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ABSTRACT ARTICLE HISTORY

The present study presents the application of a structural optimization Received 11 May 2020
scheme for a Double Split Hollow Sphere (DSHS) based acoustic cloaking Accepted 11 February 2021
structure for irregular surfaces. For acoustic wave cloaking, many scien- KEYWORDS
tIfIC.dEVICE‘S utilizing phase.dlfferences have been develpped. Con5|de.r|ng Acoustic metasurface;

the irregular surfaces of objects to be concealed, acoustic wave reflections double split hollow sphere;
become complex with random phase differences and determinations of acoustic cloaking; phase shift
the involved geometric parameters of cloaking structures become imprac- curve

tical. To determine the geometric parameters of acoustic cloaking devices

with DSHS systematically, the present study applies a structural optimiza-

tion scheme. The present scheme computes and minimizes the differences

between the acoustic pressures reflected from irregular surfaces and the

reference acoustic pressures without irregular surfaces by optimizing the

location and geometric parameters of the DSHS. To show the validity of

the present scheme, structural optimization problems are solved for several

three-dimensional problems with complex and irregular surfaces.

1. Introduction

The present study develops a new structural optimization scheme for acoustic cloaking structures
with Double Split Hollow Sphere (DSHS) unit cells for irregular rough surfaces. Much relevant and
remarkable research has been presented for scientific and engineering applications of metamaterials
and metasurfaces to overcome the limitations of materials and structures found in nature (Shelby,
Smith, and Schultz 2001; Schurig et al. 2006; Cummer and Schurig 2007; Lu et al. 2007; D’Aguanno
et al. 2012; Liang and Li 2012; Ma et al. 2014; Mei and Wu 2014; Tang et al. 2014; Zigoneanu, Popa,
and Cummer 2014; Ding et al. 2015a, 2015b; Esfahlani et al. 2016; Song et al. 2016; Wang, Chan,
and Luk 2016; Zhai et al. 2016; Dubois et al. 2017). Among many promising applications, the devel-
opment of cloaking devices—restoring electromagnetic or acoustic waves as if nothing were there
and hiding target objects from waves—can be listed as one of the promising applications. The meta-
surface also can be utilized for the cloaking effect restoring waves from irregular surfaces or uneven
terrains. To the best knowledge of the present authors, however, previous studies were limited to sim-
ple geometries such as spheres, ellipsoids or flat surfaces by applying theoretical equations for the
relationship between the phase difference and the geometry. Note that, with theoretical wave equa-
tions, some repeated tasks have to be carried out in order to devise cloaking devices for complex
geometries. It is difficult, but important, to keep abreast of theoretical prediction and computational
development. With complex geometries, it may be impossible to discover the distributions of meta-
materials or the configurations of metasurfaces. To overcome these difficulties, this research presents
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a structural optimization scheme for determining the optimal parameters of the metamaterials for the
cloaking effect. The objective function is set to minimize the difference between the reference pressure
and the computed pressure with the configurations of the DSHS unit cells as the design variables.

Countless studies and research on electromagnetic metamaterials and their extension to acous-
tic metasurface applications have been presented at remarkable pace. Bulk metamaterials have been
researched to control electromagnetics with negative refraction (Pendry 2000; Shelby, Smith, and
Schultz 2001; Fang et al. 2005; Schurig et al. 2006; Thomas et al. 2011). Practical realization of
electromagnetic cloaking has been researched and proposed by Schurig et al. (2006). Experimen-
tal verification of a negative index of reflection at microwave frequencies was conducted by Shelby,
Smith, and Schultz (2001). A superlens allowing the recovery of evanescent waves in an image through
surface plasmon excitation was proposed by Fang et al. (2005). The lens operating at the frequency
of visible light was realized with a thin slab of silver (Pendry 2000). Experimental evidence of rota-
tional Doppler broadening in photoelectron spectra showed good agreement with their theoretical
studies (Thomas et al. 2011). A metamaterial simultaneously possessing a negative bulk modulus and
negative mass density was reported by Ding et al. (2007). Light beams providing great flexibility by
phase discontinuities was researched by Yu et al. (2011). Optical elements introducing an additional
spatially non-uniform phase in the incoming waves was researched by Ni et al. (2012). An ultra-
thin directional carpet cloak operating in the reflection geometry based on a generalized Snell’s law
was proposed by Zhang et al. (2013). Using genetic algorithms, labyrinthine metastructures absorb-
ing broadband acoustics were optimized by Kan et al. (2015). Some relevant research regarding the
optimization of acoustic cloaking devices can be found in Lu et al. (2018) and Yu et al. (2018). Acous-
tic cloaking devices with Bézier scatterers were optimized with genetic algorithms by Lu et al. (2018).
Concentric multi-layered cloaking was proposed by Yu et al. (2018). Electromagnetic cloaking devices
were optimized by Deng, Liu, and Uhlmann (2017). In addition to wavefront manipulation, the func-
tionality of these surfaces can be extended to metasurface carpet cloaking (Zhang et al. 2013; Estakhri
and Alu 2014; Ni et al. 2015; Orazbayev et al. 2015). As metamaterial structures relying on resonance
have narrow frequency ranges, one of the challenging topics is to broaden the working frequency
(Kan et al. 2015). In order to address this issue, several metamaterials with different resonance fre-
quencies can be incorporated. The theories and ideas relating to electromagnetic metamaterials and
metasurfaces can also be applied to acoustic applications.

