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1. Introduction

Tunable acoustic wave manipulation is a well-researched prob-
lem that has seen recent developments using various acoustic
devices, such as phononic crystals,[1] reconfigurable acoustic
metamaterials,[2–4] or dynamic acoustic phased arrays[5,6] to
achieve applications like frequency-selective wave beaming,[7]

acoustic wave steering,[8] and numerous other holographic
applications.[6] In the last decade, continuous research efforts
have been made to design and develop active designs,[9,10] which

may utilize control mechanisms like
mechanical, heat, or electric control, for
attaining structural variation to allow
dynamic sound modulation.[11] Dynamic
sound modulation allows modulation of
the output sound field in real time and
on-demand, without modifying the input.
For instance, controlled structural variation
has been recently reported for an origami-
based acoustic Helmholtz resonator with a
dynamic cavity, which was demonstrated
using real-time pneumatic control for
broadband sound attenuation.[12] Dynamic
sound modulation enables multifunctional
operation, which is a capability that brings
us closer toward achieving real-life applica-
tions, which often require versatile opera-
tion in a frequently changing environment.

While phased arrays are powerful acous-
tic devices for dynamic sound modulation,
they come with the challenges of the need
for precise calibration, the high cost of
hardware, aliasing effects, and electronic
control complexity.[2,13] Alternatively, other
acoustic devices such as metamaterials
have emerged to enable a myriad of appli-
cations such as lensing, energy harvesting,

near-perfect absorption, and beam focusing.[14–17] Different
designs of acoustic devices have been developed[18,19] such as lab-
yrinth structures,[20,21] Helmholtz resonators,[22–25] and multia-
pertures,[26,27] and some are even compatible with phased
arrays.[3,28] In particular, planar aperture-based acoustic devices
have proven to be effective sound manipulation devices while
retaining a thin form factor (often of subwavelength thickness),
which is appealing for future integration with commercial
applications.[8–10] Transmissive and attenuating sound effects
have been previously observed in such aperture arrays.
Extraordinary acoustic transmission (EAT)[29] through an array
of subwavelength apertures (a periodic grating[30]) within a fluid
was experimentally found to be a result of excited surface diffrac-
tive waves and Fabry–Pérot resonant modes within the apertures.
EAT has continued to be an area of interest, where devices with
holes or apertures within rigid substrates have demonstrated the
enhancement of acoustic subwavelength imaging resolution.[31,32]

Similarly, it has been observed that ultrasound could be shielded
much more effectively by using perforated metal films in water
than uniform surfaces at certain wavelengths, resulting in extraor-
dinary acoustic screening.[33] However, there are few aperture-
based acoustic devices which can be actively reconfigured to
enable multiple modes of operation in real time.
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In recent years, planar aperture-based acoustic devices have been investigated
due to their thin form factor, high effective transmission, and sound modulation
capability. Moreover, reconfigurable and tunable devices are being continuously
researched to enable multiple degrees of freedom in real time. Herein, an
aperture-based acoustic device is presented, which enables tunable multilateral
ultrasonic operation. Sound waves are manipulated in multiple directions by
continuously tuning aperture width or length, using a magnetically controlled
rod. The position, orientation, and geometrical properties of the rod (i.e., length,
topographical curvature) are exploited to create a varied interface for the
impinging sound. Through experiments and simulations, acoustic wave steering
in different orthogonal planes and acoustic switching using a single tunable
device unit are demonstrated. Furthermore, different four-unit device configu-
rations are implemented for tunable beam-formation and tunable acoustic
focusing applications by utilizing the acoustic anisotropy of the system. The
tunable dynamic acoustic device is scalable to audible frequencies and enables
tilted operation. This straightforward and accessible proof-of-concept opens a
paradigm for exploring multifunctional aperture-based designs with greater
degrees of freedom, bringing us a step closer toward practical applications such
as acoustic device integration with walls, window panels, and other commercial
products for tunable sound transmission.
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In this work, we develop a magnetically actuated aperture-
based acoustic device capable of on-demand multilateral control.
Our acoustic device allows dynamically tunable sound transmis-
sion without using any power or electricity. It can manipulate
sound waves in multiple directions in 3D space using only a sin-
gle aperture and a single transducer as a source. Generally, direc-
tional wave manipulation is not possible with a single transducer
alone. Given a row of transducers (e.g., 1D phased array), wave
steering can mostly be implemented in a single plane. A phased
array of transducers can allow for multilateral sound control if it
is large enough, but a greater degree of computational and elec-
tronic complexity would be required, and it would suffer from
aliasing effects. Moreover, it is more expensive to operate.
Our approach, on the other hand, is cost-effective while provid-
ing the required acoustic pressure distributions.

