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Planar diffusion acoustic metasurfaces (PDAMs) with rigid materials have attracted much attention due to their ability
to redistribute acoustic energy in various directions and to realize acoustic stealth. In this paper, to enhance the adaptability
of PDAMs to complex curved surfaces, a conformal diffusion acoustic metasurface (CDAM) with soft materials is pro-
posed to manipulate scattering features, leading to considerable scattering reduction in the specular direction. To realize the
proposed CDAM, eight kinds of meta-atoms with phase differences of 45° are introduced. Polydimethylsiloxane (PDMS)
is chosen as the material of meta-atoms, which not only has a low modulus but also possesses the ability to deform com-
pliantly with environmental conditions. The simulated results demonstrate that the proposed CDAM can achieve backward
scattering reduction of at least 9 dB with bending angles of the CDAM from 0° to 90°, and has potential applications in
noise control, acoustic stealth, architectural acoustics, and other relevant applications.
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1. Introduction

Over the past few decades, acoustic metamaterials have
garnered significant attention due to their unique ability to
manipulate acoustic waves. As two-dimensional (2D) forms,
acoustic metasurfaces have gained favor among researchers
due to their efficient wavefront manipulation capabilities,
compact thickness, and low material loss compared to tradi-
tional acoustic metamaterials. '~ These metasurfaces achieve
extraordinary control over sound by locally regulating the
amplitude and phase responses of meta-atoms at subwave-
length scales and assembling them into structural arrays.>-8]
These characteristics enable broad application prospects in

multiple fields, such as asymmetric transmission, 1%

11,12

acous-
tic holography,! acoustic absorption,!>1*! and beam
splitting.[13]

Recently, acoustic metasurfaces have been employed to
manipulate scattering features and obtain sound-diffusion re-
flection, achieving the phenomenon of acoustic stealth. As
early as the 1970s, Schroeder!!®!7! proposed the concept of
the acoustic diffuser, which can be used to uniformly scat-
ter sound in different directions, and these studies opened a
new field. However, these traditional acoustic diffusers have
faced significant drawbacks in practical engineering applica-
tions due to several issues, such as bulky structures and irreg-
ular surfaces. Therefore, acoustic diffusers based on meta-
surfaces with compact structures and regular surfaces have

emerged.!'$1°1 To be specific, an ultrathin Schroeder diffuser

fCorresponding author. E-mail: wkcao@gzu.edu.cn
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with a thickness of A1/20 (A is the wavelength of acoustic
waves) has been proposed based on acoustic metasurfaces. [>!
In order to overcome the fundamental limitations of Schroeder
diffusers in intensity uniformity and narrow bandwidth, a
mechanism using a smooth distribution of the reflected phase
on the surface of the acoustic diffuser was proposed.?!! Sub-
sequently, a spiral acoustic metasurface based on holographic
acoustic vortices has been proposed, capable of achieving
wideband and high uniformity in sound diffusion, thereby
effectively suppressing specular reflection.??] In addition, a
lightweight membrane-type resonator-based Schroeder dif-
fuser, which consists of a decorated membrane and a rigid
back cavity, was demonstrated to produce a high-efficiency
diffuse sound field.!”*! A broadband acoustic metaveil com-
posed of a configurable array of two acoustic meta-atoms was
proposed, which can achieve undistorted transmission and dif-
fuse reflection simultaneously.!**! In addition, for underwater
scenes, an ultrathin reflective pentamode metasurface at fre-
quencies below 1000 Hz was proposed to realize uniform dif-

(251 As aforementioned, the incoming energy

fuse reflections.
of acoustic waves can be redistributed in selected directions,
and excellent backward scattering reduction can be achieved
via these acoustic diffusion metasurfaces.

