
Research Article
Sharkskin-Inspired Magnetoactive Reconfigurable
Acoustic Metamaterials

Kyung Hoon Lee , Kunhao Yu , Hasan Al Ba’ba’a , An Xin, Zhangzhengrong Feng,
and Qiming Wang

Sonny Astani Department of Civil and Environmental Engineering, University of Southern California, Los Angeles, CA 90089, USA

Correspondence should be addressed to Qiming Wang; qimingw@usc.edu

Received 16 December 2019; Accepted 20 January 2020; Published 5 February 2020

Copyright © 2020 Kyung Hoon Lee et al. Exclusive Licensee Science and Technology Review Publishing House. Distributed under a
Creative Commons Attribution License (CC BY 4.0).

Most of the existing acoustic metamaterials rely on architected structures with fixed configurations, and thus, their properties
cannot be modulated once the structures are fabricated. Emerging active acoustic metamaterials highlight a promising
opportunity to on-demand switch property states; however, they typically require tethered loads, such as mechanical
compression or pneumatic actuation. Using untethered physical stimuli to actively switch property states of acoustic
metamaterials remains largely unexplored. Here, inspired by the sharkskin denticles, we present a class of active acoustic
metamaterials whose configurations can be on-demand switched via untethered magnetic fields, thus enabling active switching
of acoustic transmission, wave guiding, logic operation, and reciprocity. The key mechanism relies on magnetically deformable
Mie resonator pillar (MRP) arrays that can be tuned between vertical and bent states corresponding to the acoustic forbidding
and conducting, respectively. The MRPs are made of a magnetoactive elastomer and feature wavy air channels to enable an
artificial Mie resonance within a designed frequency regime. The Mie resonance induces an acoustic bandgap, which is closed
when pillars are selectively bent by a sufficiently large magnetic field. These magnetoactive MRPs are further harnessed to design
stimuli-controlled reconfigurable acoustic switches, logic gates, and diodes. Capable of creating the first generation of
untethered-stimuli-induced active acoustic metadevices, the present paradigm may find broad engineering applications, ranging
from noise control and audio modulation to sonic camouflage.

1. Introduction

Acoustic metamaterials with tailored architectures exhibit
unconventional capability in controlling acoustic waves
[1–5] and have enabled a wide range of previously unachie-
vable applications, such as superlensing [6–12], cloaking
[13–15], logic operation [16–20], nonreciprocal propagation
[21–25], topological insulation [20, 26–29], and wave guiding
[30, 31]. Despite the diverse applications, most of the existing
paradigms rely on architected structures with fixed configu-
rations, and thus, their properties cannot be modulated once
the structures are fabricated [1–5]. Emerging active acoustic
metamaterials highlight a special opportunity to enable on-
demand property switching of the fabricated acoustic meta-
materials [32, 33]. However, the existing active metamaterials
typically require tethered loads, such as mechanical compres-
sion or pneumatic actuation [20, 30, 31, 34]. Compared to
tethered loads, untethered physical stimuli (such as electro-

magnetic field, light, and temperature) are more appealing
owing to their special advantages including noncontact with
the structures, nonlocal modulation, and rapid switching
[35, 36]. However, using untethered physical stimuli to
on-demand switch property states of acoustic metamaterials
remains largely unexplored [35, 36]. Although there are
recent reports on using the electromagnetic fields tomodulate
the effective constitutive parameters of acoustic metamateri-
als [35, 36], using untethered stimuli to enable reconfigurable
acoustic devices such aswaveguide, logic gates, or nonrecipro-
cal diodes remains elusive.

Here, we report a class of active acoustic metamaterials
whose configurations can be on-demand switched via unteth-
ered magnetic fields, thus enabling active switching of acoustic
transmission, wave guiding, logic operation, and reciprocity.
The key mechanism relies on magnetically deformable Mie
resonator pillar (MRP) arrays that can be tuned between ver-
tical and bent states corresponding to the acoustic forbidding
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and conducting, respectively. The MRPs are made of an iron-
filled magnetoactive elastomer and feature wavy air channels
to enable an artificial Mie resonance within a designed fre-
quency regime [37–39]. The Mie resonance induces an
acoustic bandgap, which is closed when pillars are selectively
bent by a sufficiently large magnetic field (e.g., 0.13T). These
magnetoactive MRPs are further harnessed to design stimuli-
controlled reconfigurable acoustic switches (i.e., shifting
between different propagation pathways), reconfigurable
acoustic logic gates (i.e., switching among NOT, AND, and
OR gates), and reconfigurable acoustic diodes (i.e., switching
between the nonreciprocal diode and reciprocal conductor).
Integrating stimuli-responsive smart materials and Mie reso-
nances, the present paradigm highlights a unique and promis-
ing avenue for acoustic metamaterials that can reversibly,
repeatedly, and on-demand switch acoustic propagation,
logic operation, and reciprocity via untethered physical
stimuli.