Recently, the concept of acoustic metamaterials and metasurfaces has been proposed for manip-
ulating the reflected or transmitted wavefronts of impinging acoustic waves. Transmission of an
incident acoustic wave through a one-dimensional acoustic grating was improved by Lu et al. (2007).
A DSHS acoustic metamaterial having a transmission dip and accompanied phase advance near
the resonant frequency was researched by Ding et al. (2013). The concept design of a new class
of acoustic metamaterial structure based on a combined heterogeneous DSHS was presented by
Choi and Yoon (2018). The controlling of acoustic waves based on ultrathin planar acoustic meta-
surfaces following a generalized Snell’s law was demonstrated by Li et al. (2013). The analytical
design and experimental realization of acoustic metasurfaces with manipulation of the reflected
waves were reported by Li et al. (2014). Transmitted wave control and strong reflection with sur-
face mode excitation were researched by Mei and Wu (2014). See also the relevant references for
the application of acoustic matching, unidirectional transmission, absorbtion and cloaking in Cum-
mer and Schurig (2007), D’Aguanno et al. (2012), Dubois et al. (2017), Esfahlani et al. (2016),
Liang and Li (2012), Ma et al. (2014), Song et al. (2016), Tang et al. (2014), Zhai et al. (2016),
Zigoneanu, Popa, and Cummer (2014) and Zhu et al. (2015a, 2015b). An acoustic metasurface model
consisting of split hollow sphere resonator arrays with the property of negative modulus was pro-
posed by Ding et al. (2015a). An acoustic metasurface model composed of DSHS resonator arrays
with modulated reflected wavefronts was proposed by Ding et al. (2015b, 2016). An ultrathin cloak
made of acoustic surface impedance leading to acoustic wave invisibility was researched by Chen et
al. (2011). An acoustic metasurface cloaking for a finite range of frequencies was researched by Farhat
et al. (2012). Acoustic carpet cloaking by using a metasurface made of graded Helmholtz resonators



ENGINEERING OPTIMIZATION e 653

was experimentally demonstrated by Faure et al. (2016). In addition, it is expected that important
developments of novel acoustic metasurfaces will be presented in forthcoming years.

To hide an object from incoming electromagnetic, elastic or acoustic waves, the concepts of cloak-
ing devices have been introduced. First of all, so-called carpet cloaks have been of interest and
researched by Schurig et al. (2006), Cummer and Schurig (2007), Dubois et al. (2017), Esfahlani et
al. (2016), Liang and Li (2012), Ma et al. (2014), Song et al. (2016), Tang et al. (2014), Wang, Chan, and
Luk (2016), Zhai et al. (2016), Mei and Wu (2014), Zigoneanu, Popa, and Cummer (2014) and Zhu et
al. (2015a). Surfaces with different impedances along their tangent lines reflect waves randomly and
the metasurface technique aims to restore waves reflected from flat surfaces. Normally, man-made
layers are added in order to create phase shifting of the reflected waves. State-of-the-art technology
utilizes the phase gradient along surfaces to control the reflected or transmitted wavefront. As a result,
itis possible to tune the travelling length of the wave and correct the reflected wave. One of the limita-
tions of existing metasurfaces or metamaterials lies in the fact that they exhibit their best performance
at a single frequency or at several discrete frequencies. Indeed, it is still an important issue to broaden
their working frequencies with a single structure.