Recently, active control of a large aperture through a domestic
window was reported to reduce broadband (100 Hz to 1 kHz)
sound, and attenuation of �10 dB was achieved for urban trans-
portation noise.[34] Although the aim of that work was to solve the
problems associated with closing a window to reduce noise, it
highlighted the effectiveness of sliding a window or aperture
shut. Similarly, a microfluidic acoustic metamaterial was pro-
posed to tune the transmitting sound field over a broadband
range using dynamic liquid droplet motion over an aperture,[4]

and dynamic acoustic levitation was achieved using a reflector
plate with 12 tunable circular apertures.[35] Utilizing the similar
principle of adjusting a camera shutter to reduce the amount of
light entering a lens or rolling up blinds to brighten up a room,
here, wemodulate the transmitted sound by physically placing an
object at the surface of a single aperture.

To control the size of the aperture, we use a cylindrical rod. For
our application, a cylindrical geometry has two features of inter-
est: 1) curvature[36] and 2) anisotropy.[37,38] Curved surfaces
strongly influence the incident sound field, as seen by reflection,
divergence, and scattering phenomena of sound waves explored
in the literature.[39] The curvature is determined by the diameter
of the cylinder. The length of the cylinder determines the avail-
able curved surface area, which can be used to interact with the
sound. In this work, the aperture has a base shape of a rectangle.
Depending on the location or orientation of the cylindrical rod on
the rectangular aperture, the size of the open aperture would vary
in different orthogonal planes, enabling an anisotropic sound
response. Hence, without changing the structure of the physical
obstacle, multiple multilateral acoustic outputs are achievable.

To demonstrate this acoustic modulation mechanism, we use
magnetic actuation. The cylindrical rod is fabricated with mag-
netic silicone rubber (i.e., magnetorheological elastomer).[3,40,41]

By embedding magnetic particles within the silicone matrix, the
cylinder is able to move and respond to external magnetic fields.
When controlled by a magnet, the rod can be rolled continuously
along the aperture in different orientations and positions to mod-
ulate the sound in real time, i.e., enabling dynamic sound mod-
ulation. In the chosen rod orientation, the rod can also be
stopped at any position along the slit to maintain the desired
modulated output sound field. No source of power or electricity
is required to maintain rod’s static state. Our magnetic control
mechanism is especially advantageous for tunable operation in
the ultrasonic regime (>20 kHz), where the working wavelength
is small (few millimeters), thus, manually repositioning the

small cylindrical rod (1 mm radius (≈λ/8)) is challenging for
modulating the sound field. To date, there has been no previous
attempt to demonstrate multilateral sound control with a single
aperture via magnetic actuation.

Both numerically and experimentally, we demonstrate multi-
ple acoustic functionalities in different orthogonal planes.
Functionalities include acoustic wave modulation, wave steering,
and acoustic switching, using a single rod and aperture device
unit. Thereafter, we explore two symmetric multiaperture config-
urations composed of four device units. Here, the multilateral
functionality of the rod and aperture units are utilized and con-
figured into functional arrays to demonstrate tunable beam for-
mation and tunable near-field focusing for acoustic pressure
modulation. The proposed acoustic device is easy to replicate,
uses easily accessible and low-cost materials for fabrication,
and is applicable for implementation on a larger scale. The trans-
missive design of our device differs from reflective designs[2,42]

which require the input source waves to be on the same side as
the output for operation. This transmissive characteristic could
simplify integration with commercial devices, where it could
potentially be part of a thin partition or window. Our experimen-
tal demonstrations in this work operate at 40 kHz, thereby open-
ing potential ultrasound applications, such as integration with
commercial devices that utilize ultrasound frequencies for mid-
air haptics,[43,44] acoustophoretic volumetric images,[6] or energy
harvesting.[17] It is also possible to scale the acoustic device to
lower frequencies for implementation with larger wavelengths.
This could enable real-life audible sound applications, compati-
ble with sound-based furniture and architectural designs.