2. Sharkskin-Inspired Design Principle

The design principle of magnetoactive reconfigurable acous-
tic metamaterials is inspired by the sharkskin [40–42]. Fast-
swimming sharks feature skin denticles that are shaped like
“V” trenches and aligned in the direction of fluid flow
(Figure 1(a)). It has been proven that the aligned skin
denticles can significantly reduce the flow drag because the
V-shaped trenches can guide a turbulent flow to become a
laminate flow [43]. It has been further discovered that tilting
the skin denticles by a small angle can drastically increase
the flow drag [44]. Sharks can smartly switch the skin flow
drag by reversibly tilting the skin denticles (Figure 1(a))
[41, 45].

Inspired by this natural paradigm in tuning the flow drag,
we here propose a class of magnetoactiveMRP arrays that can
smartly switch the acoustic transmission by reversibly bend-
ing MRPs via a remotely controlled magnetic field
(Figure 1(b)–(g)). Each MRP (diameter D = 1:5 cm and
height H = 4:25 cm) has six-section wavy air channels that
enable an artificial Mie resonance within a designed fre-
quency regime [37–39].When the pillar spacing L is relatively
small (e.g., L/D = 1:5), the Mie resonances around adjacent
MRPs are coupled to form an acoustic barrier to enable a
low acoustic transmission within 9040-9140Hz (<0.2,
Figure 1(b), (c), and (h)). Besides, the pillars are made of a
magnetoactive elastomer reinforced by ferromagnetic iron
nanoparticles (see Materials and Methods and Fig. S1), and
thus, they can be selectively bent via a sufficiently large mag-
netic field (e.g., 0.13T) to open a large pillar-to-pillar spacing
for the remaining vertical pillars, leading to a high acoustic
transmission within 9040-9140Hz (>0.8, Figure 1(d), (e),
and (h)). When the remotely controlled magnetic field is
reduced or turned off, the bent MRPs return to the vertical
state, and thus, the acoustic transmission turns back to the
low level within 9040-9140Hz (<0.2, Figure 1(f)–(h)). Since
the pillar deformation is fully elastic, the pillar bending is
rapid, reversible, and repeatable, enabling on-demand switch-
ing of the acoustic transmission by tuning the applied mag-

netic field over multiple cycles (Figure 1(i), Movie S1 with
cycle period 5 s, and Movie S2 with cycle period 1 s).

3. Mechanism of the MRP Array

Next, we analyze the mechanism of the MRP array. An MRP
features six-section wavy air channels with the relative width
as d/D = 0:07 (Figure 2(a)). The propagation length of the
acoustic wave within the air channel is longer than that in
the solidmedium. Effectively, the acoustic energywithin a cer-
tain frequency regime is trapped within the air channels [37].
This point can be verified by a numerical simulation which
shows that the acoustic energy is concentrated within the
MRP center region around 9100Hz (Figure 2(b) and S2a).
This phenomenon can be explained as an artificial Mie reso-
nance within the MRP structure [37–39, 46, 47]. From the
perspective of an effective medium, this Mie resonance is cor-
responding to negative effective bulk modulus and positive
effective density within frequency 9050-9120Hz (Figure 2(c)
and S2a). This frequency regime (9050-9120Hz) is consid-
ered as the Mie resonance frequency. This frequency regime
is consistent with the numerically simulated bandgap
(Fig. S3). To verify this Mie resonance frequency, we further
carry out analytical modeling of the MRP using an equivalent
multiphase composite model (Supplementary Information,
Fig. S4) [37, 48, 49]. The analytical model shows that the
Mie resonance frequency of the MRP with diameter 1.5 cm
and 64% solid volume fraction is ~8.9 kHz (Figure S4),
which is relatively close to the numerical simulations
(Figure 2(c)).

