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ABSTRACT 

This work introduces and investigates a metallic acoustic holographic lens to create an arbitrary acoustic pressure pattern 
in a target plane, using sound reflection phenomenon. The lens performs as a spatial sound modulator by introducing a 
relative phase shift to the reflected wavefront. The phase-shifting lens is designed using an iterative angular spectrum 
algorithm, and 3D-printed from powdered aluminum through direct metal laser melting. Then its capabilities to construct 
diffraction-limited complex pressure patterns and create multifocal areas are tested under water, numerically and 
experimentally. The proposed holographic lens design can drive immense improvements in applications involving medical 
ultrasound, ultrasonic energy transfer, and particle manipulation. 

Keywords: Acoustic holograms, Metamaterial, Sound manipulation, Ultrasonics , Acoustic lenses, Phase modulation 
 

1. INTRODUCTION 

The fine spatial manipulation of sound waves is crucial for a broad range of applications such as medical ultrasound1,2, 
acoustic energy transfer (AET)3–7,non-destructive evaluation (NDE)8,9, and particle manipulation10,11. As such, 
developments in wave manipulation techniques can drive immense improvements in current applications give rise to new 
transformative technologies in acoustics. Currently, acoustic manipulation is achieved mainly using active phased arrays 
transducers (PATs). It is an active manipulation technique where a large number of acoustic sources are driven using 
complex electronic circuitry. By tuning the operating phase and amplitude of these transducers complex and dynamic 
wavefronts can be generated. PATs enabled new technologies in acoustics such as acoustic tweezers12, three-dimensional 
particle manipulation13. Scaling to high-resolution control requires an impractically large number of transducers with 
sophisticated, complex and power-consuming circuitry14. In addition, if the size of each transducer is comparable to the 
size of the wavelength of the waves they generate, the accuracy of the control over the sound field is severely limited15. 
More recently, metamaterials showed exotic properties such as wavefront transformation16,17, and acoustic manipulation 
via amplitude and phase modulation18. However, most of these studies have been in air for a range of frequencies between 
1-17 kHz. Extending the use of metamaterials for the ultrasonic range is challenging and requires advanced fabrication 
techniques, since metamaterials are made of arrays of sub-wavelength size unit cells19,20.   
 
 
Alternatively, the static 3D-printed spatial sound modulators (SSM), first introduced by Melde et al.14, enabled an 
unprecedented level of control in the ultrasonic range. By storing the phase information in the topology of the modulator, 
elaborate pressure patterns can be constructed when a suitable acoustic source s used. The capabilities of this technology 
have been demonstrated in particle assembly14, phase and amplitude modulation21 and focusing of ultrasonic fields through 
the human skull22. Although these passive acoustic lenses lack the dynamic real-time control offered by PATs, efforts have 
been made to achieve some temporal command over the modulated sound field by using multi-frequency holograms23, 
arrays of piston actuators that act as variable-length wave modulators15 and real-time controlled microbubble arrays24. The 
majority of the work has been done on transmission holograms fabricated by 3D-printed polymers. In this context, we 
introduce a 3D-printed metal-based reflective holographic lens capable of constructing diffraction-limited intricate 
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pressure patterns in desired locations in space. As shown in Fig. 1, the metallic hologram reflects an acoustic wave 
generated by a piezoelectric disc transducer that is located between the hologram plane and the target plane. 

 The thickness map of the holographic lens introduces a phase shift distribution to the reflected wavefront. The reflected 
wave then propagates downstream with the phase distribution required to project the pressure pattern at the desired target 
plane. Similar to transmission holograms, this monolithic hologram can be fabricated using available additive 
manufacturing techniques, its suitable for high-frequency applications up to the MHz range and can work underwater.
  

 

Figure 1.  Schematic depiction of the reflective holographic lens. The lens reflects the incoming acoustic wave from the 
cylindrical acoustic transmitter and modulates its phase to construct a desired amplitude pressure pattern at the target plane. 