2. Design Concept

We fabricated a rectangular aperture (subwavelength dimen-
sions, 4.5 mm� 0.5mm) on a transparent polyethylene tere-
phthalate (PET) substrate (thickness≈ 0.2mm) as our device
base structure (Figure 1a). Using 40 kHz ultrasound, we investi-
gated different configurations of the cylindrical rod over the aper-
ture, namely, when the rod is parallel (PAR) to the aperture
(Movie S1, Supporting Information), perpendicular (PER) to
the aperture (Movie S2, Supporting Information), and with dif-
ferent degrees of coverage, i.e., fully covered (Figure 1b) or par-
tially covered (Figure 1c) (Movie S3, Supporting Information).
The point (in red) at the center of the aperture and the point
(in red) where the rod is in contact with the substrate (i.e.,
the point of contact where the normal passes through center
of the circular cross section of the rod) are taken as reference
points. The distances between them are defined as either dw
or dl, depending on the orientation of the rod, to tune either
the width or length of the aperture (Figure 1d). Here, we used
a rod with an approximate length of 8mm and radius of 1 mm
(Figure S1, Supporting Information). The cylindrical rod was
actuated and moved in real time over the rectangular aperture
using an external magnetic stimulus, i.e., a permanent magnet,
to manipulate the acoustic output. To ensure that the actuating
magnet does not interfere with the aperture, actuation was imple-
mented from the side of the aperture. A thin piece of wire
(0.6mm diameter) was inserted through the center of the main
magnetic rod, and the other end of the wire was inserted into a
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Figure 1. a) Schematic representation of the experimental setup. The acoustic transducer was placed directly below the substrate (2 mm gap), producing
ultrasonic 40 kHz waves. The received output was measured at 10mm (≈1.2λ) above the substrate. A cylindrical magnetic silicone rod was placed over
the aperture to tune the transmitting sound field. Schematics of different cylinder orientations to manipulate the transmitting sound field through the
aperture, namely, b) open aperture (top) and fully covered (bottom), and c) partially covered apertures in PAR (top, dotted orange border) and PER
(bottom, dotted blue border) orientations. Movement of rod shown by black arrows. d) Partially covered orientations according to the orange and blue
dotted borders in (c). i) Top view experimental photograph of the PAR orientation, with orange arrows indicating direction of actuation. Scale bar, 1 mm.
On the right, a schematic of the cross-sectional side view. The distance between the center of the width of the aperture, to the normal of the circular cross
section of the rod PER to the substrate, is defined as dw (in red). The width of the aperture is shown in purple. ii) Top view experimental photograph of the
PER orientation, with blue arrows indicating direction of actuation. Scale bar, 1 mm. On the right, a schematic of the cross-sectional side view. The
distance between the center of the length of the aperture, to the normal of the circular cross section of the rod PER to the substrate, is defined as
dl (in red). The length of the aperture is shown in purple.

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2024, 26, 2301339 2301339 (3 of 10) © 2024 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH

 15272648, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adem

.202301339 by U
niversity C

ollege L
ondon U

C
L

 L
ibrary Services, W

iley O
nline L

ibrary on [30/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.aem-journal.com


smaller magnetic cylinder, away from the aperture. The smaller
cylinder had a magnet below it to move and tune the position of
the rod on the aperture. Magnetic actuation and control were also
well aligned without the rod slipping when the PET substrate was
tilted, upright, or positioned upside down (Figure S2, Supporting
Information), making it potentially suitable for future real-life
commercial applications like parametric audio devices.

3. Results

In this section, we present tunable acoustic operations using our
dynamic acoustic device such as tunable acoustic switching,
acoustic wave steering, beam formation, and near-field acoustic
focusing. Acoustic simulations for our device were carried out in
the numerical simulation software COMSOL Multiphysics,
Version 6.1. (details in Experimental Section). We used the
acoustic pressure frequency domain model physics to simulate
the acoustic wave behavior and obtain the acoustic output accord-
ing to the position of the rod on the aperture. However, we did
not account for the magnetic actuation in the simulations
because we wanted to simulate and capture the functionally mod-
ified acoustic field after the rod has been actuated and moved to a
desired aperture position. The simulations were modeled after
the experimental setup as shown in Figure S3, Supporting
Information, and depicted schematically in Figure 1a.

3.1. Acoustic Switch

To tune the impinging sound waves, we completely covered the
aperture in the PET substrate using magnetic rod which contrib-
uted to the high impedance contrast with the air surrounding the
aperture. Figure 2 shows the acoustic pressure measurements and
simulations for an open aperture, and when the aperture was fully
covered and closed by the rod. The aperture was fully covered by
placing the rod in a PAR orientation, where the width of the rod
(2mm) is 4 times the width of the aperture (0.5mm). When cov-
ered by the rod, the transmitted sound output decreases.
Compared to the open aperture, we measured an experimental
drop in pressure of 31.9 dB and simulated a drop of 23.9 dB
between the two states. These values were recorded based on a
horizontal cutline taken around the center of the aperture. The
discrepancy between experiments and simulations is attributed
to experimental losses due to air viscosity and reflection from
the experimental setup (tables or support structures), which are
not accounted for in simulations. We, therefore, successfully dem-
onstrated acoustic switching with distinct high and low states.