The MRPs can be harnessed to shield the acoustic wave if
multiple MRPs are arranged in an array (Figure 2(d) and (e)).
When the pillar spacing L is relatively small (e.g., L/D = 1:5),
the Mie resonances in adjacent pillars are coupled to con-
struct an acoustic shielding layer to block the acoustic trans-
mission around the Mie resonance frequency regime
(Figure 2(d) and (e)). This acoustic forbidding behavior at
9100Hz is visualized by a numerical simulation shown in
Figure 2(f) (Fig. S2b): the acoustic pressure amplitude drasti-
cally decreases to a very small value (<0.05) behind the MRP
array. This behavior is validated by the experimentally
measured acoustic transmission through the MRP array
(Figure 2(g)): the acoustic transmission becomes lower than
0.15 within 9050-9120Hz. The experimentally measured
acoustic transmissions roughly agree with the numerical sim-
ulations over 8800-9400Hz (Figure 2(g)). When the pillar
spacing is relatively large (e.g., L/D = 2:5), the acoustic wave
can escape between MRPs to enable a relatively high acoustic
transmission (>0.8, Figure 2(h)–(k) and S2b). To verify this
phenomenon, we study a control pillar array with solid
pillars without air channels (D = 1:5 cm and L/D = 1:5)
(Fig. S5). Both experiments and simulations show the
acoustic transmissions over 8800-9400Hz are above 0.8
(Fig. S5), implying that the air channels within the MRPs
really play an important role to enable the low acoustic
transmission around 9100Hz. To further verify the phe-
nomenon, we gradually vary the pillar spacing and numer-
ically simulate the acoustic transmission through the MRP
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Figure 1: Sharkskin-inspired design principle of the magnetoactive reconfigurable acoustic metamaterials. (a) Schematics to show the
sharkskin denticles for switchable flow drag via reversibly tilting the denticles. (b, c) Schematic and sample of the vertical Mie resonator
pillar array. Inset in (b) shows the cross-section of the pillar. (d, e) Schematic and sample of the pillar array with two pillars bent via a
magnetic field. The red arrows indicate the direction of the magnetic field. The selective actuation of the central two pillars is because of
their higher iron volume fraction (18.48% by weight, Fig. S8a). (f, g) Schematic and sample of the pillar array when the magnetic field is
turned off. (h) The acoustic transmissions of samples corresponding to (c), (e), and (g) in functions of the frequency. (i) The applied
magnetic field intensity and the corresponding acoustic pressure at 9100Hz within two switching cycles. The scale bars in (c), (e), and (g)
represent 1 cm. The photo credit of the shark in (a) comes from Braulio Lopez Gonzalez Jr.
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Figure 2: Mechanism of MRPs and their magnetically induced buckling. (a) Schematics to show the geometry of a Mie resonator pillar.
(b) Numerically simulated acoustic pressure around an MRP at 9100Hz. (c) Numerically calculated effective bulk modulus and density of an
MRP in functions of the acoustic frequency. The shaded area indicates a regime with negative modulus and positive density. (d, e) Schematic
and sample for anMRParraywith a small spacing (L/D = 1:5). (f)Numerically simulated pressure of an acousticwavemoving through theMRP
array with a small spacing (L/D = 1:5). (g) The experimentally measured and numerically simulated acoustic transmission of the MRP array
with a small space in functions of the frequency. The shadowed area indicates the Mie resonance frequency regime. (h, i) Schematic and
sample for an MRP array with a large spacing (L/D = 2:5). (j) Numerically simulated pressure of an acoustic wave moving through the MRP
array with a large spacing (L/D = 2:5). (k) The experimentally measured and numerically simulated acoustic transmission of the MRP array
with a large spacing in functions of the frequency. (l) Image sequence to show the magnetically induced bending of an MRP with increasing
magnetic fields. The inset shows a schematic for the application of the magnetic field to the MRP. (m) Bending angles of MRPs with various
volume fractions of the iron particle in functions of the magnetic field. The shaded area indicates the critical magnetic field Bc. (n) The
experimentally measured critical magnetic fields for various volume fractions of the iron particle in a function of

ffiffiffiffiffiffiffiffiffiffiffi
E/Δχ

p
, where E is

Young’s modulus of the elastomer and Δχ is the effective magnetic susceptibility difference. The error bars indicate the variation of the
magnetic field within the shaded area in (m). Scale bars in (e) and (i) denote 1 cm.
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array. We find the acoustic transmission increases with
increasing pillar spacing within 9050-9150Hz (Fig. S2c).

In this work, the enlargement of the pillar spacing is
enabled by the bending of selected pillars in the pillar array
(Figure 1(d) and (e)). Once selected pillars are bent, the
remaining vertical pillars construct a pillar array with a
larger spacing (i.e., L/D = 4:6) that leads to high acoustic
transmission.

4. Magnetically Induced Bending of MRPs

To achieve precise control of the magnetically induced bend-
ing of MRPs, we need to understand the underlining
mechanics. We first carry out experiments on the magneti-
cally induced bending of a bottom-fixed MRP under a
magnetic field B with a tilted angle α (Figures 2(l) and S6).
With increasing magnetic field B, the pillar bends by an angle
θ (Figure 2(l)). When the angle θ reaches 15-18°, further
increasing B will suddenly bend and pinch the pillar onto
the substrate. This can be understood as a critical condition
for the magnetically induced buckling of the MRP. To quan-
tify this phenomenon, we plot the bending angle θ in a func-
tion of the applied magnetic field (Figure 2(m)): after the
critical magnetic field Bc, the bending angle θ abruptly
reaches 90°.

