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The emergence of high-intensity focused ultrasound applications brings great potential to establish non-
invasive therapeutic treatment in place of conventional surgery. However, the development of ultrasonic technol-
ogy also poses challenges to the design and manufacture of high-power ultrasound transducers with sufficient
acoustic pressure. Here, the design of a sector vortex Archimedean spiral phased array transducer that is
able to enhance focal acoustic pressure is proposed by maximizing the filling factor of the piezoelectric array.
The transducer design was experimentally verified by hydrophone measurements and matched well with acous-
tic simulation studies. The focal deflection was shown to be feasible up to ±9 mm laterally and up to ±20 mm
axially, where the effective focal acoustic pressure can be maintained above 50% and the level of the grat-
ing lobe below 30%. Furthermore, a homogeneous pressure distribution without secondary focus was observed
in the pre-focal region of the transducer. The rational design of a high-intensity focused ultrasound transducer
indicates promising development in the treatment of deep tissue thermal ablation for clinical applications.
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1. Introduction

High-intensity focused ultrasound (HIFU) is rap-
idly developing as an ideal non-invasive alternative to
conventional surgery, by using the good penetrability
of ultrasound waves in human tissues. HIFU can be
used for the treatment of benign and malignant solid
tumors, providing a non-invasive and green treatment
technology with broad development prospects. Clini-
cally, this technology has been used to treat uterine
fibroids (Liu et al., 2017), liver cancer (Fukuda et al.,
2011), breast cancer (Feril et al., 2021), etc. To en-
able effective HIFU treatment, the ultrasound trans-
ducer plays a pivotal role in precisely focusing the ul-
trasound on the tumor tissue in the human body and
forming a high temperature above 65○C in the target

area within a short time. The thermal effect, mechan-
ical effect, and cavitation effect of ultrasound at the
focus synergistically cause protein denaturation, coag-
ulative necrosis of tissue cells, or irreversible serious
damage. This achieves the objective of treating tumors
without damaging the surrounding tissues (Shehata
Elhelf et al., 2018).

Among the currently available transducers, the
phased array transducer is an ideal candidate for de-
livering focused ultrasonic waves in HIFU treatment.
It consists of multiple piezoelectric elements, each with
a specific excitation signal. By controlling the phase of
the element excitation signals, single or muti-focus as
well as axial or lateral focal deflection can be achieved
without moving the transducer. Assisted by electronic
focusing, the ultrasonic beam can move flexibly and
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quickly to track the movement of organs, for exam-
ple, the kidney and liver during breathing. In addition,
wave aberration can be compensated by heterogeneous
media to avoid obstacles such as ribs and forming mul-
tiple lesions (Auboiroux et al., 2011; Lean, Zhou,
2019).

In clinical applications, the critical requirements for
HIFU usage are: 1) providing high focal acoustic pres-
sure; 2) reducing levels of sidelobe and grating lobe;
3) increasing the focal deflection range to ensure suf-
ficient focal intensity for deep tissue thermal ablation.
However, problems in phased array focused ultrasonic
devices include an acoustic pressure decreases and the
occurrence of excessive grating lobe caused by focus
deflection. Leading to thermal damage in the proximal
region (such as the skin). Particularly, this effect be-
comes pronounced as the distance of focal deflection
increases (Ebbini, Cain, 1991).

To improve focus quality, especially for deep tissue
thermal ablation, the rational design of a phased array
transducer should follow several principles, including
a large aperture and close packing of single elements,
where the distance between each element center should
not exceed half of the wavelength (Hynynen, Jones,
2016; Ramaekers et al., 2017a). In earlier studies,
regular and periodic arrays were used, leading to an
excessively high level of the grating lobe limiting focal
deflection (Daum, Hynynen, 1999; Goss et al., 1996).
Later, Goss et al. (1996) introduced random arrays
to optimize array performance and effectively reduce
the level of the grating lobe. Gavrilov and Hand
(2000) compared the acoustic field between regular and
random arrays through a numerical simulation and el-
ement size modification. The authors confirmed im-
proved focal quality in random arrays, while a lower
focal acoustic pressure was observed attributed to the
low filling factor of the elements. In 2015, Gavrilov
et al. proposed the spiral array arrangement as a solu-
tion to increase the intensity of focus and suggested
that the filling factor of elements directly affected
the intensity of the focus acoustic pressure. There-
fore, the spiral array is one of the solutions to the above
problems. Notably when the piezoelectric material is
constrained by power limitations, the radiation area of
the transducer should be increased as much as possible
(Rosnitskiy et al., 2020), so that the active surface
of the transducer and the close filling of elements con-
tribute in achieving the desired focal acoustic pressure
and spread the generated acoustic pressure uniformly
in the pre-focal region to avoid damage caused by un-
desired hotspots (Payne et al., 2011).

