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Abstract

Sound quality is one of the essential criteria for measuring the acoustic performance of acoustic devices. In contrast to the
optimization of sound characteristics, both the quantitative description of sound quality and the numerical instability that
may occur during optimization need to be investigated. In the present work, an explicit topology optimization approach is
proposed to enhance the sound quality of acoustic—-mechanical structures, where the sound quality is described, resorting to
frequency response within a specified frequency band. To this end, the moving morphable component (MMC)-based approach
is adopted to achieve the explicit topology design, and the mixed finite element method is introduced to evaluate the sound
quality. With the use of the explicit description of MMC, the acoustic-structure boundary can be captured accurately, which
is important for acoustic response analysis. Moreover, a regularization topology optimization formulation is also developed
to avoid the numerical issues produced in some special frequency bands. Numerical examples demonstrate the effectiveness

of the proposed approach in improving sound quality performance.

Keywords Acoustic-structure - Topology optimization - Moving morphable component (MMC) - Sound performance

1 Introduction

In recent decades, acoustic performance has been given
wide concern in acoustic device design. For example, the
speaker box is often expected to produce a uniform sound
intensity distribution, headphones are required to have a fre-
quency range close to that of human hearing, and electronic
stethoscopes should reduce the response to outside noise.
A state-of-the-art review of the recent progress in acoustic
devices can be found in [1-4].

Compared with acoustic design in large equipment, the
design in acoustic electronic devices is more complicated
due to the specific design requirements within limited design
space. Topology optimization, which aims to seek the optimal
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material distribution in a specified design domain with pre-
defined constraints, has been applied to not only the design
problems of mechanical structures but also the problems of
structures under the multi-physics field in recent years, such
as the proposed concerned acoustic—-mechanical problems
[5-7]. A large quantity of successful applications of topology
optimization has been reported in [8—11] and the references
cited therein. Unlike pure mechanical structural design, the
acoustic field brings new issues for topology optimization,
such as the difficulty in identifying the acoustic-mechan-
ical interface between the structural and acoustic domains
[12-14]. As the governing equations in the two physical fields
are different, the segregated analysis method is often adopted
for acoustic—mechanical problems, requiring a well-defined
boundary between the acoustic and structural domains [15].
However, it is not a trivial task to satisfy this requirement in
topology optimization. This is because the acoustic—-mechan-
ical interfaces can change dramatically during optimization.
In this regard, combined with the re-meshing technique, the
zero-level set in the level set method can implicitly identify
the acoustic—mechanical boundary for minimizing the acous-
tic response inside the acoustic domain [16—18]. In order to
maximize the first natural frequencies of the acoustic—me-
chanical model, Picelli et al. [19] realized that the element
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could switch between the acoustic domain and the struc-
tural domain by using the bidirectional evolutionary topology
optimization (BESO) method. With the advantage of the
discrete nature of the BESO method, the acoustic—mechan-
ical boundary is defined and updated by discrete 0/1 design
variables during the optimization process [20]. Yoon et al.
[21] modified the material interpolation scheme and used
the two-material rational approximation of material proper-
ties to delineate the distribution of acoustic and structural
materials. Kook [22] used a redefined interpolation scheme
with penalization in the extended BESO method and success-
fully solved the problem. Similar work also appeared in [23],
which obtained smooth acoustic—mechanical boundaries by
presenting floating projection topology optimization (FPTO)
to push the design variables toward O or 1.

However, most studies on acoustic—mechanical problems
focus on minimizing sound field characteristics, such as
sound energy in an acoustic medium [24], sound pressure
level (SPL) at a specified reference point/surface in an acous-
tic medium [25, 26], etc. There is little research on the
optimization of sound quality characteristics of electronic
devices. Actually, for electronic products that rely on acoustic
performance, sound quality is one of the inescapable criteria.
Sound quality refers to the sound from the machine/device
that can reach the permissible values [27]. Generally, for
sound quality optimization, it is expected that the SPL value
is as high as possible but relatively stable in a certain fre-
quency band. Obviously, this objective may cause some new
issues. For example, numerical instability is caused by the
competition among frequency points in the band, leading to
non-convergence of the optimization results. Another issue
is the computational effort problem. When the SPL optimiza-
tion problem is solved by associating with the frequency
band, the piecewise objectives may cause a large amount
of unexpected computational cost. (The acoustic optimiza-
tion problem is solved at each frequency point in the band.)
Additionally, due to the existence of multifrequency points,
the problem is more sensitivity to the acoustic-mechanical
boundary, which means small boundary perturbations may
cause large changes in the value of the objective function.

