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Abstract: Holograms show great potential in optical or acoustical waves applications due to their
capability to reconstruct images. In this paper, we propose a novel scheme to realize acoustic
holograms based on an ultrathin metasurface with arbitrary phase control ability. Compared with
the conventional imaging method, e.g., concave mirror, which has a bulky size and limited imaging
effects, the acoustic metasurface comprises a single layer of Helmholtz-like elements that can largely
reduce the complexity of production. With this ultrathin reflective metasurface, acoustic holograms
are constructed through a subtle structure design for single and multiple focal imaging, while the
potential thermoviscous effects are minimized. We further demonstrate that the metasurface has
the capability of arbitrary phase control in a certain frequency range, where the reflected phase
dispersion is linear. Our proposed ultrathin metasurface holograms would be very useful in numerous
applications, such as acoustic sensing, medical imaging, and so on.
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1. Introduction

Acoustic imaging and acoustic focusing have many essential uses in modern science and industry,
such as diagnosing disease [1], sensing natural gas seepage [2], visualizing earthquake sources [3],
and microfluidic particle separation [4]. Generally, structures such as the concave mirror, convex mirror,
and wedge are used to realize focal and imaging effects. However, these structures are bulky and have
limited imaging effects. Holography, a revolutionary technique which can realize three-dimensional
optical imaging, has gained increasing attention over the last few decades. The traditional optical
hologram first records the interference patterns of the scattered light and a coherent reference beam [5-8],
and then, with the recorded phase and amplitude information, it reconstructs the light field to achieve
optical imaging. In recent studies, the hologram can also be generated by calculating the phase
distribution of the field on the hologram and transforming the phase information into unit structures,
a method also known as computer-generated holography (CGH) [9-11].

Consisting of only a single layer or a few layers of planar metallic structures, planar metamaterials
with subwavelength, or metasurface [12-19], show a rapidly growing interest in this field of research.
By making use of the metasurface, the wave front, polarization, phase, and amplitude of the
electromagnetic wave can all be manipulated. Unlike conventional optical devices, the metasurface
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is thin, compact, and capable of controlling phases. Owing to these advantages, the metasurface is
opening the path to various applications, such as ultrathin flat lenses [20-22], carpet cloaks [23-25],
and polarization conversion [26]. It has also made compact, efficient, and versatile optical holograms
come true [27-29].

The holography technique is receiving remarkable success in optical applications, and several
acoustic holography imaging regimes are raised due to its promising characteristics [30,31]. Yet, acoustic
hologram applications are far less developed compared with optical ones since conventional means of
the acoustic hologram requires cumbersome phase-shifting elements which are difficult to fabricate.

Metasurfaces are also applicable in the acoustic field for the manipulation of sound wave
propagation. A variety of acoustic metasurfaces have been designed to enable complex and
unprecedented functionalities, such as the acoustic cloak [32], beam focusing [33], super absorbers [34],
and so on. As one of the bases of the acoustic metasurfaces, Helmholtz-like elements can freely
tailor the wave fields by controlling the resonance of the entire structure, such that the phase is
fully manipulated [33,35,36]. With the ease of fabrication and facility to control the acoustic wave,
such structures have been widely used to showcase multiple features. In analog with the optical
metasurface hologram, the acoustic hologram based on the metasurface is accomplished by recording
and manipulating acoustic field information.

In this paper, we introduce a reflection type acoustic hologram utilizing ultrathin Helmholtz-like
structures. Unlike previous acoustic metasurfaces which work only at a single frequency, the structures
of the unit cells are adjusted carefully for the desired manner, which can achieve an arbitrary phase
control in a certain frequency range. The phase deviations of these unit cells brought by thermoviscous
effects are sufficiently investigated. A single-focal effect is achieved while the multi-focal scenarios
are further promoted, showing its ability for arbitrary hologram imaging. Simulations are performed,
and the results all possess good consistency with the theoretical prediction, validating the effectiveness
in our design.

2. Results and Discussion

We have first designed a planar hologram performance for a single spot focusing effect.
As illustrated in Figure 1, the incident acoustic waves impinge on the hologram plane, and a
circular focal pattern is obtained by manipulating phases of the reflected waves. Knowing the desired
focal image, the calculation of the acoustic field distribution on the hologram plane can be achieved by
using the Rayleigh-Sommerfeld diffraction theory [37,38].

exp (jkd)
= [ 25 (e 0
with Up and U; standing for the acoustic fields at point Py (xo, 1o, 20) on the hologram plane and point
Py (x1,1,21) on the image plane, respectively; h denotes the distance between the hologram plane and
image plane; d denotes the distance between Py and P;.

In the actual calculation, the continuous integral area is replaced by several discrete pixel points,
and the integral becomes the superposition of acoustic fields on these points. To simplify the calculation,
we set U; = 1 in a condition where there is an acoustic distribution on the pixel of the image plane,
otherwise U; will be assigned to 0. Phases of the fields are supposed to be uniform. In this way,
amplitude and phase distribution on the hologram plane is obtained.

On the other hand, if amplitude and phase information on the hologram plane is known,
field distribution on the image plane can be calculated by taking advantage of integral.