3.2. Acoustic Wave Steering Using a Partially Covered
Single Aperture Unit

In a PAR orientation, the rod was shifted from the center (fully
covered position shown in Figure 2) of the aperture toward the
right and left positions by dw =�0.75mm. We measured and
simulated the modulated acoustic pressure amplitude in the
XY plane, which demonstrated the directional propagation of
the steered acoustic waves (Figure 3). When the aperture was
completely unblocked, the acoustic pressure was concentrated
at the center of the aperture. From the center of the aperture,

the rod was moved on the right edge of the aperture and the
acoustic pressure was concentrated toward the left side of the
XY plane (Figure 3b). Similarly, when the rod was moved gradu-
ally from the center to the left edge of the aperture, the acoustic
field propagated toward the right side of the XY plane (Figure 3c).

In Figure 4a, we plot the transmitted acoustic pressure for the
PAR orientation against a horizontal cutline of 50mm, along
the x-axis. The cutline is positioned directly 26mm (3λ) above
the aperture. The 25mm mark along the cutline corresponds
to the center of the aperture. As the acoustic wave steers toward
the left, the acoustic pressure drops along the cutline.
At x= 10mm, the simulated amplitude is 130 dB when the
aperture is partially covered. This is higher than the amplitude
when the aperture is open (126.7 dB), indicating a concentration
of pressure of the steered acoustic waves. For the partially

Figure 2. a) Experimental and b) simulated acoustic pressure (dB) plots in
the YZ plane, showing sound switching with an open aperture (left), and
fully covered aperture in a PAR orientation (right). Corresponding sche-
matics are in the top row. c) Simulated and experimental line plots, where
acoustic pressure (dB) is plotted against a horizontal cutline (30mm)
taken approximately 26mm (3λ) above the aperture (solid black lines
in (a) and (b)). Simulated results are plotted with solid lines, and experi-
mental results are plotted with markers. Lines for the fully covered aper-
ture are shown in red, and lines for the open aperture are shown in blue.
The vertical black dotted line marks the center of the aperture.
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covered case, at x= 40mm, the acoustic pressure decreases by
9.3 dB, to 120.7 dB.

These simulated results are validated by experiments. The
experimental values exhibit the same behavior, where the acous-
tic pressure for the partially covered case starts off higher than
the open case and drops in the region where the acoustic waves
are steering away from. At x= 10mm, the measured amplitude
is 126 dB when the aperture is partially covered, higher than the
amplitude when the aperture is open (124.5 dB). For the partially
covered case, at x= 40mm, the acoustic pressure decreases by
6.5 dB, to 119.5 dB.

We observe results similar to Figure 4a as plotted in Figure 4b
for the PER case, but in a different plane of measurement. Here,
the cutline was instead plotted along the y-axis. As the acoustic
wave steers toward the left, the acoustic pressure drops along the
right of the cutline. At y= 10mm, the simulated amplitude is
129.4 dB when the aperture is partially covered. This is higher
than the amplitude when the aperture is open (125.4 dB), once
again illustrating that the pressure of the acoustic waves is higher
toward the left. For the partially covered case, at y= 40mm, the
acoustic pressure decreases by 5.4 dB, to 124 dB. In comparison,
for the experiments, at y= 10mm, the measured amplitude is
128.5 dB for the partially covered aperture and 124.8 dB for
the open aperture. For the partially covered case, at x= 40mm,
the acoustic pressure decreases by 6.8 dB, to 121.7 dB.

Acoustic wave steering was only observed in the orthogonal
plane PER to the orientation of the rod in both the PAR and
PER cases (Figure 5). For the measurement plane PAR to the
rod, the wave fronts are observed to not steer or propagate asym-
metrically, contributing to the anisotropy of the setup. When the
rod was in the PER orientation, only the length of the long edge

Figure 3. Experimental (middle column) and simulated (right column)
acoustic pressure plots (dB) taken in the XY plane for a) an open aperture,
b) partial coverage (dw =þ0.75mm) of the aperture by the rod in a PAR
orientation along the right long aperture edge, and c) partial coverage
(dw =�0.75mm) of the aperture by the rod in a PAR orientation along
the left long aperture edge. Corresponding schematics are in the leftmost
column.

