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ABSTRACT Focusing systems that consist of acoustic lenses exhibit higher controllability and focusing intensity 
when manipulating sound waves. Different parameters have different effects on the performance of the acoustic 
lens, so analyzing a variety of parameter combinations for the acoustic lens is difficult because of the complexity 
of the test. Therefore, we report an analytical method for studying the focusing performance of different factors on 
acoustic lenses at different levels, and the influence degree of each factor is investigated through range analysis. 
Results show that the factors that have the most significant influence on the focusing intensity, focal-area dimen-
sions, and focal length are the incident sound field’s pressure P0, cell dimension c, and cell edges k, respectively. 
Moreover, the effects of other parameters, including the biased incident-wave angles, are obtained and analyzed-
through finite-element simulations. After analyzing and comprehensively comparing the influences of various pa-
rameters, the optimal parameter combination is obtained to achieve the best focusing performance of an acoustic 
lens. The experimental results show that the focusing intensity of the optimized acoustic lens is nearly 90% higher 
than the non-optimized one, which proves the effectiveness of the orthogonal test-optimization method in this pa-
per. 
 
INDEX TERMS Acoustic lens, focusing intensity, orthogonal test, focal area dimensions 

 
 
 

I. INTRODUCTION 
When a sound wave is used as an information carrier or 

energy-orientation method, its energy gradually attenuates 
during propagation. Therefore, we must use different tech-
nical methods to focus sound waves to efficiently utilize 
sound energy [1-5]. Acoustic lenses can focus the energy of 
sound waves in a relatively small space, which is a region 
with high energy density. Acoustic focusing that is achieved 
by acoustic lenses has higher efficiency and controllability 
than self-focusing and phased-array-focusing methods [6-9]. 
Therefore, acoustic lenses are widely used in the field of non-
destructive testing (NDT) and medical treatment [10-13]. As 
the accuracy of non-destructive testing and the resolution re-
quirements of medical ultrasound imaging have increased in 
recent years, the focusing intensity, accuracy, and control ca-
pabilities of acoustic lenses have also been improved [14-19]. 

According to the literature in the field of ultrasonic com-
posite acoustic lenses, different cell shapes and structures 
have been studied to improve the focusing performance of the 

lens, including rigid cylinders [20-23], Helmholtz resonators 
[24-26], cross structures [27-29] and concentric rings [30]. In 
a study of a rigid cylindrical acoustic lens that was based on 
the genetic algorithm and Bragg reflection [31], A. 
Hakansson simulated acoustic lenses of different sizes, fre-
quencies, and focal lengths by changing the arrangement and 
combination of rigid cylinders in space [32]. This paper con-
cluded that high frequency and small focal length could in-
crease the focusing capability of acoustic lenses. Although a 
rational arrangement of rigid cylinders can effectively control 
the propagation direction and focal position of acoustic waves, 
such a lens structure cannot achieve three-dimensional focus-
ing, and the total volume fraction is large, which increases the 
difference between the acoustic impedance and the medium. 
Therefore, the focusing performance of an acoustic lens with 
rigid cylinders is relatively weak. Helmholtz resonators, 
which are a component of acoustic lenses, have a broader ef-
fective refractive index and can reduce the impedance mis-
match compared to a rigid cylindrical acoustic lens. Although 
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a Helmholtz-lens structure has been proven to exhibit better-
focusing capability and a smaller focusing length, its complex 
asymmetric structure poses difficulties during precision ma-
chining in actual manufacturing. 

In a study of unit cell shapes, Dennis Li used the shape of 
different scattering elements as a variable parameter based on 
the genetic algorithm to obtain the expected high refractive 
index and low impedance mismatch [33]. However, the opti-
mized acoustic lens structure that is obtained from this ge-
netic algorithm is relatively complicated and can only be used 
in experiments through mandatory approximation. Moreover, 
a “+”-shaped cross (CS) cell structure has high effective den-
sity and low total volume fraction, so higher focusing inten-
sity and lower impedance mismatch can be achieved [34]. A 
recent study showed that cross-shaped single-phase units with 
subwavelength size could successfully achieve 3D underwa-
ter focusing because of anisotropic dispersion in the first band 
[29]. Although such an acoustic-lens structure can achieve 
three-dimensional focusing, whether the structure of the 
acoustic lens is optimal considering various parameters was-
not studied. From the existing literature, the effects of differ-
ent parameters on the performance of acoustic lenses have not 
been fully investigated, even though the structures of acoustic 
lenses have been continually improved to increase their fo-
cusing capabilities. Furthermore, the dimensions of the focal 
area should be reduced to meet the requirements of high-pre-
cision defect detection and tumor treatment. Therefore, we 
must comprehensively consider the optimal sound-field in-
tensity, focal-area dimensions, and focal length of acoustic 
lenses under a combination of different influencing factors. 

