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In this paper, two optimized autofocusing metasurfaces (AFMs) with different desired focal distances are designed by using par-
ticle swarm optimization (PSO) algorithm. Based on the finite element simulation software COMSOL Multiphysics, the perfor-
mance of ultrasound transducer (UT) with AFM at different design parameters in Airy distributions (r0,ω) and the bottom thickness 
(d) of AFM are simulated and analyzed. Based on the simulation data, the artificial neural network model is trained to describe 
the complex relationship between the design parameters of AFM and the performance parameters of UT. Then, the multiobjective 
optimization function for AFM is determined according to the desired performance parameters of UT, including focal position, 
lateral resolution, longitudinal resolution and absolute sound pressure. In order to obtain AFMs with the desired performance, 
PSO algorithm is adopted to optimize the design parameters of AFM according to the multiobjective optimization function, and 
two AFMs are optimized and fabricated. The experimental results well agree with the simulation and optimization results, and 
the optimized AFMs can achieve the desired performance. The fabricated AFM can be easily integrated with UT, which has great 
potential applications in wave field modulation underwater, acoustic tweezers, biomedical imaging, industrial nondestructive 
testing and neural regulation.
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1.  Introduction

The manipulation of acoustic field plays an important part in 
many applications such as ultrasound imaging, nondestruc-
tive testing as well as cell and particle manipulation, and it 
can also be applied in wave focusing, which can improve 
the ability of biomedical imaging and realize the function of 
acoustic tweezers.1–5 Phased array transducers, self-focusing 
mechanisms and acoustic lenses have been used to realize 
ultrasound focusing. Due to the nonlinear effects, the self-fo-
cusing mechanisms usually require large sound intensity.6 
Compared with phased array transducers, acoustic lens has the 
advantages of lower cost and higher efficiency.7,8 Generally, 
focusing acoustic lenses include Fresnel lenses, curved solid 
lenses, acoustic liquid lenses, hologram, phononic crystal, 
acoustic metamaterials and metasurfaces.9–19 Curved solid 
lenses are huge and hard to fabricate accurately. Acoustic 
metamaterials and metasurfaces have achieved unprece-
dented effective acoustic focusing by changing the thickness 
of the planar structures to adjust the phase delay in planar 
structures.20–22 However, a large number of sub-wavelength 
units with complex microstructures are required to vary the 
phase from 0 to 2π to generate focused beams, which are hard 
to be fabricated, especially for biomedical ultrasound with 
typical wavelengths of millimeter order. Furthermore, tradi-
tional acoustic focusing lenses still stay in the low-frequency 

acoustic wave manipulation with long focal length (FL) 
and difficult-to-achieve sharp beam autofocusing in both 
the lateral and axial directions under water. Efremidis and 
Christodoulides introduced a new class of optical waves 
which have enhanced autofocusing contrast and abruptness 
based on the Airy waves.23 Chen et al. proposed an acoustic 
metasurface with good broadband acoustic focusing at 4 kHz 
based on the Airy source function.24 Jiang et al. introduced 
a kind of ultrasound beam with sharp autofocusing proper-
ties based on the Airy functions at 500 kHz.25 This structure 
has not only compact subsurface, but also sharp self-focus-
ing. Although the Airy function is used to demonstrate the 
effective acoustic wave modulation for acoustic focusing, 
the relationship between the design parameters of acoustic 
metasurfaces and the performance of acoustic field based 
on Airy distributions is complex. Furthermore, traditional 
acoustic focusing analysis mainly studies plane waves of a 
single frequency, which requires a certain distance between 
the metasurfaces and the sound source. Therefore, the sound 
propagation loss and separation from the sound source limit 
its practical application. The optimization strategy of the 
design parameters of acoustic metasurfaces based on Airy 
distributions for ultrasonic focusing is rarely studied and 
reported.

Artificial intelligence (AI) has been widely used in many 
areas such as medicine, education, construction and finance 
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to solve complicated modeling and optimization problems 
due to its high efficiency.26,27 Artificial neural network (ANN) 
has been widely used in signal processing, data mining, pat-
tern recognition, automatic control, prediction and many 
other fields due to its self-learning capacity, high efficiency 
and high robustness. In addition, as one of the intelligent 
optimization methods, particle swarm optimization (PSO) 
algorithm can efficiently obtain high-quality solution. PSO 
algorithm has been widely used in ANN training, function 
optimization, pattern classification and many other areas.28 In 
addition, the optimization design of microdevices has been 
realized based on PSO algorithm.29 Due to the advantages of 
AI methods in complex modeling and parameter optimiza-
tion, they can be used to optimize the design parameters of 
acoustic metasurfaces for underwater wave focusing.