Figure 4. Acoustic pressure amplitude line plots (dB) taken against a hor-
izontal cutline (50mm) positioned 26mm (3λ) above the center of the
aperture along the a) x-axis, for the PAR orientation with partial coverage
(dw =þ0.75mm), and along the b) y-axis for the PER orientation with par-
tial coverage (dl =þ2mm). Simulated results are plotted with solid lines,
and experimental results are plotted with markers. Pressure lines for the
partially covered aperture are shown in red, and pressure lines for the open
aperture are shown in blue. The vertical black dotted lines mark the loca-
tions �15mm from the center of the aperture at y= 25mm.

Figure 5. Anisotropic sound modulation in orthogonal planes.
Experimental a,c) and simulated b,d) total acoustic pressure (Pa) plots
in both the XZ (middle column) and YZ (right column) planes. The cor-
responding schematics are shown on the left.
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was being tuned to change the size of the aperture. In this case,
the curvature and position of the rod did not interfere with the
geometry of the aperture with respect to the short edge. Thus, the
transmitting sound field in the plane PAR to the rod, i.e., the XZ
plane, did not show any acoustic wave steering

Based on the results for acoustic wave steering, we observe
acoustic anisotropy where the transmitting wave is modulated
and steered in a measurement plane PER to the rod, while it
remains unsteered in the measurement plane PAR to the rod.
To validate this, we made a further comparison of simulated and
experimental results in the XZ plane (PAR to the orientation of
the rod), with the partially covered and open aperture. As shown
in Figure 6, we did not observe any steering in the XZ plane, and

the transmitted total acoustic pressure was enhanced when the
length of the open aperture was reduced (by placing rod), which
matches well with the simulated results. This behavior could be
attributed to the EAT[29,30] reported in the literature but it will
require further investigation in the future.

3.3. Tunable Beam Formation with Multiple Apertures

Acoustic devices that can be continuously tuned have the ability
to generate sound radiation patterns in a desired shape
on-demand. By patterning our acoustic device into an array,
i.e., a single rod and aperture, it is possible to create a customized
acoustic output. Here, we demonstrate this numerically using
arrays consisting of four rods and aperture units in two different
configurations, utilizing the PAR and PER orientations, respec-
tively. We further explore how system anisotropy can be func-
tionally applied for applications in tunable acoustic beam
formation and near-field acoustic pressure focusing.

3.3.1. Four Aperture and Rod Units in PAR Orientation for
Tunable Beam Formation

Here, four apertures are positioned adjacent to one another at
right angles, forming the edges of a square (Figure 7a). On each
of the apertures, a rod is placed in the PAR orientation for tuning
the open aperture width. The distance between each two oppos-
ing PAR apertures from center to center is 6 mm. To evaluate the
effectiveness of the designed acoustic device array in tuning the
transmitting sound beam, we conducted numerical simulations
using COMSOL Multiphysics, Version 6.1, with the in-built
parametric sweep function. The main parameter in the sweep
was dw, which is the distance of the center of the rod to center
of width of the aperture (explained in previous section) over a
range of five points from 0.5 to 0.1 mm, with decrements in step
sizes of 0.1 mm. We did not use step sizes smaller than 0.1mm,
considering the possible feasibility of practical implementation
with our current magnetic actuation method. Following the sin-
gle aperture simulations, we applied the pressure acoustics
model to the current setup. An outer spherical geometry of
air was applied to the setup, along with an outermost perfectly
matched layer (PML) boundary to minimize wave reflections
(Figure S4, Supporting Information). The single transducer
source (10mm diameter) was placed at the center of the sub-
strate, 2 mm below it. The rod dimensions were subwavelength,
i.e., 1 mm radius as with previous sections; however, the length
of the rod was chosen to be 5mm, so that all four rods and aper-
tures stayed within the transducer domain. Figure 7b shows the
pressure map distribution for when all four apertures are
completely open (left graph) and when dw = 0.2mm (right
graph). Figure 7c graphically illustrates the effect of moving
the rods over the apertures to tune dw from 0.5 to 0.1 mm
and when the apertures were completely open. Thus, we tuned
the maximum absolute beam pressure (based on the horizontal
cutline) from 270 to 165 Pa, with the uncovered case giving a
pressure of 325 Pa. With each movement of rod, for a step size
of 0.1mm, the sound pressure decreased by 26.3� 3.66 Pa.
The results clearly demonstrate that as the aperture coverage
increases, the transmitting acoustic pressure decreases, which