In this work, the influence degree of design parameters is 
investigated to improve the performance of an acoustic lens. 
The eight selected parameters of the lens are the lattice con-
stant a, cell dimensions b and c, concave depth r, cell edges k 
(triangular, quadrilateral, and hexagonal structures), fre-
quency f, incident sound pressure P0, and lens height hl. Be-
sides, the test results are the wave intensity M, effective hor-
izontal width Lh, effective vertical width Lv, and focal length 
lF. The outline of this work is as follows. First, the configura-
tion of different acoustic-lens structures is proposed, and sim-
ulation analysis with the finite-element method (FEM) is per-
formed for triangular, quadrilateral, and hexagonal cell struc-
tures. Next, an L27(38) orthogonal table is determined accord-
ing to the selected parameters and levels, and the range anal-
ysis is processed by using the above simulation method; thus, 
the effects of different parameters on the wave intensity, ef-
fective horizontal width, effective vertical width, and focal 
length can be obtained. Then, the effect of the incident wave’s 
angle is studied, and the optimal combination of parameters 
is selected through a comprehensive analysis of the orthogo-
nal test results. Finally, the focusing performance of the opti-
mized acoustic lens is verified by experiments.  

 
 
 
 
 
 
  

II. CONFIGURATION AND SIMULATION ANALYSIS 
 
A. CONFIGURTAION OF ACOUSTIC LENS 

Since the acoustic lens aims to have good focusing perfor-
mance, high effective densities, and low effective bulk mod-
ulus are required [28]. For an acoustic lens, the size and struc-
ture of the unit cell, as well as the cells’ arrangement, will 
affect the characteristics of the lens. In this work, the unit cells 
of the triangular, quadrilateral, and hexagonal concave-cross 
(CC) structures are used to analyze the effect of different cell 
structures on the focusing capability of the acoustic lens, as 
shown in Fig. 1. 

Figs. 1(a-c) show different cell structures, where a is the 
lattice constant, b and c are the cell dimensions, r is the con-
cave depth. Although the side length is set to a/2 for a hexag-
onal unit cell, its average size is still approximately a, similar 
to those for other cell structures. Fig. 1(d-f) show the arrange-
ment of the cells, and Fig. 1(g-i) are the 3D model of the 
acoustic lenses, where hl is the lens height.  

 
B. SIMULATION ANALYSIS 

To investigate the performance for different lenses, COM-
SOL software is used to simulate the distribution of the sound 
pressure, which was theoretically proposed and experimen-
tally verified previously [27]. The conservation of momentum 
and mass equations utilized in the simulation are shown as 
follows [35]. 

 
where v is the velocity vector, p is the wave pressure, B(r) 

is the relative bulk modulus and ρ is the relative density tensor. 
For simplification purposes, B0 and ρ0 use the parameters of 
water. The incident wave is applied as the plane wave that 
propagates along the x-direction in the simulation. The press 
ure acoustics, frequency domain interface is used to simulated 
the sound field, and sound hard boundary is used where the 
normal component of the acceleration (and thus the velocity) 
is zero. In the experiment, a point source is used to generate 
spherical waves and placed 200 mm away from the composite 
lens. The spherical waves can be approximated as plane 
waves when kr≫1, which was proved by the experimental ap-
proximation [29]. To avoid the wave reflection from the 
boundaries, Perfect Matching Layers (PMLs) are utilized on 
the boundaries of the model. Also, the thermal effect and fluid 
flow of low-viscosity fluids can be omitted because the prop-
agation medium of ultrasound is quasi-static water. 
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FIGURE 1. Configurations of acoustic lenses. (a, d, g) are the 
structure, arrangement and 3D model for a triangular CC cell, re-
spectively; (b, e, h) are the structure, arrangement and 3D model 
for a quadrilateral CC cell, respectively; (c, f, i) are the structure, 
arrangement and 3D geometric model for a hexagonal CC cell, 
respectively. 

