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School of Microelectronics, Xidian University, Xi’an 710071, China
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Acoustic holograms can recover wavefront stored acoustic field information and produce high-fidelity complex acous-
tic fields. Benefiting from the huge spatial information that traditional acoustic elements cannot match, acoustic holograms
pursue the realization of high-resolution complex acoustic fields and gradually tend to high-frequency ultrasound appli-
cations. However, conventional continuous phase holograms are limited by three-dimensional (3D) printing size, and the
presence of unavoidable small printing errors makes it difficult to achieve acoustic field reconstruction at high frequency
accuracy. Here, we present an optimized discrete multi-step phase hologram. It can ensure the reconstruction quality of
image with high robustness, and properly lower the requirement for the 3D printing accuracy. Meanwhile, the concept of
reconstruction similarity is proposed to refine a measure of acoustic field quality. In addition, the realized complex acoustic
field at 20 MHz promotes the application of acoustic holograms at high frequencies and provides a new way to generate

high-fidelity acoustic fields.

Keywords: discrete multi-step phase hologram, econstruction quality, 3D printing accuracy, high-fidelity

PACS: 43.35.+d, 43.60.Sx

1. Introduction

The strategic modulation of acoustic wavefronts paves
the way for the reconstruction of highly diverse acoustic
fields and the subsequent retrieval of the essential informa-
tion that is necessary for wavefront storage. This sophis-
ticated process empowers precision in the manipulation of
ultrasound beams to sculpt the acoustic field.!'™* As a re-
sult, it dramatically elevates the quality of ultrasound imag-
ing in the realm of biomedicine.'>~”1 Furthermore, this tech-
nique is instrumental in facilitating particle manipulation!®-!1]
in a broad spectrum of ultrasound applications. At present,
the acoustic beam is mainly manipulated by phased array

ultrasonic transducers,[12-15] self-focusing mechanisms, [16-18]

holograms, [19-231

etc. In contrast to conventional techniques,
acoustic holography is usually fabricated by the rapidly de-
veloping three-dimensional (3D) printing technology, which
allows mapping the output of the unitary transducer onto a
pre-calculated phase map!'”! and creating a high-fidelity ul-
trasound field. In addition, acoustic holography can be well
scaled to higher information content than commercial phased-
With its high cost-

effective and high freedom degree of reconstruction, [20-26-281

array and self-focusing mechanisms.

which makes it widely applicable to various transmitting and
reflecting elements.

The static phase plates or holograms with a large
spatial information content enable acoustic fabrication, (291

cell assembly of design patterns, >’ beam steering,*!! and
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wavefront distortion compensation in transcranial focused
ultrasound.!”) Recently, Ma er al?’3?! have generated
rewriteable bubble masks through electrolysis or optically in-
duced electrochemical interactions to achieve dynamic modu-
lation of the holographic wavefront. However, this approach
may deviate from the desired acoustic field, owing to the insta-
bility of the bubbles which is technically challenging. Holo-
grams pursue high-fidelity implementation of complex acous-
tic fields at high frequencies, where the rise in frequency
greatly increases the complexity of the designed static ultra-
sound fields, and the high precision print size is often accom-
panied by robust instability and randomly introduced undesir-
able errors. At the same time, the metrics for the quality of the
reconstructed ultrasound fields is still inadequate and imper-
fect. At present, only the binary amplitude modulation capa-
bility of the incident field has been demonstrated, limiting the
efficiency of coupling energy to the desired field to 10%. 33
It is fair to state that the majority of acoustic hologram re-
search is still in the low-frequency phase, where the attainable
spatial bandwidth product (SWy) is restricted by printer size
or the reconstructed beam profile range. This leads to a sim-
pler target acoustic field that can be achieved by holograms,
such as common single point focusing.?*31 The demand for
higher resolution patterning capabilities at higher frequencies
has escalated, making the implementation of continuous phase
acoustic holograms challenging in terms of 3D printing ac-
curacy. Yet, the current 3D printing technology!®”! is expen-
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sive and time-consuming for precisely achieving high printing
accuracy, so the mainstream 3D fast printing cannot realize
the production of continuous-phase holographic panels with
enough fineness.