Additionally, as an efficient and flexible strategy for
wavefront manipulation, coding sequences enable precise ma-
nipulation of acoustic responses,?®>7! such as the phase and

amplitude of acoustic waves, through coding logic, thereby
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providing a straightforward pathway for realizing complex
acoustic functionalities. This concept is realized by acous-
tic coding metasurfaces composed of meta-atoms arranged
according to pre-designed coding sequences, which have
emerged recently, offering a new route to enhancing the flex-
ibility of wavefront manipulation and improving the perfor-

28291 Only a finite number of meta-atoms

mance of diffusers.!
are required to control the energy distribution of reflected
waves, which greatly simplifies the design and optimization
of the scattering pattern of acoustic diffusers. To be specific,
a reflection-type acoustic metasurface diffuser based on cod-
ing metasurfaces was designed by arranging two types of unit
cells with opposite phase responses in a specific sequence, dis-
persing the incident acoustic energy in multiple directions, ef-
fectively suppressing specular reflection and achieving sound
diffusion. 3! Similarly, an underwater acoustic coding meta-
surface based on pentamode metamaterials, composed of two
types of hexagonal unit cells, was proposed. By arranging
them into an array according to a random 1-bit coding se-
quence, a low-scattering underwater acoustic stealth effect
over a wide range of incident angles is obtained.[*! In addi-
tion, in order to enhance scattering reduction performance, an
acoustic coding metasurface integrating diffusion and absorp-
tion has also been proposed. This absorption—diffusion inte-
grated mechanism can further disperse incoming energy and
improve acoustic stealth performance.*?! The above acous-
tic diffusers based on coding metasurfaces are encoded and
spatially arranged through random or optimized coding se-
quences, introducing carefully engineered phase transitions
during reflection. Leveraging coherent diffraction effects, the
incident acoustic energy is dispersed in multiple directions, ul-
timately achieving highly efficient acoustic diffusion.
However, although existing acoustic meta-diffusers have
achieved scattering reduction, these investigations are limited
to planar structures with rigid materials. Hence, structural de-
formability and adaptability to external environments remain
insufficient. Thus, nonplanar or curved acoustic metasurfaces
offer a new avenue of research and have attracted consider-
able interest. Specifically, a reconfigurable curved acoustic
metasurface was reported for acoustic cloaking and illusion,
which is composed of an array of tunable helical units. 3]
An acoustic antenna with arbitrarily curved configurations was
proposed to realize beamforming in arbitrary directions.>* A
conformal acoustic metasurface was presented, which utilizes
conformal ultrathin coatings to reshape the reflected wave-
front of an object.[*> In addition, curved acoustic adaptive
metasurfaces for underwater applications have also been re-
ported, which are composed of four absorptive elements and
maintain excellent low-frequency broadband sound absorp-

e_[36

tion performance.®®! A curved conformal acoustic metasur-

face coating with fan-shaped ultrathin labyrinth channels for

underwater pipeline noise control has been proposed.*’! In
addition, recent studies have explored soft acoustic metasur-
faces for sound control, which are based on soft materials
referring not only to low-modulus mechanical properties but
also to the ability to deform compliantly with external en-
vironments. For example, a soft acoustic metasurface con-
structed by embedding bubbles within soft materials enables
full-phase modulation of underwater acoustic waves through
adjustment of bubble size, facilitating acoustic stealth and

[38] An acoustic metasurface based on soft

beam manipulation.
gradient refractive-index porous silicone rubber enables effi-
cient broadband ultrasonic wavefront manipulation, including
acoustic beam deflection, focusing, and vortex generation. (391
An ultrathin acoustic metasurface composed of a porous net-
work of soft polymer fibers and rigid beads has been fab-
ricated, enabling efficient wavefront manipulation, includ-
ing acoustic vortices, focusing, and super-oscillation.*’ An
acoustic metasurface based on soft porous polymers has been
demonstrated to achieve efficient manipulation of underwa-
ter ultrasonic wavefronts through precise control of material

[411 Nevertheless, although these acoustic metasur-

porosity.
faces have achieved significant progress, diffusion acoustic
metasurfaces with nonplanar structures and soft materials re-
main insufficiently explored, despite their ability to conform
to complex curved surfaces and significantly enhance practi-
cal utility.