We then develop an analytical model to understand the
magnetically induced buckling of the MRP. Using a similar
analysis in the previously reported study on magnetically
induced bulking of tilted beams (Supplementary Informa-
tion, Fig. S7) [35], we express the critical magnetic field of
the buckling as

Bc = β α, H
D

� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
μ0E
Δχ

I
AH2

� �s
, ð1Þ

where β is a dimensionless parameter dependent on the mag-
netic field angle α and the aspect ratio of the MRP H/D, μ0 is
the magnetic permittivity of the vacuum, E is Young’s mod-
ulus of the elastomer, I is the second moment of area, A is the
cross-section area of the solid part, and H is the pillar length.
Δχ is the effective magnetic susceptibility difference between
the axial and orthogonal directions and can be estimated as
Δχ ≈ χ − χ/ð1 + χ/2Þ, where χ is the magnetic susceptibility
of the elastomer. To validate Equation (1), we maintain the
geometry of the pillar and vary the volume fraction of the fer-
romagnetic iron particle within the magnetoactive elastomer.
We find that the critical magnetic field for the magnetically
induced buckling decreases as the volume fraction of the iron
particle increases from 3.14% to 18.48% (Figure 2(m)).
According to Equation (1), when the geometry parameters
and the magnetic field angle maintain constant, the critical
magnetic field Bc should scale with

ffiffiffiffiffiffiffiffiffiffiffi
E/Δχ

p
. As shown in

Figure 2(n), this scaling law agrees with the experimental
results for MRPs with various volume fractions of the iron
particle (parameters are listed in Table S2).

Note that to enable the magnetic buckling of selected pil-
lars shown in Figure 1(d) and (e), we use pillars with higher
iron volume fraction at selected locations. For example, the

central two MRPs have an iron volume fraction of 18.48%
but the other two have an iron volume fraction of 3.14% in
Figure 1(e). When a sufficiently large magnetic field (0.13T)
is applied, only the central two MRPs buckle. It should also
be noted that the inhomogeneity of the iron volume fraction
among four MRPs does not change the key physics of the
Mie resonance shown in Figure 2(a)–(k). The numerical
simulations of MRP array with inhomogeneous iron volume
fractions display a low acoustic transmission within 9050-
9150Hz (Fig. S8), similar to that of the MRP array with
homogeneous iron volume fraction (Figure 2(g)). The numer-
ical results of the MRP array with inhomogeneous iron
volume fractions also agree with the corresponding experi-
mental results in Figure 1(h) (Fig. S8).

5. Magnetoactive Acoustic Double-
Throw Switch

Next, we harness MRPs to design a magnetoactive acoustic
double-throw switch (Figure 3). We first use MRPs to design
a three-branch channel with two outputs (A and B) and one
input (C) (Figure 3(a) and (b)). The channel wall is com-
posed of MRP arrays with a low iron volume fraction
(3.14%) and a small pillar spacing (L/D = 1:5) to prevent
the acoustic leaking within a designed frequency regime.
Two sets of MRPs with a high iron volume fraction
(18.48%) and a small pillar spacing (L/D = 1:5) are located
on the pathways of C-to-A and C-to-B. At the as-fabricated
state, the acoustic transmissions of C-to-A and C-to-B are
expected to be blocked by the MRPs around the Mie reso-
nance frequency. This point can be first validated by numer-
ical simulations that show the drastically reduced acoustic
pressure at channels A and B (Figures 3(c) and S9a).
Experiments show that the acoustic transmissions of
C-to-A and C-to-B are both below 0.25 within 8800-
8950Hz (Figure 3(d)). We denote the as-fabricated state as
“A off B off” state (Figure 3(a)–(d)). Note that this Mie reso-
nance frequency region (8800-8950Hz) is slightly different
from that shown in Figures 1 and 2 (9050-9120Hz). This dif-
ference can be explained by the geometrical inconsistency
among different fabricated MRPs: numerical simulations
show that the Mie resonance frequency varies from 8620Hz
to 9300Hz by varying the pillar diameter by 7% (Fig. S10).
This effect of pillar diameter variation can also be verified
by the analytical modeling of an MRP which shows that the
Mie resonance frequency changes from 9480Hz to 8300Hz
by varying the pillar diameter from 1.4 to 1.6 cm (Fig. S4,
Supplementary Information).