D) b (1)
ﬂ — o 25 ks, )

with Ui representing the acoustic field at point P;(x1, y1,21) on the image plane.



Appl. Sci. 2019, 9, 3585 30f10

As depicted in Figure 2a, the focal image we designed is a circular spot located in the center of the
image plane with a radius of 10 mm. The distance between the two planes is 20 mm. The calculated
amplitude and phase distribution on the hologram plane are shown in Figure 2b,c, respectively.
Applying the calculated field information to Equation (2), the recovered focal image is acquired,
as shown in Figure 2d. Calculation results show a good consistency with the ideal focal image, proving
the validity of the adopted equations.

Figure 1. Scheme of the acoustic focusing with a hologram. A series of acoustic waves are incident
onto the hologram plane vertically and reflected to focus on the image plane, which is parallel to
the hologram plane. The different colors represent the different reflection phases for the incident
acoustic wave.
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Figure 2. Calculated acoustic field distributions in the single-focal scenario. (a) Desired acoustic
field pattern for the hologram. The black square is the image plane, and acoustic fields are expected
to concentrate on the orange spot. (b) Calculated amplitude distribution of the acoustic field on
the hologram plane. (c) Calculated phase distribution of the acoustic field on the hologram plane.
(d) Calculated amplitude distribution of the acoustic field on the image plane. The distance between
the two planes is 20 mm.

During the actual design, we made the whole hologram plane a flat square with a side length
of 200 mm. A general view of the hologram plane is displayed in Figure 3a, with each row and each
column comprising 20 unit cells. Helmholtz-like elements were chosen to be the unit cells of our
acoustic metasurface. As demonstrated in Figure 3b, the sampled unit cell made of copper, contains a
center-positioned cavity, whose geometries are adjustable. In our design, each unit cell’s side length !
and thickness t were fixed to be 10 mm and 2.5 mm, respectively. Since the working frequency selected
in this paper was 7.0 kHz, the side length and thickness of these unit cells were only about 1/5 and
1/20 of the operating wavelength (49 mm), respectively. Acoustic waves are incident vertically to
the holograms and come back with various reflection phases determined by the dimensions of the
cavities. Here, 8 different unit cells were designed to obtain 8 different phases, and the corresponding
reconstructed amplitudes and phases of the 8 structures were simulated using commercial finite
elements package COMSOL Multiphysics 5.3, as illustrated in Figure 3c. It can be clearly seen that
under 7.0 kHz, a set of 8 unit cells provided a gradual phase shift from —m to 7 with 71/4 intervals,
while the reflection amplitudes were all kept constant. Detailed variable geometry parameters of each
unit cell are listed in Table 1. It is worth noting that, since we tuned the structures of the Helmholtz-like
unit cells with more degrees of freedom, these 8 different geometry parameters were subtly adjusted,
to have almost linear phase dispersion around the working frequency of 7 kHz. As shown in the
shadowed region of Figure 3¢, the adjacent unit cells had almost the same phase difference in a
frequency band from 6.9 kHz to 7.1 kHz. Although with only a narrow band, it shows the possibility
to realize hologram not only at a single frequency but also for a certain frequency range.

In real scenarios, to ensure exact phase shift, accurate reflection, and minor acoustic loss, potential
airborne thermoviscous effects should be taken into consideration [39]. The viscous property of our
structure was directly decided by the geometries of the cavity, which manipulated the interior air
path. For these elements, once the side length and thickness of each unit cell were fixed, the other
3 variable parameters (i.e., the neck side length 4, the inner cavity side length b, and neck thickness
h. Thickness of the inner cavity w is a dependent variable which satisfies w =t — 2h) determined



Appl. Sci. 2019, 9, 3585 50f 10

its viscous property and the corresponding metasurface. The reflected amplitudes, as well as phase
shifts of each unit cell with and without considering thermoviscous effects, were, therefore, carefully
simulated, as demonstrated in Figure 3d. We found that both the amplitude and phase shift variation
were negligible. Simulation results indicated that the inaccuracy caused by the thermoviscous effect is
small enough to be ignored.

Table 1. Geometry parameters of unit cells in a period (f = 7.0 kHz).

Number Phase [deg] a [mm] b [mm] h [mm] w [mm]
1 -135 2.2 9.5 0.50 15
2 -90 2.7 9.5 0.25 2.0
3 —45 3.0 9.0 0.35 1.8
4 0 0.4 8.5 0.50 15
5 45 1.6 9.5 0.50 15
6 90 1.8 9.0 0.35 1.8
7 135 1.8 8.5 0.30 1.9
8 180 2.2 9.5 0.35 1.8

