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Note 1 Intensity and phase distributions of ABV beam at both edge frequencies 

Figure S1a,b show the simulated intensity and phase distributions of the ABV beam at 

8.0 and 11.0 kHz, respectively. It is obvious that the observed ABV beam has basic 

characteristics of both Bessel and vortex beams at both edge frequencies, indicating 

the working bandwidth of the ABV beam can reach about 3.0 kHz. 

 

Figure S1. Simulated 3D reflected intensity distributions of the ABV beam created by the 

quasi-3D reflected metasurface at (a) 8.0 and (b) 11.0 kHz. Insets on the right side represent the 

phase and intensity distributions at a cross section z=55 cm (red translucent planes).  

Note 2 Theoretical continuous and discrete phase delays of the quasi-3D reflected 

metasurface with different values of n 

Figure S2a,b show the theoretical continuous and discrete phase delays of the 

quasi-3D reflected metasurfaces with n=1.25, 1.5, 1.75, and 2, respectively. we can 

see that the phase distributions show typical characteristics of the vortex beam, and 

both types of phase profiles agree well with each other.  



 
Figure S2. (a)Theoretical continuous and (b) discrete phase delays of the quasi-3D reflected 

metasurfaces with n=1.25, 1.5, 1.75, and 2, respectively. 

Note 3 Intensity and phase distributions of fractional reflected ABV beam 

Figure S3a-c show the simulated reflected 3D acoustic intensity and phase 

distributions of the ABV beam with different topological charge n=1.25, 1.5 and 1.75, 

respectively. We find that the characteristics of the fractional ABV beams are similar 

to those in Figure 3a. However, it is noted that the fractional ABV beams have 

nonuniform intensity distributions owing to its fractional topological charges. Besides, 

the phase distributions of these fractional ABV beams at a cross section z=60 cm also 

exhibit the characteristic of high-performance vortex [insets on the bottom side in 

Figure S3a-c], and their phase delays change 1.25π (blue solid line), 1.5π (red dotted 

line), and 1.75π (green dotted dashed line) around a circle with a radius of 6 cm for n= 

1.25, 1.5, and 1.75, respectively [Figure S3d], showing obvious characteristics of 

fractional vortex beams.  



 
Figure S3. Intensity and phase distributions of fractional reflected ABV beam. Reflected 3D 

acoustic intensity and phase distributions and of the fractional ABV beams with the topological 

charge n= (a) 1.25, (b) 1.5, and (c) 1.75. Insets on the bottom side represent the phase 

distributions at a cross section z=60 cm (red translucent planes), and (d) their phase delays around 

in a circle (the radius of 6cm) as a function of θ. 

Note 4 Design of underwater ABV Beam 

To realize underwater ABV Beam, we introduce a type of quasi-3D reflected unit 

made of brass to design a quasi-3D reflected metasurface in water. The cross section 

of the unit is shown in Figure S4a, and its structure parameters are the same as those 

in Figure 1a. The material parameters used in the simulation are the density ρ=1000 

kg/m3 and the sound velocity c=1490 m/s for water; and the density ρ=8800 kg/m3, 

the Young modulus E=108.42 GPa, and the Poisson ratio v=0.33 for brass. Figure S4b 



shows the reflected phase delays of sound created by the quasi-3D units with different 

values of h0, and its theoretical reflected phase delay (blue solid line) can cover the 

whole 2π range in the range 1.0<h0<2.0 cm. Here, we also select 16 discrete values of 

h0 (red open circles) to realize an equally spaced phase delay from 0 to 2π with a step 

of π/8. 

 

Figure S4. (a) Schematic of x(y)-z cross section of a quasi-3D reflected unit made of brass 

immersed in water, and its (b) reflected phase delays as a function of tunable depth h0 at 30 kHz. 

Based on the same design method, we design a type of planar quasi-3D reflected 

metasurface of the underwater ABV beam, which is shown in the Figure S5a. Here, 

the size of the quasi-3D metasurface is same as that in Figure 2a, and its theoretical 

continuous and discrete phase delays of in the x-y plane are shown in Figure S5b,c, 

respectively. 



 

Figure S5. (a) Schematic of a quasi-3D reflected metasurface of underwater ABV beam, and 
its (b) theoretical continuous and (c) discrete phase profiles at 30 kHz. 

 

Figure S6. Simulated 3D reflected intensity distributions of the underwater ABV beam created by 

the quasi-3D reflected metasurface at 30 kHz. Insets on the right side represent the phase and 

intensity distributions at a cross section z=110 cm (red translucent planes). 

Figure S6 shows the simulated the intensity distribution of the underwater ABV beam 

created by the designed quasi-3D metasurface at 30 kHz. We can observe typical 



characteristics of the vortex beam in the range from 30 to 120 cm (|p|2>2.5 Pa2). The 

propagation distance of the underwater ABV beam (about 22λ) is larger than that 

(about 10λ) of the holographic algorithm. The designed underwater ABV beam with 

long-distance propagation is important for realizing advanced in-vivo acoustic 

tweezers as it can penetrate deeper to the lesion location, which can be potentially 

applied to broken bones removing, thrombus ablation, and nerve stimulation. 

 