Figure 6. a) Experimental and b) Simulated total acoustic pressure (Pa)
plots in the XZ plane which is PAR to the orientation of the rod. The cor-
responding schematics are shown in the top row, and the left column
shows results for an open aperture, and the right column is for the partially
covered (dl =þ2 mm) aperture by the rod in a PER orientation along the
right short aperture edge. c) Simulated and experimental line plots, where
acoustic pressure (dB) is plotted against a horizontal cutline (50mm
length) taken approximately 26 mm (3λ) above the aperture (marked by
solid black lines in (a) and (b)). Simulated results are plotted with solid
lines, and experimental results are plotted with markers. Lines for the fully
covered aperture are shown in red, and lines for the open aperture are
shown in blue. The vertical black dotted line marks the center of the
aperture.
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is attributed to the decrease in open aperture width. Hence, this
four-unit configuration can be used for tuned attenuation of the
propagating sound beam.

3.3.2. Four Aperture and Rod Units in PER Orientation for
Tunable near-Field Acoustic Focusing

Here, the four apertures are positioned PER to one another form-
ing a “plus” or “cross” shape (Figure 8a). On each of the 4.5 mm
long apertures, a 5 mm long rod is placed in the PER orientation.
The distance between two opposing apertures from center to
center is 6mm. In this application, the rods have a larger
cross-sectional circular radius of 2 mm to cover a larger area
on the aperture length (4.5 mm). The rods also have a shorter
length of 5mm to prevent them from obstructing one another.
We used the same numerical simulation in COMSOL
Multiphysics, Version 6.1, similar to the section above, applying
the pressure acoustics, frequency domainmodule physics to sim-
ulate near-field focusing. The main parameter in the sweep was
dl, which is the distance of the center of the rod from center of

length of aperture (explained in previous section), over five points
from 3 to 2mm, with decrements of 0.25mm. Figure 8b shows
the pressure map distribution for when all four apertures were
completely open (left graph) and when dl = 2mm (right graph).
Figure 8c graphically illustrates the effect of moving the rods over
the apertures to tune dl from 3 to 2mm and when the apertures
were completely uncovered. According to the vertical cutline
positioned at the center of the four units in the YZ plane, we
achieved near-field acoustic focusing for the transmitting sound
field. Thus, we tuned the maximum absolute pressure at the focal
points (based on the vertical cutline) from 1618.9 to 2521.8 Pa.
With each step size of 0.25mm, the sound pressure increased
by 235.7� 23.79 Pa. The results clearly demonstrate that with
greater coverage of the open aperture by the rod, the focused
acoustic pressure increases and the focal peak shifts toward
the device substrate in the z-direction. In addition, at a greater
distance along the vertical cutline points in Figure 8c, i.e., beyond
the near field, the partially covered aperture configuration
continued to give a higher output than the uncovered open aper-
ture configuration. Hence, this four-unit configuration can be
used for tuned focusing and enhancement of the propagating
sound waves.

Figure 7. a) COMSOL Multiphysics images of four open apertures (left),
and four apertures with partial coverage from the rods in the PAR orien-
tation where dw = 0.2 mm (right). b) Corresponding to the apertures and
rods orientation in (a), the graphs show the simulated absolute acoustic
pressure (Pa) maps in the YZ plane. c) Simulated absolute acoustic pres-
sure (Pa) line plots according to the coverage of the aperture using the rod,
plotted against a horizontal cutline (50mm) taken approximately 16mm
(≈2λ) above the aperture (marked by solid black lines in (b)) in the YZ plane.

Figure 8. a) COMSOL Multiphysics images of four open apertures (left)
and four apertures with the partially covering rods in the PER orientation
where dl = 2mm (right). b) Corresponding simulated absolute acoustic
pressure (Pa) plots in the YZ plane. c) Simulated line plot according to
the partial coverage of the apertures by moving the rods from 3 to
2mm in steps of 0.25mm, where absolute acoustic pressure (Pa) is plot-
ted against a vertical cutline (50 mm) taken at the center of the YZ plots,
where y= 25mm. The vertical cutline is marked as the out of the plane
point shown by the red circular markers in the COMSOL images in (a).
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4. Discussion and Outlook