 

2. THEORY 

To compute the thickness map of the holographic lens, we must first compute the complex pressure phase distribution at 
the hologram plane 𝑍 =  𝑍ℎthat produces the desired pressure pattern at the target plane 𝑍 = 𝑍𝑡 as shown in Fig. 1. The 
phase information is then translated to the thickness map, which can then be fabricated using direct metal laser melting 
(DMLM). In this work, we use the iterative angular spectrum algorithm (IASA) 14,25. Figure 2 summarizes the workflow 
of the algorithm. It starts by imposing two boundary conditions, the reflected pressure amplitude at the hologram plane 
shown in Fig. 2(a) and the desired amplitude pattern at the target plane shown in Fig. 2(b). The phase is left to vary freely 
with no constraints or limitations imposed on it. Multiple iterations of front and back propagations between the two planes 
are then carried out until a phase map that corresponds to a satisfactory pressure pattern is achieved. 

Similar to the procedure followed by Melde et al.14, the pressure distribution is predicted at the target plane by forward-
propagating it using  

𝑝(𝑥, 𝑦, 𝑍𝑡) = 𝐼𝐹𝑇[𝐹𝑇[𝑝(𝑥, 𝑦, 𝑍ℎ)]𝑒
𝑖𝑍√(𝑘2−𝑘𝑥

2−𝑘𝑦
2)

(1) 

and similarly, for back-propagation 

𝑝(𝑥, 𝑦, 𝑍ℎ) = 𝐼𝐹𝑇[𝐹𝑇[𝑝(𝑥, 𝑦, 𝑍𝑡)]𝑒
−𝑖𝑍√(𝑘2−𝑘𝑥

2−𝑘𝑦
2)

(2) 
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where 𝐹𝑇 and  𝐼𝐹𝑇 are Fourier transform and it’s inverse respectively, 𝑘 is the wavenumber, and  𝑝(𝑥, 𝑦, 𝑍ℎ) and 𝑝(𝑥, 𝑦, 𝑍𝑡) 
are the complex pressure distributions respectively at the hologram and target planes. 

The obtained phase, shown in Fig. 2(c), is then transformed to the thickness map of the lens using 𝑡(𝑥, 𝑦) = 𝑡0 +

∆𝜙(𝑥, 𝑦) 2𝑘𝑤⁄  where 𝑡(𝑥, 𝑦) is the thickness map,  𝑡0 is the initial thickness of the flat lens, 𝑘𝑤 is the wavenumber in 
water, and  ∆𝜙(𝑥, 𝑦) is the phase change map. The phase change map represents the phase shift that must be introduced to 
the initial phase distribution of the reflected pressure to achieve the theoretical pressure distribution shown in Fig. 2(d). 

 

 

 
 

As mentioned above, the first step in designing the lens is determining the reflected complex pressure at the hologram 
plane. Due to the difficulty of obtaining the reflected pressure experimentally, the lens and the transmitter were 
simulated underwater using the FEM software COMSOL Multiphysics 5.4. The analysis was carried out using the 
Acoustic-Piezoelectric interaction, Frequency Domain Multiphysics interface. The reflected pressure was calculated 
using 𝑝𝑟𝑒𝑓 = 𝑝𝑡𝑜𝑡 − 𝑝𝑖𝑛𝑐  , where 𝑝𝑖𝑛𝑐  and  𝑝𝑡𝑜𝑡  are the incident pressure and total pressure at the hologram plane, 
respectively.  

3. EXPERIMENTAL SETUP, RESULTS AND DISCUSSION 
 

To validate the proposed approach for designing the reflective lens, we performed two sets of experiments 
under water. A metallic holographic lens Fig. 3 (a) with the thickness map shown in Fig. 3 (c) was fabricated with 
powdered aluminum (AlSi10Mg) by 3D printing it (Stratasys) using the direct metal laser melting (DMLM) technique 
with a theoretical printing resolution of 20 μm in the z-direction. The lens is disc-shaped with a diameter of 9 cm and an 
average thickness of 1 cm, it is designed to construct the four focal areas pressure pattern in Fig. 2 (b) in a target plane that 
is 7 cm away from the lens in the z-direction at an operating frequency of 780 kHz. The lens was illuminated by a 
piezoelectric transducer, it is disc-shaped and has a 9 mm diameter and a 3mm thickness, it was placed 3.5 cm away from 

