unavoidable relaxation effects in the electroacoustic 
coupling, there is a trade-off between the modulation frequency and 
the frequency conversion efficiency, and the measured sound pres-
sure levels (SPLs) are slightly lower than the simulation results. Spe-
cifically, according to the experimental results, the power efficiency 
for the first-order harmonic conversion is 1.5 × 10−4, which is inde-
pendent of the incident power and could be further improved by 
enhancing the modulation strength (see note S3 for detailed calcu-
lations, discussions, and simulations about power efficiency). With-
out other resonating structures, viscothermal loss here is quite small 
and has a negligible effect on the mode transitions (see note S4 for 
the demonstration). In addition, from the viewpoint of power effi-
ciency, the operational bandwidth of the mode transition in our 
system is about 250 Hz (see note S5 for more discussions).

Unidirectional evanescent wave conversion
Next, we apply our space-time acoustic metamaterial to demonstrate 
nonreciprocal wave-steering functionalities. The array is aligned in 
the x direction, with an initial phase of impedance modulation im-
plementing a uniform gradient dφ/dx distribution, as shown in 
Fig. 3A, which implements a constant spatial gradient of impedance 
over the surface. The spatiotemporal modulation of the impedance 
imparts a traveling wave, with modulation frequency m, which 
transforms the spatial gradient into a synthetic linear momentum 
bias breaking reciprocity. On the basis of momentum conservation, 
the generalized Snell’s law for the first-order blue-shifted mode follows

	​​ k​ i​​ sin(​​ i​​ ) + dφ / dx  = ​ k​ 1​​ sin(​​ 1​​)​	 (4)

where ki and i are the wave vector and incident angle of the inci-
dent waves at frequency i, and k1 and 1 are the wave vector and 
refraction angle of the output wave at i + m. The relation between 
i and 1 is shown by the green curve in Fig.  3B, where i/2 = 
1000  Hz, m/2 = 1000  Hz, and dφ/dx = 2/60  cm−1. As we time-reverse 
the outgoing wave, becoming an incident wave at i/2 = 1100  Hz, 
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Fig. 2. Space-time mode transitions. (A) Acoustic setup to measure the mode 
transitions and extract the acoustic properties of the designed time-modulated 
metamaterial unit cell. The diameter of the impedance tube is 5 cm. A loudspeaker 
is fixed at one end, and absorptive foam is placed at the other end to eliminate re-
flections. Four microphones are used to extract the pressure amplitude and phase 
information. The membrane transducer connects to a relay, which is controlled by 
the SCM. The inset gives a clear view of the fabricated sample of a metamaterial 
unit cell, where the transducer has a diameter of 2 cm and it is positioned by a 3D 
printed holder. (B) Working principle of the electrically controlled impedance 
modulation. The outer two feet of the relay connect to the transducer’s electrodes, 
while the inner two feet connect to the SCM. (C) Simulated and (D) measured trans-
mission and reflection coefficients of the sample with the relay switching on and 
off. (E) Simulated and measured transmitted sound pressure level (SPL) at the op-
eration frequency and blue/red-shift frequencies. Here, the operation frequency is 
970 Hz, and the sample is modulated at 100 Hz by a square voltage wave. Photo 
credit: Zhaoxian Chen, Nanjing University.
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the mode is red-shifted back to the original frequency (i − m)/2 = 
1000  Hz, but now obeying the relation

	​​ k​ i​​ sin(​​ i​​ ) − dφ / dx  = ​ k​ −1​​ sin(​​ −1​​)​	 (5)