In this paper, the moving morphable component (MMC)
approach [28] is adopted for the optimization of sound qual-
ity. The MMC method is a new topology optimization method
that has been applied to various problems [29-33] due to its
advantages such as explicit geometric description and fewer
design variables. Similar approaches can also be found in
[34-36]. For the acoustic problem concerned in the present
work, the structural components in MMC are regarded as
acoustic channels filled with acoustic media, and the parts
outside the acoustic channels are defined as solid materials.
Under this circumstance, the boundary between the acoustic
domain and the structural domain can be well represented
by the explicit geometric description of MMC. To address

the issue of defining the material properties of an acoustic-
structural cutting element in analysis, a mixed finite element
formulation is applied, which realizes the transition between
the acoustic domain and the structural domain. Furthermore,
a parallel calculation program is introduced to improve cal-
culation efficiency. Finally, a regularization formulation is
proposed to improve the stability of the optimization prob-
lem.

The remainder of this article is organized as follows:
Section 2 briefly discusses the problem of topology opti-
mization on acoustic—mechanical structures under the MMC-
based solution framework. Section 3 gives the numerical
implementation issues in detail. In Sect. 4, some examples
validate the effectiveness of the proposed method. Finally,
some concluding remarks are presented in Sect. 5.

2 The Formulation for Acoustic-Mechanical
Topology Optimization

In this section, the topology optimization formulation for the
acoustic—-mechanical interaction problem under the MMC-
based framework is briefly introduced first. Generally, topol-
ogy optimization for acoustic—mechanical problems aims to
find the optimal material distribution of the acoustic medium
in the prescribed design domain, allowing the device to
achieve a certain acoustic performance (as shown in Fig. 1a).
In the present work, our purpose is also to find a kind of acous-
tic medium distribution of effective acoustic channels (i.e.,
components in the MMC method) to improve sound qual-
ity. The final optimal channels can be generated through the
movement, morphing, and overlapping of the components.
The basic idea of the MMC-based acoustic—mechanical opti-
mization problem is illustrated in Fig. 1b.

2.1 The Basic Idea of the MMC Method
for Acoustic—Mechanical Topology Optimization

Under the MMC framework, the geometry and topology of
an acoustic structure composed of channels can be expressed
by the topology description function (TDF) [28] as follows:

px) >0 xe
p(x)=0&x€df2 D
P(x) <0 & x € DN\S2

where D, is the given design domain; £2 C D, is the acous-
tic medium region, which should be composed of several
channels, and ¢(x) is the TDF of the entire acoustic space
calculated with the use of ¢ = max(¢y, ---, ¢n). Actu-
ally, ¢; represents the TDF of the ith component, and can
be expressed as
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Fig. 1 a The basic idea of topology optimization for acoustic-mechanical structures, b the basic idea of topology optimization for acoustic—me-

chanical structures via MMC

x-, y-, and z-directions of the i -th channel, respectively. Here,

x/ " y’ m we sethl(xl> = Ll.z, hz(x/> = Ll.3, and (xo;, Yoi, zoi) as the
¢i (v v, =1- L_zl B <h1 (x/)> coordinate of the center point of the i-th channel. R is the
2 m rotation transformation matrix calculated by
— | ——— ] (for 3D case)
(hz (E y/)) 2
cos B cosb; — cos §; sin 6; sin B;
R = | sinq;sinB; cosf; +cosq;sinf; — sing; sin B; sin6; + cos «; cos 0; — sin ¢ cos B; @)

— cosa; sin B cos6; + sinq; sin#; cos; sin B; sin; + sinw; cosd;  cos ; cos B;

with
! X — Xoi
Y =Ryy—yo (3)
7/ Z— 20

where m is a large integer number (m=6 is used in the
present work). Taking the 3D acoustic channel for exam-

ple, Ll.l, hi (x/), and hy (x/> represent the half -lengths in the
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where ¢;, B;, and 6; are the rotation angles of the i-th channel
from the coordinate system Oxyz to the coordinate system
0'x' ylz,. Therefore, the design variable vector of the compo-
nent (acoustic channel) (as shown in Fig. 2) can be expressed
as

¢ = (xO, yO, ZO9 L19 L27 LS’ SOM sﬁ’ S0> (5)

where s, = sina, sg = sinf, sp = sin6.
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Fig.2 A three-dimensional acoustic channel (component)

Based on the above idea, the optimization problem can be
expressed as follows:

T
Find:c:(c]T,~-~,cT)

n

Minimize : I = I(c¢)

S.t.