We successfully designed and implemented a dynamically
tunable acoustic device, where each unit consisted of a cylindrical
magnetic obstacle, employed to tune an open aperture in real
time. A main contribution of this work was the approach of
exploiting the geometric relationship between the cylindrical
rod and the aperture to manipulate the transmitting sound in
different orthogonal planes. Without any modification to the
geometry of the rod or aperture components in isolation, we uti-
lized facile changes in their orientation and position to control-
lably alter the sound field in 3D space. Tuning the length and
width dimensions of the single aperture allowed the sound waves
to be directed multilaterally, i.e., different directions along the
four aperture edges. Compared to other rod geometries such
as a hemisphere or a cube, the advantage of a cylindrical geome-
try was the lack of sharp corners and a constant curvature across
the entire length of the rod. For instance, if a sphere was instead
used for partial coverage and positioned PAR to the long edge of
the aperture, the coverage of the sphere would have been non-
uniform and reduced at the edges.

Our single acoustic device unit, of subwavelength dimensions,
was operational at an ultrasonic frequency of 40 kHz and capable
of multiple functionalities like switching and wave steering, both
shown through simulations and experiments. It is noteworthy
that acoustic wave steering is a functionality which usually
requires an array of multiple units,[45–48] and has never been
reported previously with the use of a single acoustic device unit.
First, we started with a PAR orientation, where the rod was
placed PAR to the length of aperture to tune the width of the
aperture. We demonstrated the functionality of acoustic switch-
ing, where we achieved a difference of 20–30 dB, with and with-
out the rod covering the aperture. Thereafter, we moved the rod
across the full aperture from the long right edge to the long left
edge. Accordingly, as the aperture was tuned, the propagated
acoustic waves were directed from left to right. These results
were captured in two measurement planes (XY and XZ ), indicat-
ing a functionality of acoustic wave steering. We repeated the
experiments in the PER orientation, where the rod was PER
to the aperture length, to tune the length of the aperture.
Once again, we observed acoustic wave steering, but instead
in the YZ plane and not in the XZ plane. Both simulated and
experimental results were in good agreement and validated
the acoustic anisotropy of the setup. Acoustic wave steering
was only seen in the planes PER to the orientation of the rod;
while in the corresponding orthogonal plane PAR to the rod,
there was no steering. Our results for a single rod and aperture
unit demonstrated the versatility of the setup, allowing for mul-
tiple degrees of freedom through controllable variations in the
positioning and orientation of the rod and aperture components.
Moreover, our acoustic device unit is easy to replicate, uses easily
accessible and low-cost materials for fabrication, and is applica-
ble for implementation on a larger scale.

We proceeded to functionalize the anisotropic property of the
acoustic device unit by developing two configurations of four-
unit device arrays for tunable acoustic beam formation and tun-
able near-field focusing, respectively. We utilized the symmetry
of the apertures and their capability for acoustic wave steering to
form acoustic beams and foci through constructive interference.

For the first PAR configuration where the apertures were adja-
cent and forming edges of square, we showed controllable acous-
tic attenuation. A shift of the rods by decrements of 0.1 mm
toward the center of the apertures could attenuate the transmit-
ting absolute acoustic pressure by 26.3� 3.66 Pa. For the second
PER configuration, with the apertures forming part of a “plus”
shape, we showed controllable focusing and thus enhancement
of the acoustic output. A shift of the rods by decrements of
0.25mm toward the center of the apertures could increase the
absolute acoustic pressure by amounts of 235.7� 23.79 Pa, based
on the pressure peaks of the recorded focal points. Even beyond
the near-field, the acoustic output for the covered apertures was
greater than the case when the apertures were fully uncovered.
With the ability for tunable sound attenuation and sound
enhancement, creating larger arrays of apertures encompassing
various rod orientations could enable more complex acoustic
applications such as tunable holography. Furthermore, the sec-
ond PER configuration generated focal points with an output
sound pressure greater than 2000 Pa, which is within the appro-
priate pressure range for applications such as acoustophoretic
levitation, holography, or tweezing.[49]

Our experimental demonstrations used permanent magnets
for actuation with the use of a wire and rod extension. The per-
manent magnet therefore controlled the rod from the side and
did not obstruct the acoustic wave propagation path. An addi-
tional benefit of our method was the allowance for tilted or
upside-down operation. The permanent magnet and magnetic
properties of the rod ensured that the rod would not slip or fall
off the substrate. The use of magnetic actuation with magneto-
rheological elastomers[41,42] showed how our design could be
integrated with soft robotics techniques. In addition, magneto-
rheological elastomers could be fabricated using the alignment
of magnetic particles, which was not implemented in this work.
Magnetic alignment could be beneficial to improve the precision
of the actuation due to the anisotropy of the magnetic material
itself,[50] which could allow control of different parts of the rod
(or any other shape), to allow motions such as rotation. The mag-
netorheological elastomers and magnetic actuation mechanisms
have also been utilized for developing various elastic and
mechanical magnetic materials and devices,[51] where implemen-
tation of magnetic field effects in the finite element model of the
coupled system has been realized.