Furthermore, compared to other spiral structures
(16-spirals (Rosnitskiy et al., 2018), Fermat’s spiral
(Ramaekers et al., 2017b), etc.), the Archimedean
spiral phased array provides a simple structure, flexi-
ble element arrangement, and a wider deflection range
(Morrison et al., 2014). Wang et al. (2021) proposed

an Archimedean spiral PMUT array, which can gener-
ate greater axial acoustic pressure, with acoustic emis-
sion pressure 18% higher than that of traditional array
structure. However, in current studies, most elements
of the Archimedean spiral array are in circular shape,
resulting in relatively low filling factors of the array.
Therefore, in this work, we sought a novel approach
to build a high-power phased array transducer with
a small number of transducer elements while allowing
sufficient focal deflection and maintaining simplicity in
design.

Our research approach is to restrict the number
of array elements to 128 and improve the design of
the Archimedean spiral array by using sector vortex
elements to further increase the filling factor. These el-
ements were distributed on a spherical crown with an
opening diameter of 200 mm and a radius of curva-
ture of 180 mm. In the authors’ previous research (Lu,
Zeng, 2023), the improved focal acoustic pressure was
demonstrated through simulations and compared to
a configuration with circular elements, the obtained
focal acoustic pressure in the sector vortex elements
was 32.28% higher compared to the circular configura-
tion. Consequently, according to the simulated struc-
tural parameters, a sector vortex Archimedean spiral
phased array transducer that met the requirements was
fabricated, the acoustic performance of the transducer
was validated in acoustic field scanning experiments
and the results were compared with acoustic simula-
tions. This research provides feasible promises for the
design and optimization of focused ultrasonic trans-
ducers.

2. Materials and method

2.1. Array design

Figure 1 shows the design of the 128-sector vortex
Archimedean spiral array studied in this work. The
sector vortex array elements are closely distributed
on a spherical crown with an opening diameter of
200 mm, a radius of curvature of 180 mm, and 7.5 turns
of Archimedean spiral. A circular hole with an inner
diameter of 60 mm at the center is cut out to allow the
B-ultrasound probe for image monitoring. The number
of array elements is set to 128. The design of the array

Fig. 1. Illustration of the 128-sector vortex Archimedean
spiral phased array transducer design.
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elements shape was first generated on a planar surface
(Raju et al., 2011) and then projected through the
center onto a spherical crown with a radius of curva-
ture 180 mm to ensure that the areas of elements were
uniform. On the spherical crown, the projected area
of a single sector vortex element was 173.35 mm2, and
a filling factor of the elements was about 70.55%. The
filling factor can be calculated using Eq. (1) (Rosnit-
skiy et al., 2020), where Σact is the sum of the ef-
fective areas of all array elements, and Σ is the total
area of spherical crown radiation. Specific parameters
of the 128-sector vortex Archimedean spiral phased ar-
ray transducer are shown in Table 1:

Ψ = (
Σact

Σ
) × 100%. (1)

Table 1. Parameters of Archimedean spiral phased
array transducer.

Number
of elements

Opening
diameter

[mm]

Inner
diameter

[mm]

Radius
of curvature

[mm]
128 200 60 180

F number Shape of elements Spiral turns Filling factor
0.9 sector vortex 7.5 70.55%

2.2. Acoustic simulation

The acoustic fields of the 128-sector vortex Archi-
medean spiral phased array transducer were simulated
by finite element analysis. The simulations only mod-
eled linear acoustic effects, which were sufficient to
evaluate the focal deflection capabilities of various ar-
ray designs. The frequency of the acoustic simulations
was taken as 1 MHz. Assuming that the propagation
medium is homogeneous, the density of water was con-
sidered as 1000 kg/m3, and the speed of sound as
1500 m/s. A pressure of 1 Pa was applied to each array
element, and finally, the size of each grid was adjusted
to a minimum of λ/8 and a maximum of λ/6, where λ
is the wavelength.