In this study, we introduce an innovative computational
approach for acoustic holography. In the inversion process, we
numerically divide the continuous phase information of ini-
tial plane into discrete phase information with equal spacing,
and demonstrate a discrete multistage step phase holographic
plate created with 3D printing technology. Concurrently, we
introduce the concept of reconstruction similarity, which re-
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fines the metric for characterizing the acoustic field. Under
equivalent printing conditions, the reconstruction quality of
the optimized multi-step phase (four-step or eight-step) holo-
grams aligns closely with conventional phase holograms. It is
applicable to the realization of complex acoustic fields at high
frequencies, ensuring robust image reconstruction quality, and
reasonably reducing the requirement for 3D printing accuracy.
In addition, the realization of 20-MHz composite acoustic field
has greatly promoted the development of high-frequency holo-

grams, from scientific research to practical applications.

Target plane

250X250 pixels

Fig. 1. (a) General flow of iterative angular spectrum approach of reconstructing the acoustic field, along with a correction diagram from
continuous phase to eight-step phase, and (b) ultrasonic transducer combined with the corresponding hologram for acoustic field reconstruction.

2. Methods
2.1. Calculation of multi-step phase holograms

Like optical holograms, acoustic holograms accomplish
meticulous control of sound waves via sophisticated holo-
graphic projections. In order to keep the accurate phase term
during propagation, we use iterative angular spectrum ap-
proach (IASA) to optimize the calculation of holograms and
generate high-fidelity holograms stably'®! (see Fig. 1).

According to IASA, given that the angular spectrum of
the holographic plane (z = 0) is P(ky, ky, 0), the angular spec-
trum of the z4 plane can be calculated by multiplying it by the
propagation function H (ky,ky,zq) as follows:

P(kmkyyzd) = P(kmkyaO)H(kx7kyaZd)7 (D
H(kmkyyzd) — ejzd\/szk)%*k%’ (2)

where |k| = @/c is the wavenumber in the liquid medium, ® is
the angular frequency, c is the speed of sound in the medium,
and k = (ky, ky, k;) is the wave vector. Then the angular spec-
trum of the target plane, obtained from the forward calculation,
is inferred back to the angular spectrum of the 0-plane by the
formula

P(kkayvo) :P(kmkyazd)H(kkaya_Zd)' (3)

In this work, we take the ideal region “XDU” with am-
plitude 1 (others are all 0) as the amplitude constraint in the

target plane, and modify the phase information of the holo-
graphic plane in the iterative process so that its continuous
phase is discretized into an equally spaced multi-step phase

distribution, as shown below:

27
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where n € [1,N], N is the total number of equally spaced multi-
step phases and n is the n-th order in the multi-step phase.

To compare the ability of different gradient phases to
shape the acoustic field, as shown in Egs. (5)—(8), we set N
to 2, 4, and 8, respectively, to obtain the final phase distribu-
tion of the holographic plane shown in the upper right inset in

Fig. 2(a), respectively.
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By analogy, the equation for the eight-step phase hologram
is shown in Eq. (7), while the final equally spaced multi-step
phase diagram of any holographic plane can be calculated by
expanding Eq. (4).

T
0 0 < =
) <¢—47

¢_ 4’ 4 — ’ ()
n In
- — < 2.
10 g ~es=om

According to the final phase diagram of the plane, the ini-
tial thickness Tp is used to remove the change amount of the
thickness at the pixel position, which causes the phase change
AT (x, y), and the final acoustic holographic thickness T (x,y)
can be obtained. Since the phase distribution of the original
hologram is discretized into multi-step phase information, the

T (mm)

(a)

acoustic hologram with discrete phase can be calculated from
the following equation:

80ey) = FOZD e kar(ey). @
T(x,y) =To—AT (x,y), ©))

where k;, is the wave number in the water and ., is the wave
number in the 3D printed acoustic hologram. According to
the above steps, the map of final printed acoustic holographic
thickness is shown in Fig. 2.

With the number of steps increasing, the discrete phase
gradually converges to the continuous phase. Considering a
variety of factors, such as printing accuracy and manufactur-
ing difficulty, we select four kinds of acoustic holograms for
printing in order to better make a comparative choice accord-
ing to the needs. In addition to three discrete multi-step phase
holograms described above, we make N tend to infinity while
obtaining the conventional continuous phase computed acous-
tic hologram by 3D printing (printing accuracy: 100 um), as
shown in the upper right inset of Fig. 2(a). The detailed infor-
mation about 3D printed holograms is provided in supplemen-
tal material S1. We define the same parameters in advance for
these four kinds of acoustic holograms, i.e., design frequency
(f = 3 MHz), target plane (z = 30 mm), and transducer size
(R =25 mm).