In this study, two acoustic autofocusing metasurfaces 
(AFMs) are designed based on Airy function at 1 MHz, and 
fabricated by 3D printing. The finite element simulation 
software COMSOL Multiphysics is used to simulate the 

performance of ultrasound transducers (UTs) with AFM at 
different design parameters, and then the simulation results 
are used to train the ANN model to accurately describe their 
relationship. PSO algorithm is used to optimize the design 
parameters of AFM according to the desired performance. 
All of the simulation, optimization and experimental results 
show a good focusing effect. The proposed AFM may have 
important applications in wave field modulation underwater, 
acoustic tweezers, biomedical imaging, industrial nonde-
structive testing and neural regulation.30–32

2.  Experimental

2.1.  Fabrication of the 3D printed AFM and ultrasonic 
transducers

The structures of the 3D printed AFMs with different design 
parameters are shown in Fig. 1. The AFM is made up of pho-
tosensitive resin and the 3D printing method of the AFM is 

Fig. 1. The structures of the 3D printed AFMs (xy-plane): (a) AFM1 and (b) AFM2. The structures of the 3D printed AFMs (yz-plane): 
(c) AFM1 and (d) AFM2. The radii of the two fabricated AFMs are both 25 mm, the thicknesses of the 3D printed AFMs are 2.6 mm and 
3.8 mm for AFM1 and AFM2, respectively. (e) The structure of the fabricated transducer. (f) The schematic diagram of hydrophone test 
pressure. (g) Side view of the experimental setup; and (h) zoomed-in side views of hydrophone, 3D printed metasurfaces and transducer.
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high-precision projection micro-stereolithography (PμSL). 
The properties of the photosensitive resin are as follows: 
ρ = 1300 kg/m3, velocity of the P-wave (cp) = 2400 m/s and 
velocity of the S-wave (cs) = 1000 m/s. Figure 1(e) shows the 
fabricated transducers made by a 2-mm-thick PZT-4 piezo-
electric material with a diameter of 50 mm, and the working 
frequency of the transducer is 1 MHz. First, the piezoelectric 
material is sputtered with an Ag layer and connected to a cop-
per wire. Second, the wired piezoelectric material is placed 
into a copper housing and fixed with potting epoxy. Then, the 
copper house is sputtered with another layer of Ag as the top 
electrode. Finally, the surface of transducer is coated with a 
layer of parylene for protection.

2.2.  Measurement of pressure fields

Based on the optimized design parameters, as shown in 
Figs. 1(a)–1(d), the two AFMs are fabricated with photosen-
sitive resin by a 3D printing technology. The experimental 
setup of the scanning system is given in Figs. 1(g) and 1(h) 
and the schematic diagram of the scanning system is shown 
in Fig. 1(f). The AFM is put on the surface of UT with a 
central frequency of 1 MHz, which was used to generate the 
incident sound waves along the lateral direction.

The pressure fields generated by the transducers were 
measured with a home-made scanning system based on 
LabVIEW. During the measurements, a sinusoidal pulse with 
10 cycles at 1 MHz generated by an excitation generator 
(SMB100A, Rohde & Schwarz, Germany) and amplified by 
a 50-dB-power wideband amplifier (525LA, E&I, USA) was 
applied to the ultrasound transducer. Controlled by a stepping 
motor based on LabVIEW system, a hydrophone (NH1000, 
PA, UK) was used to measure the acoustic pressure field in a 

50 × 30 mm2 (xz-plane) rectangular area and a 50 × 50 mm2 
(xy-plane) rectangular area with an accuracy of 200 μm.