This study presents and solves structural optimization problems (size optimization) in order to
discover optimal configurations for metamaterials or metasurfaces. The unit cell is set to the DSHS
structure and the locations and configurations of the DSHS cells are mainly numerically optimized
through Sequential Quadratic Programming (SQP). The DSHS structures are located above the plane
or object of interest. For a simple flat plane or object, it is possible to determine the location of
the DSHS structure whose frequency is tuned to that of the incoming acoustic wave. In the rele-
vant research, the phase change or shift of the reflected acoustic wave passing through the DSHS
structure is incorporated in order to realize cloaking. For flat or segmented surfaces, the geometric
configuration of the DSHS structure can be determined through the relationship between the phase
shift and the location of the DSHS unit cell. However, for random or smooth surfaces, it can be dif-
ficult to realize a cloaking device using the phase shift relationship; the representative distance is
hard to determine. To overcome this difficulty in the determination of the geometric parameters of
the DSHS structure, they are set as the design variables in the optimization problem minimizing the
pressure difference between the reference pressure and the pressure of the current design. To mini-
mize the objective function, its sensitivity values with respect to the design variables are computed.
Then the optimization algorithm carries out some finite element simulations and iterations in order
to determine optimal values of the geometric parameters of the DSHS structure.

The outline of the present paper is as follows: theories of metasurface structure and the optimiza-
tion formulation are described in Section 2. To illustrate the DSHS structure of the cloaking device
and extraordinary acoustic reflection, the offset distances between the surface of interest and the
DSHS structure are determined manually. Then the difficulties and limitations of the manual determi-
nation for complex surfaces are discussed and the optimization formulation is presented. In Section 3,
several optimization examples are solved in order to show the effectiveness of the present optimization
formulation for the cloaking device. Finally, some concluding remarks are made in Section 4.

2. Model and method
2.1. Theory of DSHS-based metamaterials

This research presents a structural optimization scheme determining the location and geometric
parameters of DSHS-based metamaterials (Ding et al. 2013, 2015a, 2015b, 2016; Choi and Yoon 2018).
Some relevant research on cloaking devices and metamaterials has mainly been targeted on acous-
tic or electromagnetic waves reflected from flat surfaces or simple objects (Schurig et al. 2006;
Estakhri and Alu 2014; Ding et al. 2015a, 2015b, 2016; Esfahlani et al. 2016; Faure et al. 2016; Dubois
et al. 2017). Using an analytical formulation for the phase difference induced by metamaterials, the
optimal parameters—i.e. location, shape and material properties—can be determined (Schurig et
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al. 2006). For some random and stochastic surfaces, to the present authors’ best knowledge, it is not
easy to realize the cloaking phenomenon owing to difficulties in determining representative geomet-
ric parameters. For the extension of cloaking devices to relatively complex subjects or surfaces, the
issues with choosing the optimal parameters for cloaking devices should be addressed.

For the sake illustrating DSHS-based metamaterials, Figure 1(a) shows a unit structure of the
DSHS acoustic metamaterial above a flat plate and the phase shift curve computed by finite element
simulation. The acoustic resonance frequency of the DSHS structure is tuned to the frequency of the
incoming wave, in this case 1700 Hz. Utilizing the phase shift of the wave, cloaking of the surface
can be achievable (Faure et al. 2016). The values of the phase shift make it possible to determine the
geometric parameters of the unit cell and realize the cloaking. In other words, by posing one unit cell
or multiple unit cells as a metasurface above a rough surface, extraordinary wave reflection can be
realized.

First of all, the following theoretical equation (1) can be employed as a generalized Snell’s law
derived from Fermat’s principle:

nik(sinf, —sinf;)) = &, &= — (1)

where 6; and 0, denote the angles of the incident wave and the reflected wave, respectively. The refrac-
tive index of the medium is denoted by n;. The phase shift gradient, d®/dx, is set to a non-zero
constant. The generalized Snell’s law can be reformulated as follows:

in o in 0 do 1 2)
sin@, —sinf; = — —.
' © dxomik
In the case of air, the following condition can be imposed:
27
N = Nair ~ 1, k= T, (3)

where the wave vector and the wavelength are denoted by k and A. The reflection angle can be
simplified as follows:
0y = arcsin | sin(6;) +- L a2 4)
r = aresin { sin(6) + ——— |-
Assuming that the acoustic wave propagates normal to the surface, the following equation can be
derived and used to correlate the extended length AL and the difference of the phase shift A ®:

