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Broadband acoustic illusion coating
based on thin conformal metasurface

Kangyao Sun,’ Fuli Zhang,'>* Shuang Chen,? Quanhong Fu," Yali Zeng," and Yuancheng Fan'-*

SUMMARY

Acoustic metasurface with rationally distributed phase manipulating characteristic provides a promising
platform to reshape the wavefront of scattering wave. Such acoustic illusion carpet suffers from limitation
of narrow bandwidth and relatively large volume to contain the object to be hidden. Here, we propose
and experimentally demonstrate broadband conformal acoustic illusion coatings composed of subwave-
length-thick metacells that are designed by two types of modified Helmholtz resonators with 27 reflec-
tion phase. By deliberate design of reflection phase distributions of illusion coating, the reflected wave-
front can be reshaped between trapezoid and triangles and vice versa. Furthermore, an enlarged illusion is
obtained by this methodology. More importantly, the illusion behaviors are verified both numerically and
experimentally from 3000 Hz to 4500 Hz, resulting in relatively broad bandwidth up to 40.5%, which is
definitely of extreme importance for potential applications.

INTRODUCTION

Over the past few years, artificial composite materials for controlling the flow of acoustic wave such as metamaterials, have attracted more and
more attention for their arbitrarily designed constitutive properties. Acoustic metamaterials with reconfigurable structures have been devel-
oped to achieve many unusual and exciting acoustic characteristics based on local resonance, such as negative mass density, bulk modulus,
and refractive index.'™ The novel characteristics make acoustic metamaterials promising on effectively engineering the transmission behavior
of acoustic waves in subwavelength scale,>”"® particularly the manipulation of acoustic wavefront in military applications, such as acoustic
invisible cloak.'*"® Acoustic invisible cloak is proposed to hide an object by guiding the acoustic wavefronts around the hidden object without
any distortion,'® due to its excellent capability of manipulating the acoustic propagation characteristics in the bulk of it.

Comparing with acoustic metamaterial, a two-dimensional metasurface is designed for controlling the acoustic scattering properties on
the surface of it. Acoustic metasurface with deep-subwavelength thickness and simpler geometry can also be employed for steering acoustic
waves effectively.'’"?? Tremendous researches have focused on metasurfaces for practical applications in e.g., low-frequency noise con-
trol,”*** and wavefront manipulation””" of acoustic waves in small scales. With proper design of metasurfaces, various interesting applica-
tions have been realized such as perfect absorber,* superlens,***
provides a feasible platform for the design of light invisible cloak by offering phase shifts to compensate the phase distortion introduced by
the detected target.”**°

As the generalization of the cloak, illusion carpet is proposed as a new scheme to achieve more luxuriant manipulation of wave based on
transformation optics.”’ However, the optical illusion device based on transformation optics is difficult to realize because it is composed of
bulky distributed metamaterials with simultaneously negative permittivity and permeability. As the counterpart of the optical cloak* and illu-
sion,*>** acoustic illusion has also been studied intensively.%’50 With introduction of the illusion device, the detector will be cheated and
mistake the illusion for the true object. Therefore, acoustic illusion carpet is an advanced artificial structure that not only hides the detected
target, but also replaces the target with an illusion. However, the illusion performance based on transformation acoustics is designed with
complex theories. As a result, acoustic illusion carpet based on generalized Snell’s law is considered to generate an illusion before the
1% metasurface is a promising candidate

and orbital angular momentum.® In addition, acoustic metasurface also

target.”®"” Owing to the excellent phase manipulation capability and simple structural design,
that renders a simpler way to realize the illusion performance.

In this paper, we demonstrate illusion coatings for realizing various manipulations on the scattering fields of acoustic target in a broad-
band. The designed illusion coating is made of two types of modified Helmholtz resonators which are rationally designed for full-range
(i.e., 2m) phase modulation and controlled dispersion characteristic for broadband response. By delicately designing the resonator array
as well as the phase gradient distribution based on generalized Snell’s law, the illusion coating can compensate the local phase of scattering
field for mimicking the scattering field of desired object. Due to the coatings are attached on the surface of the acoustic object, the designed

"MOE Key Laboratory of Material Physics and Chemistry Under Extraordinary Conditions, School of Physical Science and Technology, Northwestern Polytechnical University,
Xi'an 710129, China