3.  Results and Discussion

A sharp autofocusing ultrasound beam is given based on 
the circular Airy distribution of pressure on the initial plane 
p(x,z = 0) = p0(x), which is radially symmetric and described 
by Eq. (1),

 p x
r x r x

0
0 0( ) Ai exp ,=

−





−



ω

α
ω

 (1)

where Ai(·) represents the Airy function, and r0 is the initial 
radius of the primary ring. x is the radial distance, and ω is 
a scale factor with units of length. α (α = 0.05 in this work) 
is an exponential decay factor to make sure that the wave 
transmits limited energy. The design parameters can affect 
the Airy function, and determine the shape of AFM, which 
finally determines the acoustic field.

Figure 2(a) shows the ultrasound focusing beam gener-
ated by the proposed AFM. Figure 2(b) shows the amplitude 
and phase profiles of the ideal pressure p0 along the radial 
distance x based on the Airy distribution and Fig. 2(c) shows 
the phase and amplitude distributions based on the Airy dis-
tribution. In order to achieve a sharp focusing effect and sim-
plify the manufacturing process, the Airy distributions with 
different parameters (r0,ω) and the bottom thickness d of the 
AFM are optimized to form the phase distributions of 0 and 
μπ on the surface of the AFM. Here, a source plane of 2-bit 
Airy distribution is proposed, which inherits the phase distri-
bution of p0 but with unitary amplitude 1.

The distributions of phase (red) and amplitude (blue) as 
a function of x are given in Fig. 2(d). Figure 2(e) shows the 

Fig. 2. (a) Ultrasound focusing beam generated by the proposed AFM. (b) The amplitude and phase profiles of the ideal pressure p0 along 
the radial distance x based on the Airy distribution. (c) Designed phase and amplitude distributions based on the Airy distribution. (d) De-
signed phase and amplitude distributions along the radial distance x based on the 2-bit Airy distribution. (e) Designed phase distribution based 
on the 2-bit Airy distribution.
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designed phase and amplitude distributions based on the 2-bit 
Airy distribution. Besides, experimental results demonstrate 
that the 2-bit Airy distribution with the phase-only mod-
ulation has nearly no influence on the sharp autofocusing 
properties. The transverse propagation of sound waves and 
the attenuation of acoustic waves in the thickness direction 
of AFM are not considered. The initial thickness of AFM is 
d0. Removing material at the position (x,y) leads to a relative 
phase change, which can be described as shown in Eq. (2),

 Δ = − Δφ( , ) ( ) ( , ),x y k k d x y1 2  (2)

where d = d0 − Δd(x,y) is the bottom thickness of AFM, and 
Δd(x,y) is the thickness of the removed material at the coordi-
nates (x,y) in the AFM. k1 and k2 are the wavenumbers in the 
AFM and its surrounding medium. In this work, the epoxy 
resin is chosen as the material of AFM, whose density is 1300 
kg/m3, and its longitudinal wave velocity is 2400 m/s. The 
density of the surrounding medium (water) is 1000 kg/m3, 
and its longitudinal wave velocity is 1500 m/s. In order to 
form the phase distributions of 0 and π on the surface of AFM 
at 1 MHz, Δd is determined as 2 mm by Eq. (1). Figure 1(c) 

is the picture of the 3D printed AFM, the finite element soft-
ware COMSOL Multiphysics is used to simulate the focus-
ing effect of the designed AFM. The axisymmetric model of 
the whole system is built in COMSOL Multiphysics, and the 
details are given in Fig. S1 in the Supplementary Material.

The performance of UT with AFM underwater is sim-
ulated by using COMSOL Multiphysics. UT is set as the 
sound source, and the AFM is placed on the surface of UT. 
The simulation results are given in Fig. S2 and Table S2 in 
the Supplementary Material. Obviously, the relationships 
between the design parameters (r0,ω,d) and the performance 
parameters of UT are complicated. So, it is necessary to pro-
pose an effective way to determine the design parameters of 
AFM to achieve the designed focusing performance.