2.3. Transducer fabrication

The single element of the array is made of P8-type
piezoelectric ceramic, with the concave side being the
negative electrode and the convex side being the pos-
itive electrode, and the frequency of the transducer is
1 MHz. The shell contains 128 mounting points to hold
the element assembly in a suitable place, and the ele-
ments are connected by positive and negative electrode
leads. The center hole of the shell and the array allow
for the placement of a B-ultrasound probe for image
monitoring, further enhancing the practicability of the
transducer. An image of the as-fabricated 128-sector
vortex Archimedean spiral phased array transducer is
shown in Fig. 2.

Fig. 2. Image of the as-fabricated 128-sector vortex
Archimedean spiral phased array transducer.

2.4. Hydrophone measurements

Hydrophone measurements were performed in a de-
gassed water tank with the as-fabricated transducer
and compared with the acoustic simulation to ver-
ify the acoustic performances. The whole measure-
ment system contained the phased array control sys-
tem, the acoustic field scanning system, and the three-
dimensional motion system, as shown in Fig. 3. In
the experiment, the transducer was immersed in de-
gassed water, the surface of the transducer was per-
pendicular to the hydrophone, and the upper computer
software controlled the 128-channel digital generator
to produce signals driving the transducer to trans-
mit ultrasonic waves. The hydrophone was moved by
a three-dimensional stepping motor to scan and mea-
sure in three orthogonal directions with a step length
of 0.1 mm, acquiring and processing the signal. The
measured signal voltage was converted into acoustic
pressure through the sensitivity provided by the hy-
drophone manufacturer. To evaluate the focal deflec-
tion capability, the delay time was calculated based
on known array element coordinates to control the fo-
cus deflection in three orthogonal directions. This pro-
cess allows to determine changes in focus acoustic pres-
sure, levels of the sidelobe and grating lobe, and focal
plane acoustic pressure distributions. Furthermore, fo-
cal plane acoustic pressure distributions were obtained
at 15, 25, and 50 mm in the pre-focal region to observe
the pre-focal acoustic pressure distribution.

Fig. 3. Schematic diagram of the acoustic field
measurement device.
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3. Results and discussion

3.1. Focusing at the geometric focus

Figure 4 illustrates the one-dimensional normal-
ized acoustic pressure distributions at the geometric
focus obtained in three orthogonal directions, obtained
through hydrophone measurements and acoustic simu-
lations under free-field conditions. It can be seen that
the results between the hydrophone measurements and
acoustic simulations are in good agreement, demon-
strating symmetry in positive and negative directions.
Specifically, the experimental results exhibit sidelobe
levels of 21% laterally (Figs. 4a and 4b) and 24% axi-
ally (Fig. 4c), while the simulation values of 25% and
19%, respectively, with a maximum error of 5%. No ev-
idence of strong sidelobes and grating lobe approach-
ing −10 dB of the main lobe is observed. Further-
more, Figs. 4a and 4b show that the sidelobe levels
of the experimental results are lower than the simula-
tion results, which is likely because of the inevitable
imperfect manufacturing process of the actual trans-

a) b) c)

Fig. 4. Illustration of the one-dimensional normalized acoustic pressure distributions at the geometric focus on the
X-axis (a), the Y -axis (b), and the Z-axis (c), obtained by the hydrophone measurements and the acoustic simulations.
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Fig. 5. Illustration of the normalized focus acoustic pressure levels deflected on the X-axis (a), the Y -axis (b), and the
Z-axis (c), obtained by the hydrophone measurements and the acoustic simulations.
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Fig. 6. Illustration of the grating lobe levels for focus deflected on the X-axis (a), the Y -axis (b), and sidelobe levels
for focal deflected on the Z-axis (c), obtained by the hydrophone measurements and the acoustic simulations.

ducer implementation, including the loss of regularity
in element placement, thereby improving the perfor-
mance of acoustic field distribution.

3.2. Focal deflection capability

According to the criteria for assessing the focal
deflection capability of phased array transducers es-
tablished in earlier studies (Ebbini, Cain, 1991; Ra-
maekers et al., 2017a; Rosnitskiy et al., 2018), fo-
cal deflection is effective when the decrease in acoustic
pressure after focal deflection is less than 50% and it
is safe if the level of the grating lobe is less than 30%
when the focus is deflected. In this work, the measure-
ments for each point are normalized and evaluated ac-
cording to this criterion (the dashed lines in Figs. 5
and 6 are the standard thresholds).