where k−1 and −1 are the wave vector and refraction angle of 
the −first-order mode. The relation between i and −1 is shown by 
the red curve in Fig. 3C, with the −first-order mode at 900 Hz shown 
as the yellow curve in Fig. 3B and the first-order mode at 1200 Hz 
shown as the blue curve in Fig. 3C. From Fig. 3 (B and C), we clear-
ly see that a nonreciprocal mode transition is expected for a wide 
range of incidence angles, i = −1° ~32°. For example, as marked 
by the black dots in Fig. 3 (B and C), for the forward propagating 
signal at i = 0° and i/2 = 1000 Hz, the refraction angle and fre-
quency of the blue-shifted outgoing mode are 1 = 32° and (i + 
m)/2 = 1100 Hz. By reversing the outgoing signal into a backward 
incoming wave at i = −32° and i/2 = 1100 Hz, the red-shifted 
transmitted wave will emerge at −1 = −90° and (i − m)/2 = 
1000 Hz, which is an evanescent mode traveling along the metama-
terial surface, instead of leaving the surface in the normal direction, 
largely breaking reciprocity. We note that the nonreciprocal re-
sponse can be maintained over a quite broad frequency range (see 
more details in note S5). In experiments, the impinging plane waves 
are generated by eight loudspeakers equally spaced by 10 cm, and 
the spatiotemporal metamaterial is placed 30 cm away from the line 
source (more details in note S6). The measured results agree well 
with simulations, as shown in Fig. 3 (D and E), and clearly display 
unidirectional evanescent wave coupling (44), largely breaking rec-
iprocity. To provide a full view of the mode transition process, 

Fig. 3 (F and G) shows the −first-order mode at 900 Hz for forward 
propagation and the first-order mode at 1200  Hz for backward 
propagation, respectively. This nonreciprocal response allows effi-
cient radiation of acoustic energy toward the target direction, while 
avoiding reflections traveling back toward the source. Instead, they 
are trapped as surface waves, opening the possibility for the design 
of novel functional devices, such as nonreciprocal phased arrays with 
applications in noninvasive acoustic imaging and communications.

Nonreciprocal focusing of upconverted waves
Last, we reconfigure the space-time metamaterial to enable the 
functionality of a nonreciprocal acoustic metalens. For a plane wave 
at 1000 Hz normally impinging on the metamaterial, we design the 
initial phase distribution of impedance modulation to focus the up-
converted first-order mode at 1100 Hz to a prescribed focal point. 
The spatial distribution of the modulation phases follows (45)

	​ φ(x ) = ​k​ 1​​(​√ 
_

 ​x​​ 2​ + ​y​​ 2​ ​ − y)​	 (6)

where the focal point is located at y = 30 cm and the phase distribu-
tion is shown in Fig. 4A. In our experiments, the phase lag between 
adjacent unit cells is /8. The phase profile is again spatiotemporal-
ly modulated to create focusing for the upconverted signal, as veri-
fied in simulations and experiments shown in Fig.  4B, in good 
agreement with each other. To quantitatively investigate the focus-
ing effect, we plot the normalized intensity distribution along the 
actual focal plane at y = 25 cm, shown in Fig. 4C. The full width at 
half maximum of the blue-shifted focal spot is around 16 cm, less 
than half the wavelength of sound at 1000 Hz (more details in notes 
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S7 and S8), hence breaking the diffraction limit, thanks to the up-
conversion phenomenon that shrinks the wavelength. The focal 
plane is slightly closer to the sample surface than the designed one 
because of the discretization of the phase distribution. For a con-
ventional metalens with a static phase gradient, the focusing effect 
obeys reciprocity and time reversal symmetry. Here, on the con-
trary, if we put a point source with frequency 1100 Hz at the focal 
point x = 0 cm and y = 25 cm, the red-shifted mode at 1000 Hz forms 
a divergent beam instead of a collimated one, as shown in Fig. 4D, 
indicating that sound focusing is strongly nonreciprocal (46). 
Such a response has far-reaching implications in important sce-
narios ranging from ultrasound therapy to nondestructive evalua-
tion, which calls for high-efficiency conversion of acoustic energy 
but traditionally suffers from undesired reversed wave propaga-
tion back to the source.