1.6
0.8
Two-step —— Four-step
0
—25.0 0 25.0
z (mm)
1.6
0.8
0 Eight-step —— Continuous
—25.0 0 25.0
z (mm)

Fig. 2. (a) Thickness distribution and phase distribution (top right inset) of acoustic holograms calculated for discrete multi-step (two-step, four-step, and
eight-step) phases and continuous phases, and (b) variations of acoustic holographic thickness T (x,y) with x, corresponding to the black cut-off line (top:

two-step and four-step, bottom: eight-step and continuous).

2.2. Measurement of acoustic pressure field

The motion scan acquisition system and the experimental
setup are schematically shown in Fig. 3(a). Figure 3(b) shows
the multi-step phase hologram, which is positioned on the sur-

face of the transducer with a central frequency of 3 MHz. De-

tailed specifications of the transducer can be found in sup-
plemental material S1. The sound pressure fields in the x—y
plane of these four multi-step holograms are gauged by using a
custom-built, multi-functional ultrasonic testing system. This
system is constructed based on LabVIEW software in conjunc-
tion with a needle hydrophone (NA1000, PA, UK).

014303-3


http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acf44c
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acf44c
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acf44c
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acf44c

Chin. Phys. B 33, 014303 (2024)

Computer
g Motor control

DAQ system

(a) DC coupler

(c)  Partial sketch maj
Dual P

pulser/receiver

K]
Efficiency

o
el
B

Efﬁc1ency

Similarity

Similarity

F_\

Fig. 3. (a) Schematic diagram of motor control system and equipment to be tested. (b) Experimental setup for testing actual object. (c) Sketch map of partial

calculation of image reconstruction efficiency and reconstruction similarity.

During the test, the ultrasonic dual pulser/receiver is taken
in conjunction with a needle hydrophone (NA1000, PA, UK).
The ultrasonic dual pulser/receiver (DPR500, JSR Ultrason-
ics, USA) generates a pulse excitation signal. This signal is
subsequently applied to the ultrasonic transducer to produce
the ultrasonic pressure field. Finally, the sound pressure field
within a rectangular area of 52 mmx52 mm (x—y plane) is
measured by using a hydrophone with a precision of 200 pm.

3. Results and discussion
3.1. Image uniformity evaluation

In this work, the acoustic field simulation is performed on
condition that the acoustic field is augmented by a factor of 4
to minimize the adverse effects of boundary effects. Based on
the defined transducer plane diameter of 50 mm, each grid is
a square with a size of 200 um (less than half a wavelength),
so on the basis of magnification, the effective area is finally
selected in the imaging plane, i.e., it contains a structure of
250 x 250 pixels, as shown in Fig. 4. As mentioned above,
its phase map is encoded and printed in the hologram, and re-
constructed in water with 3-MHz ultrasound. The number of
individually accessible pixels in the hologram that creates the
acoustic field directly affects the amount of information con-
tained in it. To further describe the image distribution, the
concept of image uniformity is proposed.

The normalized sound pressure amplitude distributions
of four phase acoustic holograms are obtained by calcula-
tion and experiment as shown in Fig. 4. The comparison of
simulation calculations with experimental results shows that
its distribution has a certain regularity. The absolute sound
pressure distribution produced by the two-step phase holo-
gram is relatively dispersed as shown in Figs. 4(a) and 4(b),
which suggests that the acoustic field is lacking in fine de-
tail and relatively rough. The four-step phase and the eight-

step phase holograms produce a finer distribution of sound
pressure, mainly concentrated on the letters “XDU” and with
higher values. The accuracy of the 3D printed acoustic holo-
gram gradually declines and approaches the complexity of
continuous phase printing as the number of phase steps in-
creases (detailed explanation in supplemental material S2), but
it is still considerably better than that generated by two-step
phase.