Figure 3(a) shows the 2D symmetric axial section of 
AFM, and ANN is used to describe the complicated rela-
tionship between the design and performance parameters of 
AFM due to its self-learning capacity, high robustness and 
high efficiency. The structure of ANN for r0, ω and d is shown 
in Fig. 3(b). Figure 3(c) shows the simulated acoustic field 
distribution (xz-plane) of the AFM with UT. Figure 3(d) 

Fig. 3. (a) The 2D symmetric axial section of AFM. (b) Structure of ANN for AFM. (c), (d) The distributions of the simulated pressure am-
plitude of xz- and xy-planes. (e), (f) The normalized acoustic pressure distributions through the focal point along the longitudinal and lateral 
directions in panels (c) and (d) (white dotted lines), respectively. (g)–(j) The complex relationships between optimized design parameters and 
performance parameters.
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shows the simulated sound field distribution near the focal 
point (xy-plane) of the AFM with UT. Figures 3(e) and 3(f) 
are the normalized acoustic pressure distributions through 
the focal point along the longitudinal and lateral directions 
in Figs. 3(c) and 3(d) (white dotted lines). Figures 3(g)–3(j) 
show the complex relationships between the optimized 
design and performance parameters. Obviously, it is neces-
sary to propose an effective optimized method to describe the 
complex relationships between design parameters and perfor-
mance parameters.

The equation for optimization design criterion of AFM 
can be described as follows:

 J J J J J= + + +α β γ δFL TR LR ASP ,  (3)

where JFL, JTR, JLR and JASP are the optimization criteria for 
FL, transverse resolution (TR), longitudinal resolution (LR) 
and absolute sound pressure (ASP), respectively. α, β, γ and δ 
are their weight coefficients.

In order to avoid the influence of performance parameters, 
the optimality criterion is normalized, and the normalized 
objective function is given as shown in Eq. (4),
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where FLmax, FLmin, TRmax, TRmin, LRmax and LRmin are 
the maximum and minimum values of FL, TR and LR, 
respectively.

The parameters of the optimization design method for 
AFM with different performance targets are shown in Table 1. 
In order to make the optimization results of the four parame-
ters of FL, TR, LR and ASP approach the initial target values, 
here we choose all the weight coefficients as 0.25 to reduce 
each parameter with a larger difference. For AFM1, the 
desired FL, TR, LR and ASP are 30 mm, 1.5 mm, 8 mm and 
2 MPa, respectively. For AFM2, the desired FL, TR, LR and 
ASP are 25 mm, 1.4 mm, 10 mm and 2.5 MPa, respectively. 
The maximum generations and population size of PSO algo-
rithm are 50 and 20 to ensure the accuracy of the optimized 
results. In order to reduce the influence of random errors of 
PSO algorithm, the proposed method has been independently 
run 30 times. Table S3 in Supplementary Material shows the 
optimized design parameters of AFM1 and the corresponding 
performance parameters. The optimized design parameters 
are shown in Figs. S2(a)–S2(c) in Supplementary Material. 
The optimized r0, ω and d of AFM1 are 4.5λ, 0.6λ and 0.6 
mm, respectively, where λ  =  1.5 mm (frequency: 1 MHz). 
Figures S3(a)–S3(d) in Supplementary Material show the per-
formance parameters of UT with AFM1 under the optimized 
design parameters. The optimized TR, LR, FL and pressure 
amplitude ASP of 30 runs are similar, which implies that the 
developed method is effective and stable. The obtained TR, 

LR, FL and ASP for AFM1 are about 1.499 mm, 8.203 mm, 
30 mm and 1.99 MPa, respectively, which keeps good consis-
tency with the designed performance.

Table S4 in Supplementary Material shows the opti-
mized design parameters of AFM2 and the corresponding 
performance parameters. The optimized design parameters 
are shown in Figs. S4(a)–S4(c) in Supplementary Material. 
The optimized r0, ω and d of AFM2 are 4λ, 0.8λ and 1.8 
mm, respectively, where λ  =  1.5  mm (frequency: 1 MHz). 
Figures  S5(a)–S5(d) in Supplementary Material show the 
performance parameters of UT with AFM2 under the opti-
mized design parameters. Also, the optimized TR, LR, FL 
and ASP of 30 runs are similar, which are about 1.399 mm, 
10.239 mm, 25.051 mm and 2.49 MPa, respectively, and 
the obtained performance well agrees with the designed 
performance. Obviously, the whole optimization results are 
relatively stable, and the errors of few points are caused by 
the random disturbance during the optimization process, 
which indicates that the optimized results are reliable and 
reasonable.

The ANNs for r0, ω and d are trained based on the simula-
tion results, as shown in Table 2. The prediction performance 
results and the simulation results show good consistency. The 
proposed ANNs can precisely describe the complex relation-
ships between design parameters and the performance of 
AFM.