2Shaanxi Huayan Aero-instrument Co. Ltd, Xi'an 710129, China

3Lead contact

*Correspondence: fuli.zhang@nwpu.edu.cn (F.Z)), phyfan@nwpu.edu.cn (Y.F.)

https://doi.org/10.1016/].isci.2024.110504

1)
ek o iScience 27, 110504, August 16, 2024 © 2024 Published by Elsevier Inc. 1
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).



mailto:fuli.zhang@nwpu.edu.cn
mailto:phyfan@nwpu.edu.cn
https://doi.org/10.1016/j.isci.2024.110504
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2024.110504&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

¢? CellPress iScience
OPEN ACCESS

B
A oudspeaker Pin
-
~
~— \\
\\ s Sedlos
A Microphone Jdl

Conformal illusion coating

Figure 1. Schematic of a 2D illusion coating

(A) The conformal illusion coating can shift the scattering field of object A to object B with a totally different profile from object A.

(B) The operation principle of the metacells. The phase shift of the nth metacell is in proportion to dl (the green lines) which is determined by the height difference
dh between object A and object B.

conformal metasurface requires less space than the traditional illusion carpet. The illusion performances are realized in a broadband for ob-
jects with one trapezoid, two triangles and an enlarged geometry. The broadband response is due to that the metacells of the illusion coating
are designed with continuously varying phase modulation without any resonance in the operation band. The illusion performances are exper-
imentally verified under the detection of a 2D scanning stage for air-borne acoustic wave propagation from 3000 Hz to 4500 Hz with a band-
width of 40.5%. The demonstrated illusion coating is promising for freely manipulating the scattering field of more complex acoustic targets.

RESULTS

Methodology of conformal illusion coating

The proposed illusion coating is made of an array of ultrathin metacells containing two kinds of modified Helmholtz resonators (see Figure 1A,
depicted by red and blue structures) for manipulating the acoustic scattering. Object A is an acoustic target for being detected. Considering
an acoustic plane wave traveling normally on the surface of object A, the scattering field will be detected by a microphone and exhibited on a
screen. When we cover a conformal acoustic illusion coating by attaching metacells on the surface of object A, the phase gradient distribution
of the scattered acoustic wave of object A can be reshaped, forming the same scattering field as an object B by the metacells with properly
designed structural parameters. It indicates that with introduction of a conformal illusion coating, the detector is cheated and it cannot
achieve the true scattering field of the detected target. Meanwhile, the added bulk of the detected target is negligible.

The operation principle of the metacells is shown in Figure 1B. To illustrate the strategy of the illusion coating, we consider two triangular
object A and B with base angles ag and 8y, as shown in Figure 1B. Object A is covered with an illusion coating for being reshaped to object B.
We suppose that the x-coordinate of the nth metacell on the ground is x,. In this case, x, is expressed as

(2n = 1)-l-cos(ap)

X, = s (Equation 1)

The height difference dh between A and B at x, is given as

dh = x,-(tan ag — tan ) (Equation 2)

The phase difference dy caused by the acoustic distance dl at x, can be achieved as'’

dop = — ko-dl (Equation 3)

where ky = 27fy/ g is the wave vector at fy, ¢ = 343 m/s is the sound speed in air and dl = 2dh-cos?gy.
Therefore, in order to compensate the phase difference, the added phase caused by the nth metasurface cell should be — dg.

Design of acoustic resonators with full-range phase response

The designed 2D metasurface is made of two kinds of metacells, as shown in Figure 2A. Each metacell consists of a cavity with a plate in it and
a slit on the upper surface. The profiles of Cell A and Cell B are uniform (with height h = 12 mm, length | = 10 mm, width of slit s = 1 mm,
thickness of upper and lower surfaces t = 1 mm and wall is t/2). |dentical longitudinal and transversal dimensions of the metacells are advan-
tageous in the modulation of the scattered wave. Length of plates in the cavities is Ix = 8 mm or Iz = 9 mm respectively. Cell A with an inner
plate can be regarded as two series cavities, and sum of the height of the two cavities is a constant. For Cell B, the inner plate cut the metacell
into two parts: an upper cavity and a lower space. It can be seen that only the upper cavity can manipulate the acoustic wave efficiently. By
tuning the distance d between the plate and the upper surface, the impedance characteristics of Cell A or Cell B will be changed and the local
phase of scattering field will be modulated accordingly. The modulation performance of the proposed metacells on the scattered wave is
achieved by simulation, as shown in Figure 2B. In the frequency range from 2000 Hz to 5000 Hz, the phase shifts induced by the metacells
vary almost from 0 to 27 with d varying from 0.01 mm to 9.99 mm. It indicates that the metacells with the varying parameter d can modulate
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Figure 2. Phase modulation characteristics of metacells

(A) lllustration of the proposed two metacells Cell A (red structure) and Cell B (blue structure), which are capable of properly modulating the local phase of
scattering field with full-range (i.e., 27).