Figure 2. The scheme of generating phase distribution using IASA. a) Reflected pressure amplitude at the hologram plane. b) 
Desired amplitude map at the target plane. c) Obtained phase distribution at the hologram plane. d) Theoretical prediction of the 
pressure amplitude at the target plane. 
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the lens and it was excited by a sinusoidal pulse signal with an amplitude of 103 V provided by an arbitrary function 
generator (Keysight 33500B) and an amplifier (Electronics & Innovation A075). The lens and the transducer were mounted 
under water in a tank with walls partially covered with acoustic absorbing sheets. To map the pressure field, a 3D 
positioning system was responsible for moving a needle hydrophone to a user-defined set of measuring points on the target 
plane as shown in Fig. 3 (b). To avoid aliasing the signal was sampled with a spatial resolution of  𝜆 2⁄ . The signal from 
the hydrophone was then fed to an oscilloscope (Tektronix TBS2104) and then post-processed with MATLAB. 

 

Figure 3. (a) Printed holographic lens, (b) the experimental setup with the printed lens, piezoelectric disc acoustic source, (c) 
the lens thickness map. (d) Experimentally measured pressure amplitude distribution at the target plane. (e) Theoretical 
pressure amplitude distribution at the target plane. 

 

In the first set of experiments, we considered a pattern with four uniform focal areas (circles with a diameter of 1.5 cm as 
shown in Fig. 2 (b)) at the target plane to demonstrate the lens capability for focusing the acoustic energy in desired focal 
areas. The experimentally obtained pressure distribution and the theoretical prediction of the pressure pattern are presented 
in Fig 3(d) and Fig. 3(e), respectively, which show a good agreement. We then determine the focusing efficiency to assess 
the obtained results both qualitatively and quantitively. The focusing efficiency is defined as η = PA Ptotal⁄ , where Ptotal is 
the total acoustic power of the whole field and PA is the acoustic power over the focal areas26. The theoretical efficiency is 
calculated to be 61%, while the experimental efficiency is 34%. The results also reveal that the experimental pattern did 
not align perfectly with the desired pattern. These errors can be attributed to misalignments, uncertainties in the hydrophone 
sensitivity, fabrication imperfections, and material inhomogeneities.   
 
In the second set of experiments, we demonstrate the lens capabilities for elaborate pressure patterning by considering the 
flower-shaped pressure pattern shown in Fig. 4(a). The corresponding phase distribution and thickness map generated 
using the proposed approach are presented respectively in Fig. 4(b) and Fig. 4(c). The experimentally measured pressure 
amplitude distribution at the target plane is shown in Fig. 4(d). By comparing it with the theoretical prediction shown in 
Fig. 4(e), we note that a good agreement is achieved in the general pattern of the target and that the locations of high-
pressure points in the experiment match closely to those of the theoretical prediction.  The obtained results also show that 
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the experimental pressure pattern is not as clean as the theoretical prediction and that there is a slight disagreement in the 
amplitude of pressure. We attribute this inconsistency to the reasons mentioned above.  

 

 
 
Figure 4.  (a) Experimentally measured pressure amplitude distribution at the target plane. (b) Predicted theoretical pressure 
amplitude distribution at the target plane.  

 
 

4. CONCLUSIONS 

We introduced a 3D-printed metallic reflective lens for the intricate manipulation of ultrasonic acoustic waves under water. 
We designed, fabricated, and experimentally tested the capabilities of the proposed lens for elaborate pressure pattering 
and amplitude focusing. Such a lens can manipulate sound fields with high resolution without the need for costly and 
complex hardware. We envision the proposed concept has the potential to extend the realm of critical applications that 
employ acoustic holography. Notably, the pressure patterning is of interest for particle manipulation as well as medical 
ultrasound. Furthermore, the ability to focus sound on multifocal areas with a single transmitter is desirable for wirelessly 
recharging and communicating with sensor networks using acoustic energy transfer (AET). Additionally, integrating 
reflective and transmission holograms can increase the power transfer efficiency in AET systems by utilizing the otherwise 
unexploited acoustic energy and enable the control of both phase and amplitude21 in acoustic holography. 
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