Kd=f (©)
V(c) < VD,

¢ C U

d=d, only

where ¢;, i = 1, -- -, n represents the design variable vec-

tor of the i-th component; I/, is the admissible set allowed
that ¢ belongs to; K is the global stiffness matrix of the
acoustic—mechanical problem; d is the structural response
that includes mechanical and acoustic fields, respectively;
f is the load vector; and Vv represents the volume fraction
between 0 and 1.

2.2 Topology Optimization of Sound Quality
Problem

For the traditional frequency point-based SPL maximization
problem, the objective functional in Eq. (6) can be expressed
as

It = —Ipilly, Vi € [fi, ful (N

where p; represents the frequency response obtained at fre-
quency i dropping in the frequency band [ fi, fu]. It can be
observed that /] intends to optimize a singular point. While
in the sound quality optimization problem, the SPL response
in the whole frequency band should be considered. Thus, the
corresponding objective functional is written as

L= pi pjly Vis i €A, fil ®)
where || p;, pjll, represents a kind of measure of the dif-
ference between p; and p;. Actually, with the use of I, it
can promote the values of the frequency response uniformly
within the band [ f}, fu]. However, it is still insufficient for
sound quality optimization. Thus, the functional /> is further
combined with /7 as

13 = 7712"' Il = 77||pz» p]||2_||pk”29 Vl? j7 k € [.fla fu]
©))

where 7 is a coefficient to control the magnitude of the uni-
formity of the frequency response in the band. Obviously, I3
will uniformly adjust the values of frequency response and
maximize them all simultaneously.

2.3 Regularized Formulation

As with the traditional frequency response optimization
problem, when the concerned frequency is close to the res-
onant point, numerical instability may occur. In order to
overcome this numerical issue, structural global mechanical
performance criteria are often introduced into the optimiza-
tion formulation to suppress numerical oscillations [39, 40].
In the present work, a similar idea is also adopted to regular-
ize the solution space. Equation (6) with objective functional
I3 is further improved as

Find : ¢ = (c]T, ce c,I)T
Minimize : I3 = | pi, p; ”2 — Ilpell2

S.t.

K(o)d = f (10)
—lpe(©)l2= €

V(e) < VD,

cCU,

d=d, on Iy

where p;(c) is the frequency response at a fixed frequency,
which should be indicated; and C is a predefined value. In
this work, the frequency ¢ is the median of the concerned
frequency band considered in the optimization problem.

3 Numerical Solution Aspects

3.1 Acoustic-Mechanical Finite Element
and Material Interpolation Scheme

Ignoring the damping, the global stiffness matrix of the

acoustic—mechanical structure coupling system in Eq. (6) can
be expressed, with reference to [5], as

K., _szuu _Kup u( fu (11)
_ ZKT K _ ZM - f
Pa0™ R, pp — W Mpp || P p
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with
Kuu :f(VNS)TDSVNSdQS (12)
2
M, = pS/NSTNSd.QS (13)
2
Kup = / NS nN,dIy, (14)
FYH
Kpp :/(VNL,)TVNad.Qa (15)
2
My, = é/NaTNad.Qa (16)
2

where w = 2m f is the angular frequency; p, and p; denote
the material densities in the acoustic domain and structural
domain, respectively; K, and M, are the structural stiff-
ness matrix and mass matrix, respectively; K ,, and M ), are
the acoustic stiffness matrix and mass matrix, respectively;
K, is the coupling matrix; u is the displacement vector; p
is the sound pressure vector; f, is the load vector; f p 1s the
acoustic force vector; Ny and N, are the shape functions for
the structural domain and acoustic domain, respectively; Dy
represents the constitutive matrix for isotropic material; ¢, is
the speed of sound; and n is the normal vector on the coupled
interface.