In this paper, a conformal diffusion acoustic metasurface
(CDAM) using soft materials is proposed, which can achieve
considerable scattering reduction in specular directions at dif-
ferent bending angles. To achieve this, cavity-structured meta-
atoms are designed and polydimethylsiloxane (PDMS) is cho-
sen as the material. Geometric parameter tuning enables a re-
flection phase coverage of more than 315° while maintaining
subwavelength thickness. The resulting meta-atoms are ar-
ranged in a quasi-random coding sequence to construct a 3-bit
coding metasurface for scattering reduction, and the soft mate-
rial enables conformal adaptation to curved surfaces. Numeri-
cal simulations confirm efficient sound diffusion for both pla-
nar and curved configurations, achieving more than 9 dB scat-
tering reduction compared with shape-matched rigid plates.
Unlike traditional acoustic diffusers, the CDAM enables ro-
bust sound diffusion and reflection suppression across multiple
curved geometries, making it suitable for stealth applications
and noise control on complex surfaces.

2. Design principle of the CDAM and meta-
atoms

Figure 1 shows the schematic diagram of the CDAM pro-
posed in this paper. The CDAM is composed of eight kinds of
coding elements (meta-atoms), labeled O to 7 and represented
by different colors. The phase difference between adjacent
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meta-atoms is approximately 45°. By controlling the struc-
tural parameters of the meta-atoms, a reflection phase cover-
age of more than 315° can be obtained, as will be demon-
strated later, thereby achieving the required phase response.
Moreover, the coding elements are arranged in a quasi-random
fashion. Under plane-wave illumination at an operating fre-
quency of 3430 Hz, the energy of incident waves is dispersed
in all directions due to destructive interference between cod-
ing elements. In addition, since PDMS is used as the material
for the proposed CDAM, it can be deformed to adapt to differ-
ent curved surfaces, significantly enhancing the applicability
of diffusion acoustic metasurfaces.

Ol 41
1050
2] 6l
3@ 7O

Incident waves Coding element

Conformal diffusion acoustic metasurfaces

Fig. 1. Schematic diagram of the proposed CDAM, composed of eight
types of coding elements represented by different colors. Under plane-
wave illumination, the incident acoustic energy is dispersed in all direc-
tions.
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To achieve the required meta-atoms with phase differ-
ences of 45°, Figs. 2(a) and 2(b) show the three-dimensional
(3D) schematic diagram and cross-sectional view of the pro-
posed meta-atom, which is a Helmholtz-resonance-like struc-
ture. The meta-atom is made of PDMS, a soft material with
a mass density of 970 kg/m?, sound velocity of 1028 m/s,
Young’s modulus of 750 kPa, and Poisson’s ratio of 0.49. Fur-
thermore, the acoustic loss of PDMS is shown to be negligible
around the target operating frequency, as detailed in the sup-
plementary material. The background medium is air with a
mass density of 1.29 kg/m> and sound velocity of 343 m/s.
Here, the meta-atom consists of double cuboid cavities with
widths w and wy, respectively. The total height, wall thick-
ness, and period of the meta-atom are denoted as 4, ¢, and a.
The specific parameters are fixed at @ = 25 mm, 2 = 5 mm,
t =1 mm, w; = 23 mm, and the width of the upper cuboid
cavity w can be adjusted to achieve the required phase cov-
erage of reflected waves. To demonstrate the performance
of the proposed meta-atoms, simulations are performed us-
ing the pressure acoustics, solid mechanics, and thermovis-
cous acoustics modules in the commercial software COMSOL
Multiphysics 6.2. Periodic boundary conditions are applied
around the unit cell, and a plane wave is incident along the
—z direction with different incidence angles, defined as the

angle between the incident direction and the surface normal.
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Fig. 2. (a), (b) Schematic of the proposed CDAM meta-atom and its corresponding cross-sectional view. (c), (d) Reflection amplitude and phase
of the meta-atom as functions of the width of the upper cuboid cavity w under different incident angles. (e) Scattering acoustic field distributions

of the coded meta-atoms (0 to 7) at 3430 Hz.
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Table 1. Selected widths w, corresponding codes, and reflection phases
of the meta-atoms.