 
Figs. 2(a-c) show the simulation results for three cell struc-

tures, and the same legend color bar is used to represent the 
sound field intensity values of different lens structures. To 
achieve a valid comparison of the sound fields for different 
lens structures, the other variables in the simulation are fixed 
as: a=12 mm, b=2 mm, c=2 mm, r=0.8c, frequency f=20 kHz, 
P0=10 Pa, and hl=500 mm. For the definition of the coordi-
nate axis, the horizontal symmetry axis of the acoustic lens is 
set to the x-axis direction, and the vertical symmetry axis of 
the acoustic lens is set to the y-axis direction. Moreover, the 
center of the acoustic lens is set to the origin of the coordi-
nates. The plane waves with a sound pressure of P0 are inci-
dent from the left side of the acoustic lens along the positive 
direction of the x-axis. The single unit cell on the left is a par-
tially enlarged view of the green dotted line of the acoustic 
lens in Fig. 2. Fig. 2(c) shows that the hexagonal CC structure 
has the best focusing capability of sound waves. 

 

 
FIGURE 2. Wave intensity distributions for different lens struc-
ture: (a) lens with triangular CC cells; (b) lens with quadrilateral 
CC cells; (c) lens with hexagonal CC cells. 

 
Wave intensity distributions of Fig. 2(a-c) along x and y 

axis are shown in Fig. 3(a, b), and k=3, 4 and 6 refer to trian-
gular, quadrilateral and hexagonal CC cell, respectively. It 
can be seen that the hexagonal CC structure with a peak value 
of 1.89×10-4 W/m2 has the highest focusing intensity, and the 
triangular CC structure (1.11×10-4 W/m2) and the quadrilat-
eral CC structure (0.84×10-4 W/m2) follow in order. Moreo-
ver, the focal length lF of the acoustic lens is defined as the 
distance from the center of the acoustic lens to the highest 
sound field intensity position. Therefore, the focal lengths for 
different lens structures can be obtained. Since the sound field 
inside the acoustic lens has a strong oscillation, it is then omit-
ted in Fig. 3(a). In this work, the effective focal area dimen-
sions are defined as the area with the wave intensity higher 
than 80% peak value, which is shown as the gray areas in Fig. 
3(a, b). The effective horizontal width Lh is shown in Fig. 
3(a), and the effective vertical width Lv is shown in Fig. 3(b). 
Therefore, the peak wave intensity, focal area dimensions, 
and the focal length can be obtained in the simulation. 
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      (a) 

 
      (b) 

FIGURE 3. Wave intensity distributions along (a) x-axis; (b) y-axis, 
and k=3, 4 and 6 refer to triangular, quadrilateral and hexagonal 
CC cell, respectively. Areas greater than 80% of the peak are in-
dicated in gray, and the effective horizontal width is Lh, the effec-
tive vertical width is Lv. 
 

 
III. ORTHOGONAL TEST AND ANALYSIS 
 
A. TEST DESIGN 

Orthogonal test design refers to a design method that stud-
ies multi-factors and multi-levels. Based on the orthogonality, 
some representative points are selected from the comprehen-
sive test, and these representative points were uniformly dis-
persed and neatly comparable. [36] The orthogonal table is 
used as the primary tool of the orthogonal test, and its selec-
tion depends on the number and level of factors in the test, 
then the representative points are selected from comprehen-
sive tests. The method of replacing large-scale tests with very 
few tests will significantly improve the efficiency of scientific 
analysis [37]. Therefore, as an effective multi-factor experi-
mental design method, the orthogonal test method is chosen 
in this paper to analyze the focusing performance for acoustic 
lenses with different structures. 