AD(x) = —2kAL. (5)

Consider the structure in Figure 1(b)(left and right) with the DSHS structure with the phase shift
curve in Figure 1(a) tuned to 1700 Hz. The dimensions of the DSHS structure are set to make
the resonance frequency of the DSHS structure 1700 Hz (d = 3.1 mm, R = 0.0125 m, thickness =
0.5mm, ¢ = 343 m/s, S = 4(d/2)*n, V = 4/37m(R)?, and the first resonance frequency of DSHS =
¢/2S/V (thickness) /27). Figure 1(b), left, shows a simulation with length L and its reflected acoustic
wave p, as a reference: p, = p — p;, where the total acoustic pressure, the reflected acoustic pressure
and the incident acoustic pressure are denoted by p, p, and p;, respectively. Figure 1(b), right, shows
the extended domain (Lextended = 0.255 m) and the reflected acoustic wave. Due to the change of the
analysis domain, the acoustic waves of Figure 1(b), left and right, are different from each other. To
compensate for this difference, it is possible to locate the DSHS structure above the flat bottom surface
as shown in Figure 1(c). To determine the location (the offset distance from the bottom surface) of the
DSHS structure, the phase shift curve in Figure 1(a) needs to be considered. As the phase difference
calculated by (5) is about —0.9342 rad, the corresponding geometric values read in Figure 1(a) are
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Figure 1. Manual determination of the geometric parameters for the DSHS cloaking device (media: air, density = 1.25 kg/m3,
wavespeed = 343 m/s, acoustic frequency = 1700Hz, L = 0.24m, Leytended = 0.255m, W = 0.03m, Offset = 0.03m, d =
3.1 mm, R = 12.5mm, thickness = 0.5 mm). (a) Phase shift by DSHS; (b) reflected acoustic waves without (left) and with (right)
the disturbance; and (c) corrected reflected acoustic wave with DSHS metastructure. (Note that the reflected wave in (c) is similar to
the reflected acoustic wave (left) in (a).)
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30 mm for the offset value and 3.1 mm for the diameter. Thus, the DSHS structure with the geomet-
ric parameters is installed in Figure 1(c). As illustrated, the acoustic pressure is modified such that the
reflected acoustic wave is similar to the reflected acoustic wave in Figure 1(b), left. This approach and
similar approaches have been applied in many cloaking devices (Li et al. 2014; Ding et al. 2016; Faure
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et al. 2016; Choi and Yoon 2018). This research does adopt this idea but employs the optimization
algorithm in order to determine the geometric parameters for complex surfaces.

2.2. Optimization formulation

The determination of the locations and shapes of the DSHS structures for the cloaking of arbitrary
manifold reflection surfaces can be difficult. To address and overcome this issue, a structural opti-
mization scheme is proposed. As illustrated in the previous subsection, some relevant research has
determined the geometric parameters of the metamaterials using the phase shift curve manually
(Ding et al. 2016; Faure et al. 2016).

Such approaches are applicable when the reflection surface is smooth enough with few design
variables. When the reflection surface becomes rough, the scattering of the acoustic wave from the
surface makes it difficult to determine the geometric parameters. In addition, the determination of
the parameters becomes more difficult with an increased number of design variables, which are the
geometric parameters of the metamaterials. In order to address these issues effectively, a structural
optimization scheme with the geometric parameters as the design variables in (6) can be employed.
The norm of the difference between the acoustic pressure P and the reference acoustic pressure Pye¢
is set as the objective function as shown in Figure 2. The reference acoustic pressure here can be set
as the acoustic pressure without any geometric perturbation:

Minimize / IP = Preg|* dQ2 &~ D [P — Preg|?
X Q

6
X = [X1. X2, .., Xn] (©)
X}ower <X < Xll.lpper,

where the objective domain is defined at 2 and the design variables are denoted by X. The number
of design variables is denoted by N. The upper and lower bounds of the ith design variables are set as
Xlower and X;PP, respectively. In order to evaluate the objective function, the difference norms of the
reference response Py.r and the computed pressure P are evaluated at evenly distributed points in the
objective domain. The choice of the objective domain also affects the optimization result. With a small
domain for €2, it may be difficult to determine the optimal design variables modifying the reflected
acoustic wave as if there were no object. In optimization examples in this article, the domain € is
chosen to cover the fraction of the analysis domain whose length is comparable with the wavelength
of the incoming wave. In real engineering applications, acoustic damping such as porous materials,

METAMATERIAL OPTIMIZATION
Before After
optimization optimization

i | Problem definition |
2 1 Pa !