Therefore, the dynamic equilibrium equation of the acous-
tic-mechanical coupled system can be simplified as

Kd= f (17)

—K, } as)

8
p

fu 2
= O

With the use of the ersatz material model [41], the bulk
modulus «¢ and density p¢ associated with an element can
be interpolated as

6 — <K1—Kz>zﬁ‘zl(H(¢f>)" + i 1)

_ 4 )4
R CIET) ¥R GICH) (22)
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where k1 and p; are the bulk modulus and density of the
acoustic material in the acoustic domain, respectively; k> and
p2 are the bulk modulus and density of the structural material
in the structural domain, respectively; and ¢f, i=1,---,4
are the values of the TDF associated with the four nodes of
an acoustic element e. In this work, ¢ = 6.

3.2 Approximation of the Maximum SPL Frequency
Response

As discussed in the previous subsection, the objective func-
tional I3 serves two purposes. Obviously, it is impossible to
achieve piecewise maximization at all points. Therefore, the
piecewise response is replaced by the following maximum
response in p-norm form,

I =n|pi. pjly = Ipelly = 0| I, 1|, — 1 (23)

with
; 1
Ju . 4
pmax — (Zf (1;)P> (24)
i=fi

where p is a penalty factor (p = 6).
3.3 Sensitivity Analysis

By constructing the Lagrangian function, the objective func-
tional /1 in Eq. (7) is equivalent to

It =1 —x(Kd — f) —AQ<I_(’EI—T) (25)

where A1 and X, represent Lagrange multipliers. The deriva-
tive of I regarding design variable x is
It an

0K od of
—=— — A — )Jd -1 K| — |+ A —
0x 0x 0x 0x 0x

OK\- . —(oad af
—Az(—)d—lzK(—) +)L2—f (26)
0x 0x 0x

Suppose the load vector f is independent of the design

variables x, we have % = 0Oand g = 0. Therefore, Eq. (26)
can be simplified as

Y= (g -k (3) - A2<%)E— xﬁ(%)
(27)

The Lagrange multipliers A; and A, should satisfy the
following boundary value problem

MK (54 + »j(%) =30 (28)
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The derivative of I] regarding x is

on _ _god _ god (29)

MK = —d = Ao (30)

Al =A2 3D
Thus, Eq. (27) can be rewritten as

oL - —2Re<k1 aKd) (32)

where Re (.) represents the real part of a complex number.
When /I3 in p-norm form is concerned, the derivative of
15 regarding x is

a] almax almax
om0 3 (- ) (- 2B -

i=fi
with
f g
5 7max u N\ p P u \p—10aIi
o (far) E(ars) o
i=fi i=fi
and
ol ; .
S = —2Re(12fea;), vi e £, fu) (35)
In Eq. (32), we have
aI<uu ZaMuu aKu
&: ax @ Tax o Bxp (36)
dx 28Kup aKPP ZaMPP
~Pa@ dx ax - dx

Since the topology design variable x only affects the
acoustic elements, Eq. (36) can be simplified as

aK 0 0
9% = |, 0K,, zaM,,:| 37)
} |:0 Bx” - Bx”
Under the MMC framework,
0K, _ 20M NE 4 q—10H ()
e o B (T ety D
e=1li=1
2
(K;p - MZP)
(33)
where Kpp, e=1,---,NE and Mf,p, e=1, , NE are

the stiffness matrix and mass matrix of the acoustic element

v
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Fig.3 Topology optimization process of acoustic-mechanical struc-
tures under the proposed MMC framework

corresponding to ¢¢ = 1, respectively. NE is the total num-
ber of acoustic elernents in the acoustic design domain. The

(¢)

calculation of can be found in [41].

3.4 Parallel Algorithm

As mentioned in the previous sections, sound quality opti-
mization is to optimize the SPL frequency response across
the whole concerned frequency band. Therefore, the paral-
lel computing technique is adopted to reduce computational
efforts. In the present work, the Parallel Computing Tool-
box integrated into the MATLAB software [42] is called to
calculate both structural response and sensitivity analysis at
each frequency point. Once the sensitivities are obtained,
the method of moving asymptotes (MMA) [43] is adopted
to evaluate and update the design variables. The topology
optimization process of sound quality under the MMC frame-
work is shown in Fig. 3.
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4 Numerical Examples

In this section, several examples are provided to demonstrate
the effectiveness of the proposed method. Four-node square
elements are used for the finite element discretization in 2D
examples’ examination. While in the 3D example, eight-node
hexahedral elements and tetrahedral elements are adopted for
discretizing the design domain and non-designable domain,
respectively.