To switch the “A off B off” state to “A on B off” state, we
use a magnetic field (0.13T) to bend the MRPs on the path-
way of C-to-A (Figure 3(e) and (f)). Numerical simulations
show that the acoustic pressure at channel A increases
drastically after bending the MRPs (Figure 3(g) and S9b).
Experiments show that the transmission of C-to-A
increases to ~0.8 within 8800-8950Hz, while the transmis-
sion of C-to-B remains below 0.25 (Figure 3(h)). Similarly,
when the MRPs on the pathway of C-to-B are bent by a mag-
netic field, the switch transforms to “A off B on” state
(Figure 3(i)–(l) and S9c). When the MRPs on the pathway
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of C-to-A and C-to-B are all bent by respective magnetic
fields, the switch transforms to the state of “A on B on”
(Figure 3(m)–(p) and S9d). The above four states of the
double-throw switch can be on-demand and reversibly mod-
ulated via the remotely controlled magnetic fields.

6. Magnetoactive Reconfigurable Acoustic
Logic Gate

Next, we harness MRPs to design magnetoactive reconfigur-
able acoustic logic gates (Figure 4). Existing acoustic logic
gates primarily rely on designed acoustic metastructures with
fixed geometries [16–19], and very few of them can switch
logic operators with tethered interventions [20]. Reconfigur-
able acoustic logic gates that can on-demand switch opera-
tors by untethered stimuli have not been explored. Here, we
demonstrate a magnetoactive reconfigurable acoustic logic
gate with a three-branch channel slightly modified from the
acoustic switch shown in Figure 3: we use branches A and
B as two inputs and branch C as the output (Figure 4). To
design a NOT gate (Figure 4(a)), we place 6 MRPs (a high
iron volume fraction 18.48% and a small pillar spacing

L/D = 1:5) at the central location of the channel. Effectively,
2 rows of MRP arrays are located on the pathway of A-to-C
and 2 rows of MRP arrays on the pathway of B-to-C
(Figure 4(b)). According to the results shown in Figure 3(d),
(h), and (l), the acoustic transmission through one row of
MRP array is ~0.35 at 8760Hz. When input A and input B
are both strong signals (normalized acoustic pressure ampli-
tude 1), the output C behind two rows of MRP arrays is
expected to feature a normalized pressure of ð0:35 + 0:35Þ ×
0:35 ≈ 0:25 at 8760Hz (less than 0.5) (Figure 4(c)). We here
denote that the normalized pressure equal to or larger than
0.5 as the digital “1” (strong) and otherwise as the digital
“0” (weak). Numerical simulations show that the acoustic
pressure amplitude at the output channel C is much
smaller than the input channels A and B at 8760Hz
(Figure 4(d) and S11a). Experiments show that the normal-
ized pressures in output C are all less than 0.5 whenever the
inputs A and/or B are strong with a normalized pressure
“1” or weak with a normalized pressure “0.2” at 8760Hz
(Figures 4(e) and S12a).

To switch the NOT gate to an AND gate (Figure 4(f)),
one row of MRP array is bent by a magnetic field

Output A 

A

B

C A

B

C A

B

C A

B

C

A off B off

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(j)

(k)

(l)

(m)

(n)

(o)

(p)

A on B off A off B on A on B on

A
co

us
tic

 tr
an

sm
iss

io
n

8800 9000 9200

0.2

0.4

0.6

0.8

1.0

Output B 

Frequency (Hz)
8800 9000 9200

Frequency (Hz)
8800 9000 9200

Frequency (Hz)
8800 9000 9200

Frequency (Hz)

A
co

us
tic

 tr
an

sm
iss

io
n

0.2

0.4

0.6

0.8

1.0

A
co

us
tic

 tr
an

sm
iss

io
n

0.2

0.4

0.6

0.8

1.0

A
co

us
tic

 tr
an

sm
iss

io
n

0.2

0.4

0.6

0.8

1.0

A

B

C

A

B

C

A

B

C

A

B

C

Pr
es

su
re

 fi
el

d 
(a

.u
.) 

1.5

−2.5

8870 Hz 8870 Hz 8870 Hz 8870 Hz

Figure 3: Magnetoactive acoustic double-throw switch. Schematics (a, e, i, andm), samples (b, f, j, and n), numerical simulations (c, g, k, and o),
and experimentally measured transmission-frequency results (d, h, l, and p) of four function states of a magnetoactive acoustic double-throw
switch: “A off B off” (a–d), “A on B off” (e–h), “A off B on” (i–l), and “A on B on” (m–p). Note that the selective actuation of the central four
pillars is because of their higher iron volume fraction (18.48% by weight). The bent pillars are removed in the simulations of (g), (k), and (o).

6 Research



A

B

C

A

B

C

A

B

C

A1 B1
8760 Hz

A1 B1
8760 Hz

A1 B1
8760 Hz

Pr
es

su
re

 fi
el

d 
(a

.u
.) 