Computation of

Mi“_[ [P =P [la acoustic pressure
Q l -
I | Sensitivity analysis | Updatt.e iTSIgn
DSHS variable
S
Extended domain™ -1Pa Converge?
—— - 7( ———————————
Pref P * Pref P = Pref

(a) (b)

Figure 2. The optimization formulation: (a) the definition of the objective function; and (b) the optimization process.
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thermal dissipation, viscosity dissipation and nonlinear materials may affect the wave propagation. In
the present study, the effect of acoustic damping is ignored. The present local optimization algorithm
uses a first-order approximation with the function value and its gradient values with respect to the
design variables, and the optimized locations of the DSHS structures are the local optima. The designs
are the local optima from an optimization point of view. Alternative algorithms can be used to obtain
several global solutions. For example, genetic or similar algorithms can be employed. However, they
often require a substantial increase of computation time.

3. Applications

To show the application of the optimization process of the DSHS acoustic cloaking device, this section
provides several optimization examples of acoustic cloaking devices for irregular surfaces. Several
three-dimensional straight and curved surfaces with varying impedance are considered; corrections
or adjustments of their impedance mismatches are difficult to achieve either manually or theoret-
ically. This research suggests applying the structural optimization scheme in (6) to modify acoustic
impedance mismatches in reflected acoustic waves. The finite difference method is employed to com-
pute the sensitivity value and the SQP algorithm in MATLAB® is used to solve the above optimization
problem. As the optimization procedure is carried out with the finite difference method, the opti-
mization procedure takes a long time in the case of multiple metamaterial units. To address this, it is
possible to use parallel computation to accelerate the computation process of the sensitivity values.
With these different height profiles of reflection surfaces, strong acoustic impedance variations
in the reflected acoustic waves are observed. With the present DSHS metasurfaces, the phase shifts
caused by surfaces with random heights are adjusted in order to obtain a reflected wave as if the
surfaces were flat. Compared with the relevant research (Cummer and Schurig 2007; Esfahlani et
al. 2016; Faure et al. 2016; Zhai et al. 2016), the present DSHS cloaking metasurface has the merit
of the easy installation without modification of the surfaces themselves. In addition, to the present
authors’ best knowledge, the application of DSHS for surface cloaking has never been tried before.

3.1. Example 1: optimization of cloaking structure on a flat surface

For the first optimization example, Figure 3 considers the optimization example of Figure 1 with
the structural optimization algorithm; although the illustration is two-dimensional, the simulations
and optimizations are carried out in a three-dimensional domain. Note that the basic dimensions of
the DSHS structures are set to make the first resonance frequency of the DSHS structure 1700 Hz.
In order to evaluate the objective function, the norms of the difference between the target reflected
acoustic response and the reflected pressure computed with a given design is evaluated at 20 by 20
evenly distributed points; the points of the other examples are chosen in the same manner and with
a negligible effect on the optimization results with another set of points sufficiently representing the
acoustic wave. The x- and z-coordinates of the points are chosen as follows:

xp =[0: Ax: W](Ax = W/n, n = 20)

)
Zp = [0:Az: Lobjective](AZ = Lobjective/n> n = 20).

Although the offset value, i.e. 30 mm, can be manually determined by the analytical equation, this
example is devised to show that the present optimization algorithm can find the manually optimized
result, 30 mm, of Figure 1. For an optimization test, the initial offset value is set to 45 mm. After seven
iterations of the present optimization scheme, the final optimized offset value, 29.9656 mm, can be
obtained. Considering the human factor in determining the offset value, this value, 29.9656 mm, is
fairly accurate and accurate enough to correct the reflected acoustic wave. From an optimization
theory point of view, a non-convex optimization problem with several local optima is expected for
the acoustic optimization problem. However, in this particular example with one DSHS structure,
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Figure 3. Optimization of DSHS with the incoming wave (1700 Hz): (a) the geometric parameter of the optimization condi-
tion in Figure 1 (air, W = 30mm, L = 255mm, Lopjective = 120mm, R = 12.5mm, d = 3.1 mm, centre aligned horizontally,
initialoffset = 45 mm, 25 mm < offset < 55 mm); (b) the optimization result for a single DSHS on a plane surface (offsetoptimized =