Of all the impact factors, lattice constant a, cell dimension 

b, cell dimension c, concave depth r, lens height hl and cell 
edges k are selected because the cell structure will strongly 
affect the focusing capability of an acoustic lens, and other 
external factors such as frequency f and incident wave pres-
sure P0 are also considered. Levels of eight factors should be 
controlled within a reasonable range. The three levels of lat-
tice constant a are 12, 14, and 16 mm, so the cell dimensions 
b and c should be less than or equal to 3 mm (1, 2, and 3 mm). 
In order to reasonably determine the concave size r, a propor-
tional method is used and its levels are 0.6c, 0.8c and c. In 
this study, the focusing capability of three different acoustic 
lenses is studied. Different structures are defined by the num-
ber of cell edges k, which are 3, 4, and 6. To obtain the work-
ing frequencies, the band structure of each lens is calculated 
by the eigenvalue analysis using FEM according to the Flo-
quet- Bloch theorem [38]. Therefore, working frequencies be-
low 50 kHz can be selected, so the three levels of frequency f 
are 16, 20 and 24 kHz. Moreover, the three levels of incident 
wave pressure P0 are 5, 10 and 15 Pa, and the three levels of 
lens height hl are 300, 400 and 500 mm. As discussed above, 
an L27(38) orthogonal table including eight factors and three 
levels is shown in Table I. 

 
TABLE I 

FACTORS AND LEVELS OF THE ORTHOGONAL TEST 
 

No. Factors Level 1 Level 2  Level 3 
A Lattice constant a 

(mm) 
12 14 16 

B Cell dimension b 
(mm) 

1 2 3 

C Cell dimension c 
(mm) 

1 2 3 

D Concave depth r 
(mm) 

0.6c 0.8c 1c 

E Cell edges k 3 4 6 
F Frequency f (KHz) 16 20 24 
G Incident pressure P0 

(Pa) 
5 10 15 

H Lens height hl (mm) 300 400 500 
 
For an acoustic lens, a maximum sound intensity, a mini-

mum focal area, and a suitable focal length are always ex-
pected. Because a higher sound intensity is beneficial to high-
resolution imaging and high-efficiency medical treatment, 
which are the main applications of the acoustic lens. Moreo-
ver, a larger focal area will reduce defect identification accu-
racy in non-destructive testing (NDT). Also, the requirement 
for focal lengths of acoustic lenses is different in specific ap-
plications. Therefore, the wave intensity M, effective hori-
zontal width Lh, effective vertical width Lv and focal length lF 
are selected as the results for the orthogonal test. 

 
B. RESULTS AND RANGE ANLYSIS 

 
Based on the simulation method and the L27(38) orthogonal 

table, results are calculated and obtained in Table II. By ana-
lyzing the results of these 27 orthogonal tests, it is possible to 
replace all of the 6561 tests. To evaluate the influence degree  
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FIGURE 4. The average value of per level for each factor. 

 
 
of nine factors on test results, a range analysis of the or-

thogonal method is necessary. In the calculation of the range 
analysis, the average Kzn and the influence degree Tz are 
shown. 

 
where i is the test number; Z represents the impact factor; 

y is the test result, which is the signal intensity; n=27; m=9; 
N is the level number. RmaxZ=max{kZ1, kZ2, kZ3}, 
RminZ=min{kZ1, kZ2, kZ3}. In the range analysis, the average 
value kZN when N=1, 2, 3 describes the effect of the factor Z 
on the test result M. Moreover, the influence degree TZ repre-
sents how large the impact of factor Z is. Using the analysis 
method above, the range analysis result with different kZN and 
TZ are shown in Table III. 

It is shown in Table III that the range analysis is imple-
mented at different factors and levels. In order to facilitate 
comparative analysis, Fig. 4 shows the average value of each 
factor at each level for different test results and Fig. 5 shows 
the influence degree for different factors at different results. 
It should be noted that the influence degrees are normalized 
based on the maximum value of each result. In Fig. 5, the top 
three factors that affect the wave intensity M are: incident 

wave pressure P0, cell dimension c and cell edges k. The in-
cident sound field pressure P0, as the most influential factor, 
has a dominant effect on the focusing intensity of an acoustic 
lens. In addition, c and k share a similar impact. It is shown 
in Fig. 4 that P0 is proportional to M, and c also increases with 
M, and Mk=6>Mk=3>Mk=4. Because with the increase of k, the 
omnidirectional symmetry of each unit cell increases, which 
reduces the energy loss of acoustic field caused by the in-
clined incident wave angle. 