w (mm) 3 3.75 4.07 4.25
Code 0 1 2 3
Phase (deg) 28.88 73.57 119.18 165.53
w (mm) 4.44 4.68 5.29 9.88
Code 4 5 6 7
Phase (deg) —149.66 —105.14 —60.01 —14.72

Moreover, the proposed meta-atoms are surrounded by per-
fectly matched layers to mimic reflectionless boundaries.
The reflection amplitude and phase are obtained from the
simulated reflection spectra using standard transfer matrix
techniques. *?)

Figures 2(c) and 2(d) show the reflection amplitude and
phase responses as functions of the width w of the upper
cuboid cavity under different incidence angles of the plane
wave. It is evident that the variation curves of reflection ampli-
tude with increasing w from 0.1 mm to 10 mm under different
incidence angles are largely consistent. Two local minima ap-
pear at w = 4.3 mm and w = 7.2 mm, respectively. Moreover,
these amplitudes generally decrease with increasing incidence
angle, except for the case of 60°. Similarly, in Fig. 2(d), al-
though the reflection phase response varies slightly under dif-
ferent incidence angles, the curves almost overlap across the
variation of w. Importantly, as w increases from 0.1 mm to
10 mm, a phase coverage of more than 315° is achieved at
f = 3430 Hz. From this analysis, it can be concluded that
the reflection response of the meta-atoms remains nearly un-
changed when the incidence angle is below 60°. Hence, the
meta-atoms exhibit insensitivity of the reflection response to
the incidence angle. Furthermore, reflection phase responses
of adjacent meta-atoms with a difference of approximately 45°
are coded from O to 7, which are used to construct the CDAM.
Due to the weak angular dependence of the phase response, the

(a) —

CDAM

Bending angle (deg)

reflection phase curve at an incidence angle of 0° is used to se-
lect the required w. The selected w, corresponding codes, and
their reflection phases are summarized in Table 1. The simu-
lated scattering acoustic field distributions of different coded
meta-atoms are further shown in Fig. 2(e), where a phase shift
interval of approximately 45° can also be observed.

3. Numerical simulation of the CDAM

In the following, the far-field scattering patterns of the
proposed CDAM are presented to verify its acoustic scatter-
ing reduction performance. A CDAM with bending angle o
comprising N X N coding elements, each of size D, is illus-
trated in Fig. 3(a). The reflected phases of each coding ele-
ment, ¢(m,n), take the values 0°, 45°, 90°, 135°, 180°, 225°,
270°, and 315°, respectively. Under normal incidence, the far-

field scattering function of the CDAM is expressed as/**!

N N
1(6,9) = fe(6,9) ), ) exp{~i{o(m,n)

m=1n=1

+kDsinO [(m—1/2)cos@+ (n—1/2)sin@]}, (1)

where 0 denotes the elevation angle, ¢ is the azimuth angle,
and f. (0, ) is the far-field scattering function of the individ-
ual coding elements. Here, k =27m/A is the wave number. The
directional function Dir (6, ¢) of the CDAM is defined as

4n|f(0,9)
/2 (2w 5 . .
Jo "o If(8,9) sin6dOde

Dir (6, ¢) = 2)

According to Egs. (1) and (2), the scattering fields of the
CDAM can be controlled by adjusting its coding sequence.
Therefore, it is necessary to encode the eight types of coding
elements in an aperiodic sequence to enable reflected waves in
multiple directions and realize diffuse reflection.