29.9656 mm); (c) the evolution of the design parameter; and (d) the optimization history—foptimized = 0.3964 (N/m?)?, fyoq =
57414 x 10° (N/m?)2.

the optimization problem becomes convex and the value can be obtained without the local optimum
issue. The optimization history and the evolution of the design parameter can be found in Figure
3(c,d). The present algorithm can also be applied to another frequency case (not presented here).

Figure 4 solves the examples determining the optimized offset values for the three DSHS struc-
tures inside a wide channel with a 1700 Hz incoming wave. Figure 4(a) shows the problem definition
and Figure 4(b) shows the reflected acoustic wave with the same 30 mm offset values as the three
DSHSs. As the domain of this problem is just an extended domain of that in Figure 3, the offset
values of the DSHSs are set at 30 mm in Figure 4(b). The acoustic wave locally reflects around the
DSHS structures increasing the complexity. To investigate the convexity of the optimization prob-
lem, the different initial offset values are tested in Figure 4(c—e). The different optimized offset
values can be obtained, which proves that the optimization problem is non-convex. By comparing
the objective values, it turns out that the optimized objectives (objectivevalues = 0.0172(N/m?)?,
0.000,5699 (N/m?)? and 0.000,6348 (N/m?)?) with the present scheme are better than the design
(objectivevalue = 0.3601(N/ m?)?2) with 30 mm for the offset value in terms of the objective func-
tion. Figure 4(f) shows the responses along the centreline. From an optimization point of view, this
implies that the present optimization formulation has several local optima, unlike the optimization
problem with one design variable in Figure 3. As the metamaterials relying on the resonance have
a narrow frequency range, it is one of the challenging topics to broaden the working frequency. To
address this, it is possible to use multiple metamaterials with different working frequencies.

3.2. Example 2: optimization of cloaking structure on inclined surfaces

For the 1700 Hz incident acoustic wave, Figure 5 shows optimization examples for surfaces inclined
at 10°, 20° and 26.5651°; the angle 26.5651° is chosen considering the geometric constraint. To com-
pensate for the effect of the inclined surfaces on the reflected acoustic wave, three DSHS structures
with resonance frequencies 1700 Hz are installed above the inclined surfaces. Note that, due to the
inclined surfaces, the reflected acoustic waves become more random compared with those from a flat
surface and would not be accurate to apply the manual approach with Equation (5) to determine
the offset values of the DSHS unit structures. Theoretically, as the distance between the inclined
surface and the surface of the input pressure is continuously changing, it is difficult to determine
the offset distances of the DSHS structures. Figure 5(b) shows the optimized layout for 6 = 10°
and its reflected acoustic wave. With 95 mm for the initial offset values, it is possible to obtain
Offset; = 64.9634 mm, Offset; = 66.7263 mm and Offset; = 45.1811 mm. Figure 5(c) shows the
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Figure 4. An optimization example with three DSHS-based metasurfaces inside a channel: (a) problem definition (air, W = 90 mm,
L =255mm, Lopjective = 120mm, d = 3.1 mm, R = 12.5mm, thickness of DSHS = 0.5 mm, x-coordinates of the DSHSs are 15,

45 and 75 mm); (b) the analysis with the three DSHS structures (manualoffset = 30 mm, objectivefunction = 0.3601 (N/mz)z);
(c) Case 1: the optimization result (Offset; = 26.0188 mm, Offset; = 25.0336 mm, Offset; = 38. 0011 mm) with the initial distribu-

tion (O1‘fset”"tIaI 35mm,25mm < Offset; 53 < 40 mm, objectivefunction = 0.0172 (N/m?)2); (d) Case 2: the optimization result
(Offset; = 85.8990 mm, Offset, = 86.1719 mm, Offset; = 85.9427 mm) with the initial dlstnbutlon (evenly distributed horizon-
tally, O1‘fset'1”'2“3aI = 95mm, 16 mm < Offset; 3 < 115 mm, objectivefunction = 0.000, 5699 (N/m?)?); (e) Case 3: the optimization
result (Offset; = 18.5506 mm, Offset, = 74.2574 mm, Offset; = 18.6415 mm) with the initial distribution (Offsethr]'ztl'g" = 55mm,
16 mm < Offset; 23 < 115 mm, objectivefunction = 0.000, 6348 (N/mz)z); and (f) comparison of the pressure distributions.