1.5

−2.5

A = 1

B = 1

0.
7

C 
= 

0.
25

A=1

B = 1

0.
7

C 
= 

0.
7

A = 1

B = 1

2

C 
= 

2

0.0

A
0.

2 
B0

.2

A
1.

0 
B0

.2

A
0.

2 
B1

.0

A
1.

0 
B1

.0

0.5

1.0

N
or

m
al

iz
ed

 p
re

ss
ur

e o
f C

 

0.0

A
0.

2 
B0

.2

A
1.

0 
B0

.2

A
0.

2 
B1

.0

A
1.

0 
B1

.0

0.5

1.0

N
or

m
al

iz
ed

 p
re

ss
ur

e o
f C

 

0.0

A
0.

2 
B0

.2

A
1.

0 
B0

.2

A
0.

2 
B1

.0

A
1.

0 
B1

.0

0.5

1.0

N
or

m
al

iz
ed

 p
re

ss
ur

e o
f C

 8760 Hz 8760 Hz 8760 Hz

NOT gate

Input A Input B Output C

0

0

1

1

0

1

0

1

0

0

0

0

AND gate

Input A Input B Output C

0

0

1

1

0

1

0

1

0

0

0

0

OR gate

(a) (f) (k)

(b) (g) (l)

(c) (h) (m)

(d) (i) (n)

(e) (j) (o)

Input A Input B Output C

0

0

1

1

0

1

0

1

0

1

1

1

0.35 0.35

0.350.35

1

1

Figure 4: Magnetoactive reconfigurable acoustic logic gates. Operation schemes (a, f, and k), samples (b, g, and l), simplified operation
schemes with normalized acoustic pressure (c, h, and m), numerical simulations for the case of “A1B1” at 8760Hz (d, i, and n), and
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(i.e., 0.13T), and thus, only one rowofMRP array exists on the
pathway of both A-to-C and B-to-C (Figure 4(g)). Since the
acoustic transmission (normalized pressure) through one
row of MRP array is ~0.35 at 8760Hz, the normalized pres-
sure in output C is expected to couple the signals from inputs
A and B, leading to a normalized pressure of 0:35 + 0:35 = 0:7
(Figure 4(h)). This point can be validated by numerical simu-
lations which show that the normalized pressure amplitude at
output C is around 0.6-0.75 at 8760Hz (Figure 4(i) and S11b).
Experiments show that the normalized pressure at output
C is ~0.6 (above 0.5 and marked as “1”) when the inputs A
and B are both strong (normalized pressure “1”) at 8760Hz
(Figures 4(j) and S12b). To further switch the AND gate to
an OR gate (Figure 4(k)), we use three magnets to bend 6
MRPs in the center of the channel (Figure 4(l) and S13).
Numerical simulations show that acoustic wave propagation
to the output channel C does not have evident resistance at
8760Hz (Figure 4(n) and S11c). Experiments show that the
normalized pressure at output C is above 0.5 when either the
input A or the input B is strong (normalized pressure “1”) at
8760Hz (Figure 4(o) and S12c). Note that the above three
acoustic logic operators can be on-demand and reversibly
switched by controlling the untethered magnetic fields. Addi-
tional analyses and numerical studies show that the magne-
toactive reconfigurable logic gates should work not only at
8760Hz but also through 8700-8830Hz and 8930-9070Hz
(Figs. S14-S15, more discussion in Supplementary Informa-
tion). This point is further confirmed by experiments at
8700 and 9050Hz which are located at two frequency
branches, respectively (Fig. S16).

7. Magnetoactive Reconfigurable
Acoustic Diode

Finally, we harness the MRPs to design a magnetoactive
reconfigurable acoustic diode to smartly switch the reciproc-
ity. Existing acoustic diodes or rectifiers that exhibit nonrecip-
rocal acoustic wave propagation typically rely on acoustic
metastructures with time-varying elements or nonlinearity
[21–25, 50, 51]. An acoustic diode that can be switched by
untethered stimuli has not been reported. Here, we harness
untethered magnetic fields to demonstrate on-demand
switching between the nonreciprocal acoustic diode and the
reciprocal acoustic conductor.