(B) The phase response induced by Cell A (left part of the dotted line) and Cell B (right part) in the frequency range from 2000 Hz to 5000 Hz.

(C) The phase response induced by Cell A (red curve) and Cell B (blue curve) as a function of frequency f, at d = 5 mm.

(D) The phase response induced by Cell A (red curve) and Cell B (blue curve) as a function of structural parameter d, at fy = 3700 Hz. The eight dots refer to the
phases from 0 to 27 with a step of /4. The inserts are photos of designed metacells made by 3D-printing technology.

(E) Simulated scattering fields of individual metacells corresponding to the eight dots shown in (D) at fo.

the wavefront of acoustic waves effectively in a wide frequency range. Moreover, the phase shifts induced by the metacells vary continuously
without any resonance in Figure 2B that means the metacells working away from the resonant frequency in the simulated frequency range.

Here, we focus our studies on 3700 Hz where the curves of the phase shifts are nearly linear. It means that the phase shift changes uniformly
with the variation of d at the certain frequency. The relationship between the phase shift and the parameter d achieved in simulation is shown
in Figure 2D. By changing dwith a step 0.01 mm, the phase shifts in Cell A are adjusted from 1.69 rad to 4.69 rad, and the phase shifts in Cell B
are adjusted from O to 1.60 rad and 4.69 rad-6.28 rad. It is exciting to find that, the phase shifts, caused by Cell A and Cell B, changed almost
the full 27t range. Hence we can shift the wavefront of scattered wave freely by choosing the parameters d of metacells with delicate calcu-
lation. The ratio between the thickness of sample (12.0 mm) and the wavelength studied in the experiment (92.8 mm) is about 0.129. Therefore,
the scale of the metasurfaces is in a sub-wavelength region. Besides, it is still worthwhile to point out that, by choosing suitable size of the
metacells, approximate linear phase shifts can be achieved at any frequency from 2000 Hz to 5000 Hz, as shown in Figure 2B. Figure 2C illus-
trates the phase response induced by Cell A (red curve) and Cell B (blue curve) as a function of frequency f, at d = 5 mm, for a more visual
representation. In the range of 3000-4500 Hz, the phase changes almost linearly as the frequency increases. The eight dots in Figure 2D refer
to the phase shifts from 0 to 27t with a step of 7w/4. The energy loss of the metacells is also studied in thermosviscous acoustic field. As Figure 2E
shows, the scattering fields correspond to the eight dots in Figure 2D when the acoustic pressure of incident wave is 1 Pa. It can be seen that all
the amplitudes of the scattered waves approach to 1 Pa, which means there are few thermal and viscous effects in the metacells so we can
leave out the energy loss for the rest of the simulation.

Validation of conformal illusion coating

Based on the excellent phase modulation characteristics of the proposed metacells, we introduce the idea of illusion coatings for
mimicking the scattering field of desired object. Three illusion coatings are designed, respectively, to create an illusion the same as a trap-
ezoid out of thin air by coating |, cut the trapezoid into two triangles under the total cover of coating Il and reshape the two triangles to an
enlarged trapezoid under partial cover of coating lll. Both simulated and measured illusion performances are demonstrated to verify that
the properly designed illusion coatings are capable of compensating the local phase of two different objects for achieving the same scat-
tering fields. In our study, numerical simulations are performed by using the finite-element software COMSOL Multiphysics. In the
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Figure 3. Experimental configuration and 2D acoustic illusion of illusion coating |

(A) Schematic of the experimental 2D acoustic pressure field scanning platform.

(B and C) The photographs of trapezoidal object | and coating I. The insert illustrates the detail of the illusion coating.

(D-F) The simulated total fields of the flat ground, object | and coating |.