In Fig. 5, for effective horizontal width Lh, the results show 
that TC>TE>TB. The cell dimension c has the largest effect, k 
and b follow in order. Fig. 4 shows that Lh and b decrease with 
the increase of c, while Lh,k=4>Lh,k=3>Lh,k=6. For effective 
vertical width Lv, Fig. 5 depicts that TC>TE>TB, which is the 
same as that of Lh, as well as the effect of factor levels. 

We can see from Fig. 5 that TE>TC>TA under the result of 
the focal length lF. The cell edge k has the largest effect, while 
c and lattice constant a follow in order. As observed in Fig. 4, 
the average value for each level shows that the focal length 
decreases with the increase of c, and increases with a. For cell 
edge, we can see that lF,k=4>lF,k=3>lF,k=6. 

 
 

C. EFFECT OF INCIDENT ANGLE 
In the practical applications, the incident sound waves are 

not always parallel along the central axis of the lens, and there 
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may be an offset angle. This angular offset will cause the po-
sitional shift of the focal point, as well as the change in the 
sound focusing intensity, thereby affecting the performance 
of the acoustic lens. In general, the focal position always 
changes in accordance with the change in the wave incident 
angle. Therefore, it is necessary to analyze the change of the 
focusing intensity of the sound field at different incident an-
gles. In this work, the gain and loss percentage of the peak 
wave intensity are studied at an incident angle is 30 ° when 
compared with unbiased incident waves. 

Fig. 6 shows the simulation results at different k (=3, 4, 6) 
and r (=1.2, 1.6, 2 mm), and keeps other factors as constants: 
a=12 mm, b=2 mm, c=2 mm, f=20 kHz, P0=5 Pa, and hl=500 
mm. The two factors k and r are selected because the acoustic 
lens composed of different unit cell structures will have dif-
ferent effects on the biased incident wave. Moreover, the size 
of r affects the total volume fraction, so it dominates the trans-
mission efficiency of acoustic energy. It is observed that the 
peak value of the wave intensity increases when k=4 and 6. 
However, for k=3, the biased incident waves will reduce the 
focusing intensity. Moreover, when r increases, the peak in-
tensity decreases for all cell edges k. Therefore, the hexagonal 
CC structure acoustic lens can focus the waves when a biased 
incident angle exists, even better than an unbiased one. Also, 
the concave depth r should be as small as possible to prevent 
focal intensity loss when the incident wave has a biased angle. 

 
 

D. OPTIMAL COMBINATION OF PARAMETERS 
According to the selection criteria of the orthogonal test, 

the factors with the highest influence degree should be se-
lected with an appropriate level, and non-important factors 
can be arbitrarily selected. For the wave intensity M, to obtain 
a high value, the level of each factor should be: A1(a=12 mm), 
B3(b=3 mm), C3(c=3 mm), D3(r=1.0 c), E3(k=6), F3(f=24 kHz), 
G3(P0=15 Pa), H2(hl=400 mm). Considering the effective hor-
izontal width Lh and vertical width Lv, the level of each factor 
should be: A1(a=12 mm), B3(b=3 mm), C3(c=3 mm), 
D1(r=0.6 c), E3(k=6), F3(f=24 kHz), G3(P0=15 Pa), H3(hl=500 
mm). It shows that except for the factors D and H, the level 
selection for other factors remains the same for M, Lh, and Lv. 
For M, the top three impact factors are G, E, and C. And for 
Lh and Lv, the top three impact factors are C, E and B. Fig. 5 
shows that the influence degrees for factors D and H under Lv 

are higher than those under M and Lh. Therefore, considering 
the above conditions including the biased incident waves, the 
level of each factor should be selected as: A1(a=12 mm), 
B3(b=3 mm), C3(c=3 mm), D1(r=0.6 c), E3(k=6), F3(f=24 
kHz), G3(P0=15 Pa), H3(hl=500 mm). The test under this cer-
tain level can be then considered as the optimized test. 

 
 

 
FIGURE 5. The influence degree of different results for each factor. 
 

 
FIGURE 6. The change of the focusing intensity of the sound field under 
biased incident waves: the effect of factor k and r. 