4.1 Loudness Optimization

First, a 2D rectangular cavity structure with loudness opti-
mization at a single frequency point is solved for numerical
performance testing purposes. As shown in Fig. 4, the domain
0f20.2 mm x 10 mm is divided into the structural domain and
the acoustic domain. The left part of the structural domain
(0.2 mm x 10 mm) is filled with solid material, while the rest
part of the acoustics domain (20 mm x 10 mm) is filled with
acoustic material. A horizontal uniform load with a mag-
nitude of | f|= 1 N is applied to the structure. The upper
and lower boundaries of the structural domain are defined
as fixed boundaries, while the upper and lower boundaries
of the acoustic domain are defined as sound hard bound-
aries. Plane-wave radiation is applied to the right boundary
of the acoustic domain. The middle region filled with acoustic
material is defined as the design domain (10 mm x 10 mm),
where channels can be generated. Point A is selected as the

reference point. Table 1 shows the parameters of the mate-
rials used in the problem. Acrylic plastic is selected as the
solid material in the structural domain, while materials 1 and
2 in the acoustic domain are air and aluminum, respectively.
The acoustic non-designable domain is filled with air. A uni-
form mesh of 202 x 100 is adopted for the whole structure
discretization.

In this example, we intend to minimize the value of [
at a single frequency point referring to point A with a vol-
ume constraint. The concerned frequency in Eq. (6) is set to
f=7000 Hz, and the volume fraction of the acoustic mate-
rial V is set to 0.8. Figure 5a shows the initial distribution
and final optimized design of the acoustic channels. Here, the
components are made of material 1 representing the channels
(air), and the rest region is made of material 2 (aluminum).
In the final optimized design, two channels are generated.
On the left side of the design domain, two small holes are
first generated to receive sound. Then, the size of the chan-
nels becomes wider and wider from the left side to the right
side to produce a trumpet shape. The shape can make the
sound waves converge at reference point A and effectively
increase the SPL. Figure 5b shows the iteration history of
the objective function and the corresponding volume frac-
tion constraint. It can be noted that the optimization process
is relatively smooth, which is in favor of converging to the
optimized value (at about step 180).

The comparison of SPL distribution between the origi-
nal design and the optimized design is shown in Fig. Sc.
Figure 5d shows the comparison of SPL curves for the
original and optimized structures in the frequency range of
1000-10000 Hz. It can be observed that the SPL is increased
to 106.33 dB from 102.89 dB at the concerned frequency
point (i.e., f=7000 Hz).

4.2 Sound Quality Optimization

The same problem exhibited in Fig. 4 is resolved through
sound quality optimization (i.e., I3 and /3). The concerned
frequency band is set to 6000-8000 Hz, and the volume frac-
tion V is set to 0.7. Five concerned frequency points are
selected within this range (i.e., 6000 Hz, 6500 Hz, 7000 Hz,

Table 1 Material parameters of

structural domain and acoustic Material properties Young’s modulus Poisson’s ratio  Density Bulk modulus
domain (GPa) (kg /m3) (GPa)
Structural domain 32 0.35 1190 -
(acrylic plastic)
Acoustic domain - - 1.204 142 x 107
material 1 (air)
Acoustic domain - - 2650 68.9

material 2
(aluminum)

@ Springer
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7500 Hz, and 8000 Hz). If I, is used as the objective function,
then the optimization will result in a design domain that is
filled with pure solid material. Although this result can make
the value of objective function I, optimal, it goes against our
original optimization purpose.

Next, the objective function I3 is adopted in the regular-
ization formulation (i.e., Eq. (10)) with coefficient n=0.3 (a
relatively large value of n may impede the optimization of
I"®). The upper bound of the regularization constraint is set
to C=— 30.25 (case I) and C=— 20.25 (case II) for compar-
ison purposes. The optimization results of the two problems
are given in Fig. 6a. In both results, two narrow channels
can be observed clearly. However, with the decrease of C,
the two channels tend to merge and produce a horn shape
(case I), which is more effective in improving the SPL to sat-
isfy —|| p7o00(c) |l < C. Simultaneously, the values of SPL
of all points in the band [6000 Hz, 8000 Hz] are increased
in case I. While in case II, the width variation close to the
left and right sides of the channels is not obvious. Although
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f=7000 Hz: original design (up) and optimized design (down), d SPL
curves for original design and optimized design of the 2D cavity struc-
ture ([1000 Hz, 10,000 Hz])