From the perspective of sound manipulation, our “rod and
aperture” mechanism is compatible with other actuation meth-
ods, without compromising the basic functionalities. This makes
it a versatile design. However, there are limitations to the current
setup which is magnetically controlled by permanent magnets.
This method is suitable for controlling a single, or few apertures,
but it would be challenging to implement for multiple arrays of
apertures. In an array, the use of permanent magnets would limit
the proximity of the apertures as the magnets would be attracted
to one another, and it would be difficult to move them in a small
space. The actuation, as well as the scope and complexity of
functionalities, could be improved with alternative actuation
methods such as with electromagnets, fluidic forces, or mechan-
ical mechanisms for automation and large-scale control.

This research opens a new pathway to explore acoustically
anisotropic device design properties for future applications.
The shape, radius, curvature, and length of the obstacle
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(e.g., rod, cube, or cone) could be explored along with different
aperture dimensions based on different wavelengths to obtain
unique sound behavior. Moreover, instead of a rectangular pro-
file, the apertures could be asymmetrical, circular, hexagonal, or
even a combination of shapes. In the simulated arrays, the rods
were all moved at the same time. Future exploration could
involve more diverse patterns of rod orientations, aperture
coverage, and aperture locations. Furthermore, as our acoustic
device is scalable to lower frequencies, apertures and rods of dif-
ferent sizes could possibly be combined together for tunable
broadband acoustic operation, which would be especially useful
for future commercial sound applications. Our tunable aperture-
based design possesses the capability to be expanded and to bol-
ster tangible implementations in real-world scenarios.

5. Experimental Section
Fabrication Methods: We used a transparent and thin (0.2mm≈ λ/43
height) PET substrate. The aperture, with a width of 0.5 mm and length
of 4.5mm, was laser-cut into the PET using a VLS 2.30 (100 μm resolution)
laser cutter. We hand-mixed micron-sized (<5 μm) magnetite particles
with Ecoflex 00-30 in a 1:1 ratio. Afterward, the mixture was dispensed
within a piece of polyvinyl chloride tubing, with a diameter of 2 mm.
The tube was used as a mold for the magnetic silicone. After 3–4 h,
the cured rod was removed from the mold. The length of the casted
rod was cut to be 8mm. We actuated the magnetic silicone cylindrical
rod by actuating another attached smaller magnetic cylinder (which we
called rod extension) on one end using a neodymium magnet (≈0.3 T).

Transmission Measurements: In the experimental setup (Figure 1a), we
placed the ultrasonic transducer (Murata, MA40S4S) directly below the
substrate to emit 40 kHz waves normally incident to the aperture. The
transducer was driven at a sinusoidal input voltage of 20 Vpp. A receiver
scanned the surrounding measurement area in three orthogonal planes,
YZ, XZ, and XY, with a scan area of 50mm� 50mm. Here, the receiver
was a Brüel & Kjær 4138-a-015 microphone that was attached to a CNC
machine arm for scanning. A Brüel & Kjær 2670 preamplifier was used
with the microphone, which was externally polarized. The signals were
stored digitally through a PicoScope 4262 for analysis to obtain the ampli-
tude and phase of transmitting sound waves.

Numerical Simulations: We used the COMSOL Multiphysics, Version
6.1, pressure acoustics module to carry out 3D numerical simulations
of the acoustic wave field for the solid–air interface of the rod and aperture.
Both the PET substrate and rod contributed to the high impedance con-
trast with the air. We modeled a 3D spherical geometry of air (50mm
radius), and a PML (5mm) was modeled on the boundary of the spherical
domain. The metamaterial and transducer were placed within the bound-
ary of the spherical domain to avoid unwanted interference and reflections.
The ultrasound dynamics were visualized using the “pressure acoustics,
frequency domain” module. The sound waves propagation data were cap-
tured by defining slices in different orthogonal planes for further postpro-
cessing, and further analysis and plotting were done using MATLAB
software.
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