 

 
FIGURE 7. Normalized orthogonal test results for test No. 5, 8, 12 and the 
optimized one. 
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TABLE II 
ORTHOGONAL DATA AND TEST RESULTS 

 
Test No. 

Factors Results 
A B C D E F G H  

M 
(x10-4) 

 
Lh 

 
Lv 

 
lF a b c r k f P0 hl 

mm mm mm mm 1 kHz Pa mm 
1 12 1 1 0.6c 3 16 5 300 0.103 1500 150 519.5 
2 12 1 1 0.6c 4 20 10 400 0.425 1500 228 1172 
3 12 1 1 0.6c 6 24 15 500 1.93 1500 74 458 
4 12 2 2 0.8c 3 16 5 400 0.231 558 59 301 
5 12 2 2 0.8c 4 20 10 500 0.842 900 68 513 
6 12 2 2 0.8c 6 24 15 300 3.23 79.6 19.5 201.3 
7 12 3 3 1c 3 16 5 500 0.305 49.11 20.1 97.35 
8 12 3 3 1c 4 20 10 300 1.52 160.7 29.55 250.3 
9 12 3 3 1c 6 24 15 400 3.12 115 24 218.1 
10 14 1 2 1c 3 20 15 300 1.477 1500 77.1 534 
11 14 1 2 1c 4 24 5 400 0.189 1500 104.5 1161 
12 14 1 2 1c 6 16 10 500 1.33 497 54 418.4 
13 14 2 3 0.6c 3 20 15 400 3.009 308 39.6 311.5 
14 14 2 3 0.6c 4 24 5 500 0.38 530 45.8 560 
15 14 2 3 0.6c 6 16 10 300 1.7 81.42 26 198.75 
16 14 3 1 0.8c 3 20 15 500 1.619 1500 81.9 566 
17 14 3 1 0.8c 4 24 5 300 0.1769 1500 97.2 1144 
18 14 3 1 0.8c 6 16 10 400 1.394 397 48.1 379.4 
19 16 1 3 0.8c 3 24 10 300 1.157 637 50.3 570.5 
20 16 1 3 0.8c 4 16 15 400 1.802 1500 106.6 950 
21 16 1 3 0.8c 6 20 5 500 0.4646 243.5 35.3 403.4 
22 16 2 1 1c 3 24 10 400 0.655 1500 120.08 1195 
23 16 2 1 1c 4 16 15 500 1.129 1500 196.3 1138 
24 16 2 1 1c 6 20 5 300 0.2184 1500 73.3 764.7 
25 16 3 2 0.6c 3 24 10 500 1.261 713.1 53.5 599.5 
26 16 3 2 0.6c 4 16 15 300 1.58 1500 106.7 952 
27 16 3 2 0.6c 6 20 5 400 0.455 198.6 32.35 369.9 

 
 
 
 

TABLE III 
RANGE ANALYSIS FOR THE ORTHOGONAL TEST RESULTS 

 
 

 
Results 

 
Level 

Factors 
A B C D E F G H 
a b c r f f P0 hl 

 
M 

(10-4 MM) 

1 KA1=1.30 KB1=0.99 KC1=0.85 KD1=1.20 KE1=1.09 KF1=1.06 KG1=0.28 KH1=1.24 
2 KA2=1.25 KB2=1.27 KC2=1.18 KD2=1.21 KE2=0.89 KF2=1.11 KG2=1.14 KH2=1.25 
3 KA3=0.97 KB3=1.27 KC3=1.50 KD3=1.38 KE3=1.54 KF3=1.34 KG3=2.10 KH3=1.03 

TX1 0.33 0.28 0.65 0.18 0.64 0.28 1.82 0.22 
 

Lh 
(mm) 

1 KA1=707 KB1=1153 KC1=1377 KD1=870 KE1=918 KF1=843 KG1=842 KH1=940 
2 KA2=868 KB2=773 KC2=827 KD2=813 KE2=1177 KF2=868 KG2=710 KH2=842 
3 KA3=1032 KB3=682 KC3=403 KD3=925 KE3=512 KF3=897 KG3=1056 KH3=826 