The idea for the acoustic diode is based on a cloak-like
waveguide (Figure 5(a)–(d)). When an engineering object is
placed on the pathway of an acoustic wave, the acoustic pres-
sure amplitude behind the object is significantly reduced due
to the refection or absorption of the object (Figure 5(a), (b),
S17a and b). Experimental results show that the acoustic
transmission within 8500-8800Hz is reduced by more than
a factor of 2 when the object is placed (Figure 5(b)). When
the object is surrounded by 6 MRPs with spacing L/D = 1:5,
the direct interaction between the incoming wave and the
object is shielded by the MRPs within a certain Mie reso-
nance frequency (e.g., 8500-8760Hz), and the wave is guided
by a circular pathway (spacing L/D ≥ 2:5) between the 6 cen-
tral MRPs and the outside curved MRP arrays (Figure 5(c)).
Numerical simulations show that the acoustic pressure

amplitude behind the object increases drastically after the
6-MRP envelope is installed (8650Hz, Figures 5(c) and
S17c). Experiments show that the acoustic transmission of
the wave is around 80-90% of that of the reference state
without the object over frequency range of 8500-8760Hz
(Figure 5(e)). Note that the waveguide at the cloak-like state
is not a perfect acoustic cloak because the incident acoustic
mode is disrupted by the structure [52]. Interestingly,
when the front two MRPs are bent by a magnetic field
(i.e., 0.13T), the cloak-like state is destroyed because the
incoming acoustic wave can have direct interaction with the
object, thus leading to a significantly low acoustic transmis-
sion within 8500-9000Hz (Figure 5(d), (e), and S17d). The
numerical simulations show that the acoustic amplitude
behind the object drastically reduces after bending the front
MRPs (Figure 5(d)), with the acoustic pressure field similar
to that of the object state shown in Figure 5(b). Figure 5(e)
shows the acoustic transmission of four interesting states
within 8500-8760Hz: the cloak-like and the reference states
exhibit high acoustic transmission, and the blocked and
object states exhibit low acoustic transmission. The experi-
mentally measured acoustic transmissions of the four states
within 8500-9000Hz roughly agree with the respective
numerical simulations (Fig. S18). Besides, it should be noted
that the cloak-like state (Figure 5(c)) and the blocked state
(Figure 5(d)) can be reversibly and cyclically switched by
controlling the magnetic field (Figure 5(f), Movie S3).

The acoustic diode (Figure 5(g)) is further designed based
on the waveguide shown in Figure 5(a)–(d). The acoustic
transmission of theMRP array with an applied magnetic field
(i.e., 0.13T) is relatively low (<0.4) within 8500-9000Hz in
the forward wave direction (Figure 5(h)). However, the
acoustic transmission increases drastically to 0.7-0.8 within
8580-9000Hz in the backward wave direction (Figure 5(i)),
because the wave is guided by the MRPs to move around
the object. The nonreciprocal wave propagation is visualized
by the numerical simulations (Figure 5(h) and (i)) and
validated by the experimentally measured acoustic trans-
missions in two directions (Figure 5(j)). The experimen-
tally measured acoustic transmissions in two directions
within 8500-9000Hz agree with the numerical simulations
(Fig. S19). Effectively, the acoustic diode demonstrated here
resembles the reported acoustic diodes that are composed
of a sonic crystal with its own band structure and a nonlinear
medium to destroy the system symmetry [22, 23, 25]. In this
system, the MRPs define the band structure and the interac-
tions between the incoming wave and the encapsulated object
serve as the nonlinear element. Note that the acoustic mode
has been changed during the transmission through the diode
structure. It is possible due to the structural complexity, sim-
ilar to the reported acoustic diode by Liang et al. [23, 25],
where the highly nonlinear microbubble medium may also
change the acoustic mode.

When the magnetic field is reduced or turned off, the
bent MRPs become vertical and the structure turns back to
a state of the relatively high acoustic transmission (~0.7) in
both directions within 8580-8860Hz because the waves
are guided in both directions (Figure 5(k)–(n)). Therefore,
on-demand tuning the applied magnetic field can enable
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Figure 5: Magnetoactive reconfigurable acoustic diode. (a–d) Schematics, samples, and numerical simulations at 8650Hz of four states:
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reversible switching between a nonreciprocal acoustic
diode (Figure 5(g)–(j)) and a reciprocal acoustic conductor
(Figure 5(k)–(n)) within 8580-8860Hz.