The simulated underwater field distributions of UT in the 
plane y = 0 with AFM1 are shown in Fig. 4(a). Figures 4(b) 
and 4(c) are the experimental field cross-section distribu-
tions (10 mm × 10 mm) in Fig. 4(a) (red dotted lines) and 
the experimental transversal field magnitude distributions  

Table 1. Parameters of the optimization design method.

Case AFM1 AFM2

Parameters of 
optimality 
criteria

Desired focal length (mm) 30 25

Desired transverse 
resolution (mm)

1.5 1.4

Desired longitudinal 
resolution (mm)

8 10

Desired absolute sound 
pressure (MPa)

0.02 0.025

Weight coefficients α = 0.25, β = 0.25, 
γ = 0.25, δ = 0.25

Parameters 
of PSO-
LDIW 
algorithm

Constant parameters c1 = 2, c2 = 2

Range of inertia weight Weight ∈ [0.4,0.9]

Maximum generation MaxG = 50

Population size N = 20

Range of particle position r0 ∈ [1,5], ω ∈ [0.2,1],  
d ∈ [0,2.4] λ

Range of particle velocity vr0 ∈ [−1, 1] λ, 
vω ∈ [−0.1,0.1] λ, 

vd ∈ [−1, 1] λ
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(10 mm × 10 mm; xy-plane) of UT with AFM1 at the focal 
point. Figures 4(d) and 4(e) are the normalized acoustic 
 pressure distributions through the focal point along the lon-
gitudinal and lateral directions in Fig. 4(b) (red dotted lines). 

The simulated and experimental underwater field distribu-
tions of UT with AFM2 are shown in Fig. 5. The simulation 
and experimental results of lateral resolution TR (−6 dB), 
vertical resolution LR (−6 dB), focal point FL and pressure 

Fig. 4. (Color online)  (a) The simulated underwater field distributions of UT in the plane y = 0 with AFM1. (b) The experimental field 
cross-section distributions in panel (a) (red dotted lines). (c) The experimental transversal field magnitude distributions (xy-plane) of UT with 
AFM1 at the focal point. (d), (e) The normalized acoustic pressure distributions through the focal point along the longitudinal and lateral 
directions in panel (b) (red dotted lines).

Fig. 5. (Color online) (a) The simulated underwater field distributions of UT in the plane y = 0 with AFM2. (b) The experimental field 
cross-section distributions in panel (a) (red dotted lines). (c) The experimental transversal field magnitude distributions (xy-plane) of UT with 
AFM2 at the focal point. (d), (e) The normalized acoustic pressure distributions through the focal point along the longitudinal and lateral 
directions in panel (b) (red dotted lines).
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amplitude of optimization are given in Table 2. The experi-
mental results of AFM well agree with the optimization and 
simulation results. The existence of shear waves, printing 
error and the attenuation of sound waves in the thickness 
direction of AFM may account for little difference in the 
performance between experimental and simulation results. 
AFM1 shows longer focal length and higher vertical resolu-
tion but lower acoustic pressure at the focal point than AFM2. 
Therefore, the ultrasonic transducer with AFM1 is suitable 
for neuromodulation and acoustic tweezer applications. On 
the other hand, AFM2 achieves high ultrasound energy and 
long focal depth, which may improve the ultrasound imaging 
or nondestructive testing.

4.  Conclusion

In this work, an efficient optimization strategy is developed 
to design the AFM based on Airy distributions for UT, based 
on ANN and PSO algorithm. According to the designed tar-
gets, two AFMs are designed and fabricated by 3D printing. 
The FL, TR, LR and ASP of UT with AFM1 are 28.546 mm, 
1.9 mm, 7.78 mm and 1.947 MPa, and those of AFM2 are 
24.676 mm, 1.5 mm, 13.56 mm and 2.8 MPa, demonstrat-
ing that sharp focusing effects underwater can be achieved 
by using the designed AFMs. In addition, the optimization, 
simulation and experimental results have good consistency, 
which validates the effectiveness of the developed optimiza-
tion strategy. Therefore, the AFMs with desired performance 
can be designed by the developed method, and have import-
ant applications in wave field modulation underwater, acous-
tic tweezers, biomedical imaging, industrial nondestructive 
testing and neural regulation.
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