1 Pa 1 Pa 1 Pa
[ — !
(c) (d)

(b)

Figure 5. Optimization results for the different slopes: (a) problem definition (air, W = 90 mm, L = 255 mm, Lopjective = 120 mm,
d = 3.1mm, R = 12.5mm, thickness of DSHS = 0.5 mm, x-coordinates of the DSHSs are 15, 45 and 75 mm); (b) an optimum
design with # = 10° (Offset; = 64.9634, Offset, = 66.7263, Offset; = 45.1811 mm) with the initial distribution (Oﬁ’set'"'tIaI
95mm,38 mm < Offset; < 115mm,33 mm < Offset; < 115mm,28 mm < Offsets < 115 mm); (c) an optimum design withg =
20° (Offset; = 81.3220, Offset, = 75.6013, Offset; = 79.3568 mm) with the initial distribution (Offset'"'ztgaI =95mm, 48 mm <
Offset; < 115mm, 37 mm < Offset; < 115mm, 26 mm < Offset3 < 115 mm); and (d) an optimum deS|gn with 8 = 26.5651°
(Offset; = 79.2431, Offset, = 68.8249, Offset; = 70.0518 mm) with the initial distribution (Offset'{f'zty'g' =95mm, 70mm <
Offset; < 115 mm, 55 mm < Offset; < 115mm, 40 mm < Offset; < 115 mm).
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optimized layout for & = 20° and its reflected acoustic wave. With 95 mm for the initial offset values,
it is possible to obtain Offset; = 81.3220 mm, Offset; = 75.6013 mm and Offset; = 79.3568 mm.
Comparing the offset values in Figure 5(b), the DSHS structures move up. Figure 5(d) shows the
optimized layout for 6 = 26.5651°. With 95 mm for the initial offset values, it is possible to obtain
Offset; = 79.2431 mm, Offset; = 68.8249 mm and Offset; = 70.0518 mm. Note that, regardless of
the inclination angle, the reflected acoustic waves become similar to those for a flat surface. This
example shows the validity and potential of the present optimization scheme for metamaterials.

3.3. Example 3: optimization of cloaking structures on irregular surfaces

Figure 6(a) shows an optimization example of an irregular surface with three DSHS units and the
reference pressure. Rather than a flat surface, an arbitrarily chosen curved surface is constructed at

f . 1 Pa 1 Pa
objective
X ’ . -1 Pa -1 Pa

No DSHS structure No DSHS structure

—

p=1(Pa)

L

1 Pa 1 Pa 1 Pa

1 Pa -1 Pa -1 Pa
Optimized Optimized
DSHS structure DSHS structure
(a) (b) (c)

/ Wave direction

- =
1 Pa
-1 Pa
—
(30 degrees) without DSHS  with DSHS

(d)

Figure 6. Optimization problem with an irregular surface: (a) problem definition (R = 12.5mm, d = 3.1 mm, thickness =
0.5mm, L = 255mm, W = 90 mm, x-coordinates of the DSHSs are 15, 45 and 75 mm, Lopjective = 120 mm, POSinterpolation =
[(0,0.09), (0.015,0.09), (0.045,0.06), (0.075,0.075), (0.09,0.075)] mm); (b) the reflected pressure without and with the three opti-
mized DSHS structures; (c) the reflected pressure without and with the five optimized DSHS structures; and (d) the oblique acoustic
propagation test.
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the bottom of the surface. The surface projected through thickness is defined by interpolating the
five points Posinterpolation in Figure 6. The reference pressure in Figure 6(a), bottom, is computed
without the interpolated surface. Nevertheless, the curved surface causes complex wave propagation
as shown in Figure 6(b), top, and the determination of the optimized locations of the DSHS struc-
tures becomes more difficult. To the present authors’ knowledge, this kind of complex geometry has
not been considered before this research. As illustrated, the pressure of the optimized configuration
(Figure 6(b), bottom) shows good agreement with the reference pressure (Figure 6(a), bottom). In
addition, the present DSHS structure can be used to cloak random surfaces without modifying the
surfaces themselves. To show the example with an enlarged domain, Figure 6(c) presents the opti-
mization problem with an enlarged irregular surface and five DSHS units. The horizontal size of the
analysis domain is 0.15 m, or approximately 0.75 times the wavelength. As illustrated in Figure 6(c),
the present optimization process works for this enlarged domain.