Concerning the aforementioned continuous phase distribution on the hologram plane, together
with 8 different reflection phases brought by 8 types of unit cell, we calculated a discrete reflection phase
distribution, as illustrated in Figure 4a. Although uniform amplitudes and discrete approximations of
the phases were used in the calculation, a fine focal effect was achieved. The image reconstruction
of the proposed acoustic metasurface hologram was further simulated. By observing the reflected
sound pressure field, the amplitude distribution on the image plane was acquired, as illustrated in
Figure 4b. Most of the acoustic energy focused on the center of the image plane, rendering a spot
pattern. It indicates that the simulation result is in good agreement with the numeric calculation
result, and our metasurface hologram is feasible. In addition, the amplitude distribution considering
thermoviscous effects was simulated, as illustrated in Figure 4c, demonstrating a very limited difference
compared to the ideal one.
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Figure 3. Unit cell of the hologram and the thermoviscous analysis. (a) Perspective view of an acoustic
metasurface hologram. The designed hologram consisted of 400 unit cells. (b) A typical unit cell of
the metasurface. The side length and the thickness of each unit cell were determined (d = 10 mm,
t = 2.5 mm) while other three parameters (i.e., a, b, and h) were variable. (c) The reflected amplitudes
and phases of unit cells under the frequency range between 6.5 kHz and 7.5 kHz. The scattering phase
can be modulated by altering the geometry characteristics of the cavity. (d) Amplitude and phase shift
profiles at 7.0 kHz with and without considering thermoviscous effects.

Figure 4. Acoustic field distributions in the single-focal scenario. (a) Calculated discrete phase
distribution of the acoustic field on the hologram plane. (b) Simulated amplitude distribution of the
reflected acoustic field on the hologram plane without considering thermoviscous effects. (c) Simulated
amplitude distribution of the reflected acoustic field on the hologram plane considering thermoviscous
effects. The simulation settings were kept consistent with the calculated ones.

To demonstrate the flexibility of the acoustic metasurface hologram, we also introduced multi-focal
holography based on the same methods that single-focal holography uses. Similar to the previous
case, we first determined the original imaging patterns, which were 2 to 6 circular spots, respectively.
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The radius of each spot was 5 mm, while other parameters and settings were identical with the previous
case. The phase distributions were calculated afterward. Utilizing the 8 types of the unit cell designed
before, we discrete the phase information into 8 levels as well. The phase distributions when 2 to
6 spots were focused on the image plane can be easily calculated using the Rayleigh-Sommerfeld
integrals. Referring to these discrete phases, along with the uniform amplitude generated from the
unit cells, focal images on the image plane can be calculated, as illustrated in Figure 5a—e.

One can see from the calculation results that discrete phases and uniform amplitudes are capable
of realizing good multi-focal effects. Therefore, we conducted simulations on the metasurface-based
holograms to validate our theory. The simulation results are illustrated in Figure 5fj. It indicates a
good consistency with the calculated ones, showing a clear multi-focal imaging effect.

Max

Figure 5. Amplitude distributions in multi-focal scenarios. (a—e) Calculated amplitude distributions of
the acoustic field on the image plane when 2 to 6 spots were projected as the focal pattern, respectively.
These amplitude distributions were rebuilt by discretized phases and a constant amplitude on the
metasurface hologram planes. (f-j) Simulated amplitude distributions of the scattered acoustic field on
the image plane. The distance between the two planes was 20 mm.

To further show its ability of holographic effect in a certain frequency range, simulations were also
performed at different frequency range with the structures of the metasurface kept unchanged. To give
an example, here we present a 3-spot focal pattern at the frequency of 6.9, 6.95, 7.05, and 7.1 kHz,
respectively, to verify its performance. The results are shown in Figure 6. As aforementioned,
the adjacent unit cells have an almost same phase difference in this frequency range, that is to say,
the whole metasurface will introduce a global phase deviation in every unit cell, which will not
influence the imaging effect at all. However, since the sizes of the whole structure compared with
the working wavelength were changed, it shows little divergence in contrast with the original one,
as shown in Figure 5g. Nevertheless, the results illustrate equivalent fine imaging performances,
validating its capability as a hologram in a certain frequency range.

It should be noted that these unit structures in the metasurface which constitute the holograms
have the ability to arbitrarily control the reflection phases. Hence, they are equipped with the potential
to render any holographic image at will. In addition, the unit structures are easy to fabricate. With the
aid of 3D printing technique, it is convenient to get the entire sample of the metasurface hologram.
We may also stitch the separate unit cells together, just like building blocks, to obtain a whole hologram.
Due to the advantages mentioned above, the proposed acoustic metasurface holograms may open the
gate for various applications in real life.
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Figure 6. Simulated acoustic amplitude distributions under different working frequencies. (a—d) The
imaging distance is 20 mm while the working frequency was 6.9 kHz, 6.95 kHz, 7.05 kHz, and
7.1 kHz, respectively.

3. Conclusions

In conclusion, we designed a series of the acoustic metasurface, which allows arbitrary control
of the reflection phase to build the holograms. Ultrathin Helmholtz-like structures were chosen
to be the unit cells of our metasurface, which are convenient to be produced with 3D printing
technology. Thermoviscous effects on the holographic imaging were sufficiently calculated and
simulated. Simulation results indicate that the designed metasurface hologram can achieve single-focal
imaging and also multi-focal imaging effects in a certain frequency range, confirming the effectiveness
and flexibility of the proposed scheme. Such work expands the route to acoustic imaging devices and
would be very useful in future applications including medical treatment and ocean exploration.
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