(G-I) The corresponding measured total fields of the flat ground, object | and coating I. The black boxes in (D-F) indicate the measured areas in experiments.

experiments described here, the samples of illusion coatings are fabricated via a 3D printer whose manufacturing precision is 0.02 mm. The
printed material is resin. To perform the measurement in laboratory, we build a 2D waveguide (120 x 200 cm? of the profile) composed of
two paralleled plexiglass plates, as shown in Figure 3A. The density of the plates is 1200 kg-m~3, which is much larger than the density of
air. Hence the plates are rigid enough to be regard as hard boundaries. The total fields are monitored and recorded by a scanning stage
with two phase-matched 1/4-inch microphones (one is fixed for reference and another is moveable for signal detection). Eight identical
loudspeakers (2 inches in diameter) are arranged on the top of the waveguide for generating a plane wave. In order to minimize the
echo and environmental noise, absorbing sponges are installed around the waveguide closely. The distance between the upper and lower
surfaces is 8 cm, which is set as the height of the sample. Therefore, the cut-off frequency of the 1st order mode of the waveguide is
2145 Hz. As a result, for our studied frequency 3700 Hz, there are higher order mode waves transmitting in the waveguide and the exper-
iments could be regarded as full-wave works approximately.

lllusion coating | is designed for achieving a total field the same as a trapezoidal object | (Figure S1) out of thin air. The samples of object |
and coating | are shown in Figures 3B and 3C. The insert shows the detail of the metacells of the illusion coating. Assuming that a plane acous-
tic wave travels along -y direction straightly on a flat ground, the wavefront of acoustic wave will be planar as well, as shown in Figure 3D. On
the surface of the flat ground, there is no phase mutation between the scattered wave and the incident wave. When we place an illusion
coating on the flat ground, whose phase gradient distribution of the scattered wave is designed the same as object |, the total acoustic field
will be modulated accordingly, as shown in Figure 3F. It seems that a “trapezoid” is on the ground in spite of the fact that nothing else but an
illusion coating is there. The coating is realized by the metasurface cells whose modulation of phase is delicately calculated (Table S1). The
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Figure 4. 2D acoustic illusion of illusion coating Il
(A and B) The photograph of object Il and that of object | covered with conformal coating Il. The bottom row shows the measured total field of (C) object I,
(D) object Il and (E) object | covered with coating II.

total field of the trapezoid object | is achieved in numerical simulation for comparison, as shown in Figure 3E. These acoustic fields indicate
that illusion coatings can create illusions that mimic the scattering fields of desired objects effectively.

In order to further verify the illusion performance of the illusion coating, we also measure the total fields experimentally. Figure 3l shows the
measured total field of coating | that installed on the ground. It illustrates that an illusion with trapezoid-shape appears in air by inducing the
illusion coating instead of a real trapezoid (object I). For comparison, the total fields of the flat ground and object | are measured as well, as
shown in Figures 3G and 3H. The total field of object | is in accordance with the illusion perfectly. It suggests that the total fields generated by
the illusion coating and object | are quite similar that the detector is cheated and disable to recognize the difference. Itis a strong certification
that the designed illusion coating could flexibly create an illusion out of thin air.

Then we perform another work to show that the designed illusion coating is capable to mimic the scattering field of desired object by
attaching metacells on the surface of the detected target. Coating Il is designed for cutting object | into two small triangles (object Il) to
the observers. The fabricated samples of object Il and coating Il are shown in Figures 4A and 4B. As shown in Figure 4E, experiments are
performed to illustrate the total field of object | covered with an illusion coating Il (Table S2). The total field caused by the two triangles is
also measured for comparison in Figure 4D, which is similar to Figure 4E under the 2D scanning stage. For convenient for comparing, the
color pattern Figure 3H is repainted in Figure 4C. It certifies that the illusion coating is capable to change the acoustic field of an object under
the total cover to another profile by delicately calculating.

In addition, Figure 5 shows another interesting application of the illusion coating for objects with two triangles and an enlarged trapezoid.
In order to further study the performance of the illusion coating without totally covered structures, we design an enlarged trapezoidal object Il
which is partially same as object I, as shown in Figure 5A. With delicately calculation, we choose the appropriate metacells to fabricate coating
Il (Table S3) for changing object Il to the object Ill. The photograph of the illusion coating is shown in Figure 5B. The measured results
(Figures 5C-5E) show that the total field of object Il partially covered with coating lll is similar to the total field of object IIl. It means that
the object can also avoid being detected effectively under the partial cover of the illusion coating.