TX2 326 472 975 112 664 55 346 114 
Lv 

(mm) 
1 KA1=1.30 KB1=97.76 KC1=118.8 KD1=83.99 KE1=72.40 KF1=85.20 KG1=68.62 KH1=69.96 
2 KA2=1.30 KB2=71.95 KC2=63.85 KD2=62.88 KE2=109.8 KF2=73.90 KG2=75.28 KH2=84.69 
3 KA3=1.30 KB3=54.82 KC3=41.92 KD3=77.66 KE3=42.95 KF3=65.43 KG3=80.63 KH3=69.88 

TX3 22.25 42.93 76.85 21.12 66.23 19.77 12.02 14.81 
lF 

(mm) 
1 KA1=1.30 KB1=687 KC1=815 KD1=571 KE1=522 KF1=550 KG1=591 KH1=571 
2 KA2=1.30 KB2=576 KC2=561 KD2=559 KE2=871 KF2=543 KG2=589 KH2=673 
3 KA3=1.30 KB3=509 KC3=396 KD3 =642 KE3=379 KF3=679 KG3=592 KH3=528 

TX4 357 179 420 83 492 136 3 145 
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FIGURE 8. Experimental configuration of a 3D underwater ultrasound focusing system. Composite lenses with different cell shapes are fabricated 
using 3D printing technology (HORI Z300). 
 
 
 

  
FIGURE 9. Normalized intensity amplitude along (a) x-axis and (b) y-axis for non-optimized (test No. 8) and optimized test. 
 
 

To study the characteristics of the optimized test, other tests 
(Test No. 5, 8, 12) of the orthogonal table (Table II) can be 
selected as a comparison. Fig. 7 shows the simulation results 
for different tests. It is observed that the optimized test has 
the highest wave intensity M, and the lowest effective hori-
zontal width Lh and vertical width Lv. Therefore, the result ob-
tained from the optimized parameters of the orthogonal test 
meets our expectations and enables significant advantages 
over the unoptimized test. It should be noted that the focal 
length lF is not considered in the optimal method, because dif-
ferent focal lengths should be determined in different appli-
cations. Therefore, it is necessary to first determine the ex-
pectation of lF and then optimize the parameters using the 
methods above. 
 
 

 
IV. EXPERIMENTS 
    An experiment is performed to verify the optimal results, 
and the wave intensities along the x-axis and y-axis of the 
acoustic composite lenses are measured. Fig. 8 shows the ex-
perimental setup, which includes the measurement and imag-
ing system, and the experimental method is also shown. In the 
experiment, a 64-channel ultrasonic transmitting probe is 
used as the sound transmitting device, and an identical receiv-
ing probe is used to measure the sound field signal. The probe 
used in the experiment can excite ultrasound up to 5 MHz so 
that it can be used in this study. Moreover, the acoustic lens 
is placed at a reasonable position between the two probes to 
focus the incident ultrasonic waves. There are absorbers 
around the water tank to avoid the effects of reflected waves. 
In this work, 16 scans along the x-direction with 75 mm gaps 
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are selected to measure the acoustic field at different points, 
and the data received by each channel is transmitted to the 
host controller. For the probes in this experiment, water is se-
lected as the officially specified impedance matching medium 
so that the best measurement results can be obtained in the 
underwater system. 

 
V. CONCLUSION 

In this work, the impact factors of an acoustic lens are in-
vestigated using a L27(38) orthogonal table. Finite element 
simulations are performed for different combinations of fac-
tors to obtain the wave intensity, focal area dimensions and 
focal length, which are selected as results in the test. Through 
the range analysis, the influence degree of each parameter on 
different results is obtained. For wave intensity M, the top 
three impact factors are P0, c and k. Moreover, for effective 
horizontal width Lh and vertical width Lv, the top three impact 
factors are c, k, and b. And for focal length lF, the order is k, 
c and a. For the biased angle of the incident wave, the concave 
depth r should be as small as possible to prevent focal inten-
sity loss, and hexagonal structure has the best focusing per-
formance. In this way, the structure of the acoustic lens is op-
timized. The experimental results show that the focusing in-
tensity of the optimized acoustic lens is nearly 90% higher 
than the nonoptimized one, which proves the effectiveness of 
the orthogonal test optimization method in this paper. 
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