Figures 4(c)—4(g) show the distribution curves of the rela-
tionship between the number of pixel points and the generated
sound pressure value of the four-step phase simulation and ex-
periments. Here, the sound pressure values are normalized and
the range of sound pressure values from O to 1 is divided into
ten equal intervals. In Figs. 4(c) and 4(d), the pixels on the
letter “XDU” are mainly distributed between 0.4 and 0.7. The
two-step phase has the most pixel distribution when the sound
pressure values are at 0.4 (experimental value) and 0.5 (simu-
lation value). Comparing with the two-step phase, the number
of pixels in the four-step phase is gradually distributed evenly,
and the hologram of the eight-step phase and the hologram of
continuous phase are both mainly concentrated at the sound
pressure value 0.6 and gradually approaches 1. Figures 4(f)
and 4(g) mainly display the number distributions of pixels out-
side the letter “XDU” in four cases. Figure 4(g) shows the
significantly interfering data in the two-step image, with the
undesired fraction concentrated below the 0.2 sound pressure
value when the phase is set to four-step phase and eight-step
phase. Thus, uniformity and high fidelity similar to that of
conventional (ideal) continuous phase can still be achieved.
The errors between the experimental results and simulation
values for these four holograms in Fig. 4(e) are due to the
presence of shear waves in the experimental lens as well as
acoustic wave attenuation, which are neglected in the present
simulation.
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Fig. 4. [(a), (b)] Normalized sound pressure (Norm. p) amplitude distributions in x—y plane (z = 30 mm) calculated by IASA and scanned by hydrophone,
respectively, showing two-step phase, four-step phase, eight-step phase, and continuous phase from left to right. (c) Simulated and (d) measured pixel
distribution on the “XDU?” letter area of the target image, (f) simulated and (g) measured pixel distribution in the area other than the “XDU” area corresponding
to the four phases. (e¢) Comparison between simulated and measured numbers of pixels in “XDU” region for four holograms.

As a result, the quantitative evaluations of visual effects
and image homogeneity by the naked eye show that our multi-
order phases are able to reduce manufacturing difficulties and
that the fourth and higher order phases can simultaneously en-
sure a homogeneous distribution of images with major sound
pressure values above 0.5.

3.2. Image reconstruction quality evaluation

Relating the sound power of the target region within the
acoustic field to the sound power of the entire image acous-
tic field!"”! enables a better assessment of the effectiveness of
the reconstructed image, thus using the overall reconstruction
efficiency 7 as a representation of the quality of the acous-
tic field reconstruction. According to the relationship among
sound pressure, sound intensity and sound power, the formula

for sound power can be finally expressed in terms of sound

pressure, as given by

2
Pl
P, = AxAy 2 L (i,j) = AxAy z 227(71), (10)
(Li)el (ijyer “PEm

where (i, j) is the location of each pixel point; Ax and Ay are
the sampling distances (pixel size) along the x coordinate and
y coordinate, respectively, in the observation plane.

The reconstruction efficiency can be expressed as fol-

lows:
Y plg
_ P _ger "
77— P - Z p2 ) ( )
z
(i5er ,(6,7)

where the target region T is the actual pixel set corresponding
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to the position where the ideal image is greater than 0 ampli-
tude after 50 iterative calculations. The whole image [ is a set
of pixels with all values after calculation.

However, in general, the quality of acoustic field recon-
struction cannot be described solely in terms of sound energy
utilization;, and it is also related to reconstruction accuracy.
When calculating and analyzing the efficiency, the most im-
portant premise is to calculate the sound pressure within the
area corresponding to the ideal “XDU”. Therefore, it is nec-
essary to evaluate the reconstruction similarity of the “XDU”
letter between the acoustic field of the actual target area T and
the acoustic field of the ideal target area D.

The above correction of Eq. (11) leads to the formula for

reconstructing similarity

2
DI )

—_— (12)
2 b)
L P

<
m
>}

where D is the target acoustic field area of non-zero amplitude
on the letter “XDU” in the ideal case.

The schematic diagram of the local calculation of the re-
constructed image quality is shown in Fig. 3(c). Before com-
paring its reconstruction efficiency, it is necessary to analyze
the reconstruction similarity first, thereby fully characterizing
the quality of the whole acoustic field image reconstruction.
Table 1 gives the reconstruction similarity for two-step phase,
four-step phase, eight-step phase, and continuous phase, as in-
dicated by simulation and experiment.

Table 1. Reconstruction similarity between multi-step phase and con-
tinuous phase.

Two-step  Four-step  Eight-step ~ Continuous
Simulation 26.29 27.04 35.37 33.29
Experiment 18.54 22.60 22.03 21.98

Table 2 then shows the reconstruction efficiencies in these
four cases. For these four types, it is obvious that the recon-
struction similarity between the two-step phase and the four-
step phase is relatively close to each other, but their recon-
struction efficiencies are significantly different, which indi-
cates that the two-step phase produces more interference data
outside the “XDU” letters and there is obvious scattering of
acoustic field. When the phase information is set to the eight-
step phase information, the reconstruction similarity and the
reconstruction efficiency are almost better than the those of
continuous phase.