Max

Fig. 3. (a) Schematic diagram of the CDAM with bending angle a. (b) 3D simulated scattering pattern of the CDAM at a = 0°. (c) Quasi-
random coding sequence of the proposed CDAM. (d) 3D simulated scattering pattern of a rigid planar plate with the same size as the CDAM in
(b). (e) Corresponding 2D scattering patterns of the rigid plate and CDAM in the xoz plane.
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Fig. 4. Simulated scattering patterns of the CDAMs and rigid plates with the same size and shape under bending angles of +30°, £60°, and
490°. The left column shows 3D scattering patterns of the CDAMs, the middle column shows 3D scattering patterns of rigid plates, and the right
column shows corresponding 2D scattering patterns of both cases in the xoz plane.

To achieve scattering reduction via the proposed CDAM,  (PDAM), the reflected wave energy is dispersed into multiple
the meta-atoms in Table 1 are used to generate a quasi-random  directions due to destructive interference between the meta-
coding sequence in MATLAB, as shown in Fig. 3(c) with  atoms (Fig. 3(b)). In contrast, a rigid planar plate of the same
color-code correspondence in Fig. 1. Under normal incidence  size is shown in Fig. 3(d), producing a strong specular beam.
of plane waves, when the bending angle a of the CDAM is Comparison of Figs. 3(b) and 3(d) demonstrates that the pro-
0°, corresponding to the planar diffusion acoustic metasurface ~ posed CDAM achieves significant scattering reduction in the
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specular direction.

The corresponding 2D scattering patterns of the rigid
plate and CDAM in the xoz plane are shown in Fig. 3(e) to
quantitatively evaluate scattering reduction, where black and
red curves represent the far-field sound pressure levels (SPLs)
of the CDAM and plate, respectively. The scattering reduction
value, R(a), is defined as the difference in far-field SPL be-
tween the rigid plate and the CDAM in the specular direction

R(OC) = SPLplate(Ot) — SPLCDAM(OC), 3)

where SPLpjy and SPLcpam denote the SPLs of the rigid
plate and CDAM, respectively. For the case oc = 0°, the specu-
lar scattering reduction R(0°) is approximately 11.64 dB, con-
firming that the planar CDAM provides excellent backward
scattering suppression.

More importantly, to demonstrate that the proposed
CDAM maintains excellent scattering reduction at different
bending angles, 3D scattering patterns and the corresponding
2D patterns in the xoz plane for the CDAM and rigid plates of
the same size and shape are shown in Fig. 4. Specifically, the
coding sequences of the CDAM in Fig. 4 are the same as those
in Fig. 3, and both concave (negative bending angle) and con-
vex (positive bending angle) CDAMs are implemented with
bending angles of +30°, £60°, and +90°.

As shown in Fig. 4, the curved CDAM disperses inci-
dent acoustic energy in all directions, whereas the curved rigid
plates reflect energy primarily around the xoz plane. The 2D
scattering patterns in the xoz plane further confirm that, for
the curved CDAM, scattering reductions (R) are at least 9 dB
when comparing the far-field SPLs of the CDAMs and plates
in the specular direction at bending angles of £30°, +60°,
and £90°, as shown in the right column of Fig. 4. There-
fore, dispersive scattering continues to provide excellent scat-
tering reduction for curved CDAMs. Additional results for
other frequencies and the mechanical properties of the CDAM
and meta-atoms are provided in the supplementary materials.

To quantitatively illustrate the influence of the bending
angles on scattering reduction, Fig. 5 further compares the

SPLs of the CDAM and curved plates in the specular direc-
tion under different bending angles. The results indicate that
scattering reduction depends on the bending angle. For neg-
ative bending angles of —30°, —60°, and —90°, the scatter-
ing reductions (R) are approximately 14.93 dB, 14.8 dB, and
10.51 dB, respectively. For positive bending angles of 30°,
60°, and 90°, the scattering reductions (R) are approximately
32.69 dB, 11.62 dB, and 9.03 dB, respectively.