the capability of this kind of distribution in improving the
maximum value of SPL is limited, it is more sensitive to
decreasing the difference in the value of SPL between each
pair of frequency points. Figure 6b shows the iteration history
of the objective function and the constraint function. The SPL
curves provided in Fig. 6¢ illustrate the above explanations.
It can be observed from the curves that the maximum value
of SPL of case I is increased to 114.03 dB from 105.69 dB
(pure air design) at f=6000 Hz (107.10 dB in case II). Even
at f=8000 Hz, the SPL is increased to 103.71 dB from
100.62 dB (100.28 dB in case II). However, the gap between
the points (f=6000 Hz and f=8000 Hz) is 10.32 dB in case
1(6.82 dB in case II).

4.3 Sound Quality Optimization of the 3D Cavity
Structure

To further explore the numerical performance of the pro-
posed approach, the sound quality optimization problem of
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Fig.6 a The final optimized designs and the corresponding distribu-
tions of SPL (dB) of the 2D cavity structure: C=— 30.25 (up) and C=—
20.25 (down), b the iteration history of the objective function and the

a 3D cavity structure is solved. Figure 7a shows the geom-
etry of the cavity structure. The acoustic cavity structure is
composed of a cavity and a vibrating plate with a size of
12 mm x 5 mm x 0.3 mm. The four surfaces (i.e., 51, $2, 53,
and s4) of the plate are fixed. A uniformly distributed load
is applied to the plate with a magnitude of | f|= 1 N. The
acoustic design domain is located at the upper part of the
cavity structure with a size of 16 mm x 8§ mm x 1.5 mm.
The reference point A is positioned within the hemispherical
acoustic field and is 25 mm away from the cavity. Spheri-
cal wave radiation is applied to surface s5. Surface s¢ is the
acoustic—mechanical coupling boundary. All the remaining
acoustic boundaries are sound-hard. The same acoustic mate-
rial used in the previous examples is adopted. To facilitate
finite element calculation, the acoustic design domain uses
regular hexahedral elements with a size of 0.25 mm, and the
non-designable domain uses irregular tetrahedral elements.
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The corresponding mesh is displayed in Fig. 7b. This example
intends to improve the sound quality in [7000 Hz, 10,000 Hz]
using the optimization formulation of Eq. (10) with objective
I3 without regularization and a coefficient of n = 0.17.

Figure 8a shows the initial acoustic channels and the topol-
ogy of the cavity structure, which are obtained by importing
the optimized geometry into CAD software. It can be noted
that the acoustic materials are distributed to form a slope
plate, which effectively concentrates the sound waves from
the sound source to the target reference point. Figure 8b
shows the corresponding SPL distributions for the pure air
design and the optimized design of the 3D cavity struc-
ture at 7000 Hz. The improvement of the sound quality
can be observed from the SPL frequency response curve in
Fig. 8c, where the SPL amplitudes at each frequency point
are increased clearly (from 83.02 to 91.13 dB at 7000 Hz and
from 78.34 to 82.54 dB at 10,000 Hz).
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Fig.7 a A 3D cavity structure, b finite element mesh of the entire model

5 Conclusion

In the present work, an explicit topology optimization method
is proposed for improving the sound quality of acoustic
cavities in acoustic—mechanical structures. Sound quality
optimization is realized by optimizing the SPL of multi-
ple frequencies simultaneously. A regularization formulation
is also proposed to improve the numerical performance of
the approach. Numerical examples show that sound qual-
ity optimization may impede the SPL increase in some
cases. Therefore, the present optimization problem cannot
be solved by only taking SPL maximization into consid-
eration. The research results in this work are applicable to

N\ Loe

/]
Wi
Xix

L&

acoustic device design, such as speaker boxes, headphones,
and electronic stethoscopes. However, only the frequency
band of the examples is set in the high-frequency band.
This is because multifrequency or full-frequency problems
require a frequency sweep calculation, and the computa-
tional effort is relatively large. (The frequency points in the
entire range should be seriously considered.) New solution
techniques such as parallel techniques or data-driven compu-
tational methods need to be developed. In addition, the results
obtained are only illustrated by numerical tests, which need
to be supported by experimental measurements. We plan to
carry out relevant research in this direction.

@ Springer
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Fig.8 a The initial design of 3D acoustic channels and the optimized
acoustic structure (components’ plot and CAD plot), b distribution of
SPL (dB) of the 3D cavity structure at f=7000 Hz: original design
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