DISCUSSION
Here, we have demonstrated the emergence of nonreciprocal mode 
transitions in a highly efficient, reconfigurable spatiotemporal acoustic 

metamaterial. By carefully tailoring the spatiotemporal modulation 
profile of a metamaterial array, we imparted synthetic momentum 
bias in various forms to realize efficient nonreciprocal mode transi-
tions of choice in k- space. We have successfully demonstrated 
unidirectional evanescent wave conversion and nonreciprocal up-
converted wave focusing, which would be impossible in time-invariant, 
static acoustic systems. Although piezoelectric patches have been suc-
cessfully used for designing elastic wave modulation systems (26), 
they are characterized by large resistances and are not applicable for 
airborne sound. Besides, their modulation efficiency is limited, and 
the system robustness is hindered because active components are 
required in the electric circuit, leading to potential instabilities. Com-
pared with other time-varying modulation schemes, such as mechan-
ical vibrations or flow circulation, our electrically controlled switched 
membranes feature various advantages to implement giant and 
tailorable nonreciprocal transitions. First of all, the modulation 
frequency can be extended up to 1000 Hz owing to the fast relay 
response. In addition, without the additional noise originating from 
vibrating or rotating components, the proposed system is notably 
more robust. Nonetheless, the transition efficiency in this work can 
be further improved by increasing the force factor BL or introducing 
resonant metastructures. By tailoring the spatiotemporal modula-
tion along the waveguide structures, our mechanism can be further 
extended to implement various nonreciprocal acoustic functionalities, 
such as gyrators and circulators (47, 48). Our proposal can be flexi-
bly merged with 3D acoustic time-varying metamaterials, opening 
unique opportunities to explore nonreciprocal topological acous-
tics, and acoustic physics in synthetic dimensions.

MATERIALS AND METHODS
Experiments
We use commercial coil-moving electroacoustic membrane trans-
ducers as the unit cells of our metamaterial, with linear parameters, 
as shown in Table 1, measured by the small signal Klippel system. 
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Fig. 4. Nonreciprocal focusing of upconverted waves. (A) Initial phase distribution of the impedance modulation to generate nonreciprocal blue-shift focusing. 
The focus is designed at y = 30 cm behind the metamaterial, and the phase lag in the sample is /8. (B) Simulated and measured focusing fields at 1100 Hz for normal 
incidence at 1000 Hz. (C) Sound intensity distribution along the cut line at y = 25 cm in (B), which is the focal position. The inset plots the normalized intensity field. 
(D) Simulated and measured diverging fields at 1000 Hz for reversed incidence in the backward direction at 1100 Hz, with a point source placed at x = 0 cm and y = 25 cm. 
a.u., arbitrary units.

Table 1. Average small signal parameters of the transducers. 

Parameter Notation Value Unit

DC resistance Re 8.5 Ohm

Coil inductance Le 0.03 mH

Force factor BL 0.3 N/A

Moving mass Mm 0.05 g

Mechanical resistance m 0.027 kg/s

Mechanical stiffness Km 1.86 N/mm

Resonating frequency f0 970 Hz
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The relays of SIP-1A05 are used as switches to control the impedance 
of the metamaterial. In the impedance tube experiment (Fig.  2), 
four 1/4-inch-diameter microphones (Brüel and Kjaer Type 4961) 
and a multichannel analyzer (Brüel and Kjaer Pulse Type 3160) are 
used to extract the pressure information. In the 2D sound field 
steering experiment, a single-chip computer (Arduino Mega 2560) 
is used to provide multichannel square wave voltage signals with 
elaborately programmed frequency and phase lag for controlling 
the relays. The measurement is performed in a 2D parallel wave-
guide made of acrylic boards (more details in note S6).

Numerical simulations
A commercial finite element method (FEM) software (COMSOL 
Multiphysics) is used for the numerical study. For obtaining the 
simulated transmission and reflection in Fig. 2 (C and D), the acoustic 
module and frequency domain solver are used with the ultrathin 
transducer treated as an impedance boundary calculated according 
to Eqs. 3A and 3B. The mass density and sound speed of air are set 
as 0 = 1.21 kg/m3 and c0 = 343 m/s, respectively. For the transmitting 
SPL analysis, we first use the transient solver and physics module to 
get the transmitting pressure information and then fast Fourier 
transformation to calculate its spectrum. All the simulated spatial 
distributions of acoustic field in both this paper and the Supplemen-
tary Notes are also obtained by using the frequency domain solver.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/ 
sciadv.abj1198
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