This is because the eight-step phase hologram’s complex-
ity makes it difficult to distinguish between the actual step and
an erroneous one that is not simply minor in comparison with

the step in the best scenario. The C-mode scans of the four

holograms are performed by a 100-MHz high-frequency ul-
trasound transducer, and the mean absolute percentage errors
(MAPEs) of 3D printing are verified to be 9.87%, 10.88%,
45.51%, and 50.39%, respectively. Details of the four holo-
gram thickness variations are given in supplemental mate-
rial S2. Therefore, in the case where the 3D printing accu-
racy cannot meet the higher requirements of continuous phase
acoustic holograms, the effect of four-step phase and eight-
step phase acoustic holograms are more likely to meet the tar-

get requirements.

Table 2. Reconstruction efficiency between multi-step phase and con-
tinuous phase.

Two-step  Four-step  Eight-step ~ Continuous
Simulation 60.62 85.45 91.94 92.47
Experiment 34.43 63.62 58.42 54.69

Increasing the frequency from 3 MHz to 20 MHz will be
more stringent on the accuracy of the printer. The quick cre-
ation of high frequency holograms cannot be supported by the
100-pum printing precision being used at present time. In or-
der to simply compare the feasibility of using step phases for
their high frequencies, as shown in Fig. 5(a), only four-step
and continuous-phase high-frequency holograms are gener-
ated with only 10-um printing accuracy. Figures 5(b) and 5(c)
show the simulated and measured normalized sound pressure
amplitude diagram of four-step phase and continuous phase
at a frequency of 20 MHz. In the same printing conditions,
the reconstruction similarity and reconstruction efficiency of
the four-step hologram, calculated in the experiment (simula-
tion), are 18.03% (simulation: 30.77%) and 41.81% (simula-
tion: 86.27%), and the reconstruction efficiency of continu-
ous holograms are 17.94% (simulation: 33.07%) and 40.71%
(simulation: 92.80%), respectively. In order to better charac-
terize the contouring errors occurring in the 3D printing pro-
cess, C-mode scanning of hologram is performed by a 100-
MHz high-frequency ultrasonic transducer, in which the error
of the four-step holograms is only 11.77%, whereas the print-
ing error of continuous holograms can even reach more than
20%. The thickness variation of the 20-MHz phase hologram
scanned by C-mode is given in supplemental material S2. Like
the results in the low-frequency condition, the four-step holo-
gram possesses a better image reconstruction quality. With
the development of high frequency in demand, the implemen-
tation of multi-step holograms to a certain extent can not only
reduce the influence caused by the printing error as much as
possible, but also maintains the reconstruction quality of com-
plex acoustic fields. It can be shown that the optimized multi-
step phase hologram can be better applied to high frequency

scenarios when the desired frequency is gradually increased.
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Fig. 5. (a) Designed and 3D printed hologram with generated letters “XDU”. (b) and (c) Normalized sound pressure amplitude distribution (left
side: simulation, right side: experiment) in x—y plane (z = 15 mm) generated by IASA calculations and hydrophone scanning with four-step

phase (top row) and continuous phase (bottom row).

Generally, the ability to store encoded acoustic field infor-
mation in holograms is constrained by a finite flat aperture in
the transmission of sound waves to the target image distance,
thereby making it impossible to achieve 100% perfect image
reconstruction quality. By comparing with the ideal value, the
mean square error can be used to calculate the error of recon-
struction similarity. The mean square errors of two-step, four-
step, eight-step, and continuous phase simulations are 3.36%,
3.13%, 2.31%, and 2.49%, respectively. In addition, the ex-
perimental errors are 4.81%, 4.25%, 4.26%, and 4.39%, ow-
ing to the coupling and attenuation of the acoustic waves in the
medium, respectively.

4. Conclusions

In this work, we presented a computational technique for
discrete multi-step phase acoustic holograms, which is based
on the optimization of the iterative angular spectrum approach.
In the present method the conventional continuous phase is
discretized into uniformly spaced multi-step phases, thereby
generating corresponding acoustic holograms. We also intro-
duced the concept of reconstruction similarity, an improved
measure that can characterize the acoustic field image quality
more evenly.

Under equivalent printing conditions, the unavoidable er-
rors associated with 3D printing lead the image reconstruc-
tions for eight-step and continuous phase-based holograms to
lower their quality. Furthermore, the hydrophone scanning
results for the ultrasound field differ from the simulation re-
sults. Our findings indicate that four-step or eight-step holo-
grams can ensure higher reconstruction quality and greater ro-

bustness when the accuracy of 3D printing cannot satisfy the
more stringent requirements of continuous phase holograms.
Additionally, the discrete multi-step phase technique can be
adopted in the implementation of complex acoustic fields at
20 MHz, which can greatly promote the development of high-
frequency acoustic fields, from scientific exploration to prac-
tical applications.
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