Acoustic propagation in the y-direction is only considered for analysis and optimization, and it is
recommended to check whether the current metamaterial designs are valid for oblique wave propa-
gation. Note that the acoustic wave propagation in the x- and y-directions can be decomposed. Thus,
it turns out that the present designs work for oblique wave propagation too. For an example, Figure
6(d) shows the reanalysed acoustic wave propagation. As shown, the present designs work for oblique
acoustic wave propagation. In Figure 6(d), with oblique wave propagation, the wave propagation
in the y-direction is cloaked. It is worth noticing that relevant research optimizes acoustic cloak-
ing devices describing their geometry with a Bézier curve and a genetic algorithm (Lu et al. 2018).
The present work also parameterizes the locations of the sphere and these parameters are optimized
using a gradient-based optimization method. The above results prove that it is possible to optimize
the locations and geometries of DSHS-based cloaking devices without deriving the analytical phase
angle shift. The other geometric parameters of the DSHS structures are manually tuned to set their
resonance frequencies to the frequency of the incoming acoustic wave. Additionally, the number of
design variables is limited, so reducing the computational effort of optimization. While it is possible
to optimize the shape or size of DSHS structures systematically, the structural optimization of these
parameters increases manufacturing costs and is not pursued here.

Figure 7 shows another optimization example with the irregular surface defined by

0.06 2 10.015

1Pa 1Pa 1 Pa
-1 Pa -1 Pa | -1 Pa
c) (d)

(2) (b) (

. 27 b 1
z =10.01 x sin |:—x - = (—y+ 1)] +0.025

Figure 7. Example with arandom surface (z = 0.01 x sin(ozﬁx — %(ﬁy + 1)) + 0.025): (a) optimized offset values (Offset;
55.7745mm, Offset; = 71.7798 mm, Offset; = 71.6088 mm, Offset; = 72.9565 mm, Offsets = 77.0368 mm, Offsety
50.0398 mm, Offset; = 70.5377 mm, Offsetg = 62.1797 mm, Offsety = 69.6707 mm, initial design distribution Offseth”_"éa' =
60 mm, 50 mm < Offset;3 < 115 mm.); and (b)—(d) the cross sections of the reflected acoustic presssure at (a).
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and nine DSHS structures. In this example, note that the defined surface is covered by the nine DSHS
structures and, to the present authors’ best knowledge, the conventional approach relying on the the-
oretical formulation bears some limitations in determining the locations of the DSHS structures. The
DSHS structures are evenly distributed on the domain and the heights of the nine DSHS structures
are optimized. By investigating the acoustic pressure at the cross sections in Figure 7(b-d), it turns
out that cloaking devices are obtained. This example proves that the present optimization scheme can
determine an optimal configuration of the present metasurface.

4, Conclusions

This research suggests realizing acoustic cloaking devices for irregular surfaces by solving an opti-
mization problem determining the optimal parameters of the DSHS-based acoustic cloaking struc-
tures. Owing to irregular surfaces, theoretical derivations of reflected acoustic waves are often limited
and it is necessary to rely on numerical analysis and optimization schemes for cloaking devices. Geo-
metric parameters such as height, size or thickness can be set as the design variables; in principle,
any geometric parameter can be used as design variables. By minimizing the norm of the difference
between the acoustic pressure and the reference acoustic pressure by varying the design variables, it
is possible to realize acoustic cloaking devices. In order to show the validity of the present scheme,
several three-dimensional problems were solved. In the numerical optimizations in this article, the
optimization results are numerically better than those of designs optimized manually. In addition,
multiple local optima whose objective values are also better than those of manually determined
designs can be obtained. The optimized designs also cloak for oblique acoustic wave propagation.
The examples show that the present scheme can search the design space in order to determine sev-
eral local optima, and acoustic cloaking devices can be designed successfully. For future research, the
present scheme can be extended for the optimization of metasurfaces.
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