8. Discussion

In summary, we report a class of active acoustic metamateri-
als whose configurations can be on-demand switched via
untethered magnetic fields, thus enabling active switching
of acoustic transmission, wave guiding, logic operation, and
reciprocity. The mechanism primarily relies on synergistic
integration of MRP arrays and their large deformation
actuated by magnetic fields. The MRP arrays allow a large
freedom for constructing various acoustic metadevices
(e.g., waveguide, logic gate, and diode) via the judicious
design of the MRP layout. The magnetically induced large
deformation of MRPs allows the configuration modulation
and thus leads to function switching of the acoustic metade-
vices without fabricating new structures. This study high-
lights a unique paradigm for applying stimuli-responsive
smart materials to acoustic metamaterials and metadevices
to enable active control of their acoustic properties [32, 33].
This paradigm may promote the integration between various
smart or soft materials and acoustic metamaterials to achieve
unprecedented functionalities [53, 54]. The unique paradigm
may also promote the study of active acoustic metamaterials
in switching of acoustic properties via other untethered stim-
uli, such as electric field, light, and temperature. Besides, as
the first generation of untethered-stimuli-induced active
acoustic metadevices (including waveguide, logic gate, and
diode), these active acoustic metadevices may be used in
broad engineering settings, ranging from on-demand noise
control in smart infrastructures, automobile, and aircraft
[55] and audio modulation for the next generation sound
devices [56] to sonic camouflage [13–15]. Furthermore, the
concept of the active acoustic metamaterials enabled by mag-
netoactive structures may be extended to design various
switchable acoustic metadevices. For example, the magne-
toactive elastomers can be used to design twisted helicoids
to design orbital angular momentum metastructures [57]
which can be tuned on and off via magnetically modulating
the axial lengths. As another example, magnetoactive acous-
tic tunneling may be realized by assembling magnetoactive
Mie resonator arrays into the tunnel, thus enabling actively
switching between the tunneling with supercoupling and
regular wave guiding [58]. Likewise, the paradigm may be
extended to other active acoustic metadevices, such as super-
lenses [6–12] and topological insulators [20, 26–29, 59, 60].

9. Materials and Methods

9.1. Sample Preparation. Mie resonator pillars (MRPs) were
fabricated with a molding process usingadditive manufactur-
ing technique (Fig. S1). Molds were made with a fused depo-
sition modeling (FDM) method with either ABS or
dissolvable filament. The elastomer compound used for
MRP is a mixture of 19.6ml of liquid silicon rubber with
various grams (5-35 g, Mold Max, Smooth-on) of iron
nanoparticles (Sigma) (Table S2). Aftermixing the liquid rub-

ber evenly with the iron nanoparticles for 3-5 minutes, the
mixture was slowly filled in the molds. Once the elastomer
mixture was cured for 4 to 5 hours, the molds were either dis-
solved with solvent, d-limonene, or manually dissembled.
When the solvent was used, the elastomer structure was dried
on the hot plate (60°C) overnight. Then, a thin elastomer strap
(1-2mm) was added around the top of the elastomer pillar to
prevent the spreading or opening of MRPs due to their own
weight. In each experiment, we attach theMRPs on the testing
platform with a superglue (Gorilla).

9.2. Magnetic Actuation. We put a magnet under the testing
platform, yet 20-30mm ahead of the MRP. This applies a
diagonal magnetic field to the MRP. The magnetic field
intensity was changed by moving the magnet upward. When
the distance between the magnet and the MRPs becomes
small enough, the MRPs pinched on to the substrate. Once
themagnet wasmoved downward or removed, the bentMRPs
returned to the upright position.

9.3. Measurement of Acoustic Transmission. Acoustic experi-
ments were conducted in testing chambers with acoustic
insulators (cotton pads) on the chamber walls. Two loud-
speakers (OT19NC00-04, Tymphany) controlled by a func-
tion generator (PI-8127, PASCO, USA) were placed in the
chambers to provide the acoustic signals. The acoustic signals
were collected by microphones (378B02 with 426E01, PCB
Piezotronics, USA) and processed by a signal conditioner
(482C05, PCB Piezotronics) and displayed by an oscilloscope
(TBS1052B, Tektronix, USA). The noise was further removed
with Savitzky–Golay filter in MATLAB to calculate the
acoustic amplitude. The acoustic transmission was measured
as jPw/Pwoj, where Pw and Pwo are acoustic amplitudes with
and without the metastructures, respectively. The transmis-
sion measurement averaged over 2-4 measuring spots along
a line normal to the wave propagation direction.

9.4. Acoustic Simulation. Numerical simulations were imple-
mented with the acoustic module in COMSOL Multiphysics
v5.2—a commercial finite element software. The set-ups for
the numerical simulations are illustrated in Figs. S2, S9, S11,
and S17. In a typical simulation, three material phases were
involved in the numerical models: elastomer with high iron
volume fraction (18.48%), elastomer with low iron volume
fraction (3.14%), and air. The densities and sound speeds of
the elastomers are shown in Table S2. Perfectly matching
layers were employed to ensure the open boundary along the
acoustic transport direction. The simulation was validated
by benchmark calculations, and the mesh accuracy was
ascertained through a mesh refinement study. The acoustic
transmission was calculated by dividing the averaged acoustic
pressure amplitude by the averaged background pressure
amplitude over a line normal to the wave propagation
direction.
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