It is evident that for positive bending angles, the scatter-
ing reduction decreases as the bending angle increases. For
a convex rigid plate, as the bending angle increases, acoustic
energy in the specular direction spreads to the sides, causing
a significant SPL reduction in that direction. In contrast, the
SPL of the CDAM in the specular direction remains low and
varies smoothly. Consequently, when the reference SPL of the
rigid plate decreases significantly due to bending, the absolute
difference between the SPLs of the rigid plate and the CDAM
also decreases.

Nevertheless, as shown in Figs. 4 and 5, the proposed
CDAM exhibits significant sound diffusion regardless of bend-
ing angle, highlighting its potential for stealth and noise con-
trol on complex curved surfaces.

40 T T T T T T T T T T T
30 -

20 -1

10/ .\ -\-.

R(a) (dB)

990 —-60 =30 0 30 60 90

Bending angle (°)
Fig. 5. Scattering reduction R() in the specular direction as a function

of bending angle, obtained by comparing the far-field SPLs of the CDAM
and rigid plates of the same size and shape.

Table 2. Comparison of the CDAM with representative acoustic diffusers.

Ref. No. Material type Structural configuration Bending adaptability Scattering reduction Operating bandwidth
performance
[20] ABS (rigid) Helmbholtz-like resonator no bending normalized diffusion 6860-11517 Hz
coefficient ~ 0.5
[23] elastic  membrane + membrane-type res- no bending diffusion coefficient 1000 Hz
aluminum frame (rigid) onator 0.22
[24] PLA (rigid) flipped holey meta- no bending none 5400-6200 Hz
atoms
[30] photopolymer (rigid) dual-cavity meta-atoms no bending >8dB 5800-6200 Hz
[31] steel-based  pentamode hexagonal meta-atoms no bending ~ 10dB 7450 Hz
(rigid)
[32] photopolymer (rigid) labyrinth and Helmholtz- no bending >15dB 6550-6950 Hz
like resonator
This work PDMS (soft) Helmbholtz-like resonator +90° bending >9dB 3430 Hz

064301-6
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In addition, to highlight the advantages of the proposed
CDAM, Table 2 provides a comparative summary between the
proposed CDAM and several representative studies on sound
Owing to the use of PDMS,
the proposed CDAM simultaneously exhibits two key advan-
tages: a large bending angle and excellent scattering reduc-

diffusion from the literature.

tion. The relatively low Young’s modulus of PDMS allows
large deformations up to £90° while maintaining structural
integrity. Moreover, compared to other flexible deformable
structures,*+*1 such as origami-based designs and stretch-
able circuits, the proposed Helmholtz-resonance-like meta-
atom offers additional benefits, including flexible wavefront
manipulation, a simple structure, and ease of fabrication.

4. Discussion

While numerical simulations demonstrate the promising
performance of the proposed CDAM, its experimental real-
ization presents challenges in fabricating soft CDAMs and
To ad-
dress these challenges, we outline a feasible experimental ap-
proach. For fabrication, two-photon direct laser writing us-
ing a liquid-phase PDMS-based photomaterial enables high-

characterizing acoustic fields on curved surfaces.

precision 3D printing of the complex coding elements. 46! For
accurate acoustic field measurements on curved surfaces, a
far-field scattering measurement scheme can be employed, [*°!
where the far-field SPL is recorded to quantitatively evalu-
ate the scattering reduction of the CDAM. These established
methods provide a reliable route for future experimental vali-
dation.

5. Conclusion

In summary, we have proposed a CDAM composed of
soft materials capable of advanced sound diffusion and excel-
lent backward scattering reduction. The CDAM consists of
eight types of meta-atoms with a 45° phase difference. Sim-
ulation results demonstrate that the proposed CDAM achieves
scattering reductions of at least 9 dB across different bending
angles when comparing the far-field SPLs of the CDAM with
those of curved rigid plates in the specular direction. Com-
pared with traditional PDAMs, the use of soft materials allows
the CDAM to bend freely, adapting to various curved surfaces
and substantially enhancing its practical utility.
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