DISCUSSION

As illustrated in all these simulations and experiments, the illusion coatings designed by the metacells can modulate the scattering perfor-
mance of the objects flexibly. It indicates that the illusion coatings provide a new platform to interfere with military detection.

Because the metacells working away from the resonant frequency shown in Figure 2B, the phase shifts change conformably at different
frequencies with the varying structural parameter d. This characteristic makes the designed metacells advantageous to fabricate broadband
metasurface for controlling the scatterings of acoustic waves. Therefore, we study the working frequency range of the illusion coating Il that
transfers the scattering fields of the object | to object II. As shown in Figure 6, numerical simulations are performed to illustrate the total fields
of object | covered with the illusion coating II. In this work, the working frequency for designing coating Il is 3700 Hz. It is exciting to find that
the effective frequency range of the illusion coating is from 3000 Hz (Figures 6A and 6B) to 4500 Hz (Figures 6E and éF). The corresponding
measured results of particular frequencies 3000 Hz (Figures 6C and 6D) and 4500 Hz (Figures 6G and 6H) are also performed. It certifies that
the illusion coating is capable to mimic the scattering field of desired object by delicate calculation in a broadband with a bandwidth 40.5%.

Limitations of the study

In summary, we have proposed broadband conformal acoustic illusion coatings for creating an illusion or mimicking the scattering field of
desired object under the total or partial cover. The broadband illusion performances of the illusion coatings are demonstrated in simulations

iScience 27, 110504, August 16, 2024 5




¢ CellPress

OPEN ACCESS

A object I

object Ill

iScience

object Il covered with coating Il

E object Il covered with coating Il

Figure 5. 2D acoustic illusion of illusion coating Il

x (cm)

— max
| ]
= -
— 370 5
30 -30 0 30 _max
X (cm)

(A and B) The photograph of object lll and that of object Il covered with conformal coating Ill. The bottom row shows the measured total field of (C) object I,

(D) object Ill and (E) object Il covered with coating |l

and verified in experiments. In addition, the ultrathin illusion coatings are conformal with the detected targets, minimizing the additional bulk
of the acoustic device. In this study, the bandwidth of acoustic illusion coatings has been effectively broadened compared to other acoustic
illusion work. However, it is still limited to a specific frequency range. Furthermore, acoustic illusion coatings are more effective in vertical
incident sound waves and are limited in oblique incident sound waves. Therefore, realizing impedance matching between the metasurface
and air acoustic wave in the case of large-angle incidence is an urgent issue that requires attention. In addition, our discussion is limited to air
media and does not consider the field of underwater acoustics, which requires intensive and extensive research to elucidate the general

principles.
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Figure 6. Simulated and measured 2D acoustic illusion of broadband illusion coating Il

The total fields of object Il and object | covered with coating Il at the particular frequencies (A-D) 3000 Hz and (E-H) 4500 Hz. The top row shows the simulated
results and the bottom row shows the corresponding measured results. The black boxes indicate the measured areas in experiments.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Software and algorithms

COMSOL COMSOL China Co., LTD https://cn.comsol.com/

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Fuli Zhang
(fuli.zhang@nwpu.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability
e Data reported in this paper will be shared by the lead contact upon request.
e This paper does not report original codes.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

The COMSOL software has been employed to analyze the reflection curves, phases, and acoustic field distributions of the metasurface.

METHOD DETAILS

The simulations were based on COMSOL Multiphysics. The speed of acoustic waves and mass density of air are ¢g = 343 m/s and
po = 1.21 kg/m?, respectively, and the amplitude of the incident plane wave is 1 Pa. The ultrathin metacells are set to sound rigid
boundaries, and the background pressure field excites the incident plane waves.

QUANTITATION AND STATISTICAL ANALYSIS

The simulation data is produced by COMSOL Multiphysics software. The experimental data were tested in a self-built 2D waveguide acoustic
test system. Figures shown in the main text were produced by ORIGIN and Microsoft PowerPoint from the raw data.

ADDITIONAL RESOURCES

Any additional information about the simulation and data reported in this paper is available from the lead contact on request.
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