Figure 5 illustrates the focal acoustic pressure ob-
tained by the hydrophone measurements and acoustic
simulations after controlling the focus deflected in
three orthogonal directions under free-field conditions.
The focus is deflected up to ±10 mm in steps of 2 mm
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on the X-axis (Fig. 5a) and Y -axis (Fig. 5b), and up
to ±20 mm in steps of 5 mm on the Z-axis (Fig. 5c).
A good symmetry between the positive and negative
deflections of the focus is observed, and as the focal de-
flection distance increases, the focal acoustic pressure
decreases linearly. The blue dots in Figs. 5a and 5b
indicate that focal deflection appears to be feasible for
lateral deflections up to ±9 mm, where the focal acous-
tic pressure level is reduced by approximately 45%. At
±10 mm, the pressure level drops by more than 50%,
however, in the acoustic simulations this drop is 33%.
In Fig. 5c, the acoustic pressure reductions of 25% for
the negative direction and 38% for the positive direc-
tion are observed in experimental results for the fo-
cal deflection up to ±20 mm on the Z-axis. These val-
ues are 5% and 10% higher than the acoustic simula-
tions. Therefore, the focal pressure reductions and the
margin of error are smaller compared to those observed
for lateral deflections.

Figure 6 illustrates the levels of the grating lobe
and sidelobe corresponding to Fig. 5. When the focus
is deflected up to ±10 mm, the proportion of positive
and negative grating lobe levels increases from 7 to
35 and 31%, respectively, on the X-axis (Fig. 6a), and
increases from 4.6 to 35 and 40%, respectively, on the
Y -axis (Fig. 6b), while the results of the acoustic sim-
ulations are less than 17%. Therefore, the blue dots
in Figs. 6a and 6b show that the proportion of the
grating lobe is less than 26% at ±9 mm on the lateral
axis, which satisfies the safety standard. When the fo-
cus is deflected up to ±20 mm, the sidelobe levels are
less than 29% on the Z-axis (Fig. 6c), and the mar-
gin of error is less than 3% compared to the acoustic
simulations. Thus, the results of hydrophone measure-
ments on the Z-axis are in good consistency with the
acoustic simulations, while the grating lobe levels for
the lateral deflections are generally higher than those
simulated.

To better observe the acoustic field distributions
when the focus is deflected laterally, Fig. 7 shows the
normalized transversal acoustic pressure distributions
with the focus deflected up to ±10 mm in steps of
5 mm on the X-axis, comparing hydrophone measure-
ments and acoustic simulations. As the focal deflection
distance increases, both methods show a continuous
increase in the levels of the grating lobe and sidelobe.
At ±5 mm, hydrophone measurements match well with
acoustic simulations, the sidelobe levels are less than
30% and the grating lobe levels are smaller. However,
for deflections up to ±10 mm, corresponding to the re-
sults in Figs. 6a and 6b, the two-dimensional acoustic
field distributions (Figs. 7a and 7e) clearly illustrate
that the levels of the grating lobe near the focus are
higher and their number is bigger than in the acoustic
simulations.

Considering the effectiveness and safety of focused
ultrasound, the experimental results indicate that the

focal deflection range of this transducer is 40 mm for
the Z-axis, 18 mm for the X-axis, and 18 mm for the
Y -axis, while lateral deflection is 2 mm smaller than
in the acoustic simulations. Therefore, the experimen-
tal results of the transducer show good correspon-
dence with the acoustic simulations, especially on the
Z-axis. However, the focal deflection is a bit worse on
the lateral axis. As shown in Fig. 7, the transversal
acoustic pressure distributions at ±10 mm show that
the levels of grating lobe near the focus are higher
and more numerous compared to the acoustic simu-
lations.

Several possible explanations for this observation
can be considered. The presence of the grating lobe is
not only related to the focal deflection distance but also
to the array structure of the phased array. Theoreti-
cally, when the distance between each element center
is less than half of the wavelength, there are no grating
lobes (Ellens et al., 2015; Hynynen, Jones, 2016).
However, this rule leads to a very small element size
and an excessive number of elements, and the small size
is extremely challenging in terms of transducer fabri-
cation cost and matching. In this study, to improve
the focus acoustic pressure, the sector vortex elements
are used to maximize the filling factor, and the size
of the elements limits the deflection of the focus on
the lateral axis. Meanwhile, individual elements must
have the same area (Rosnitskiy et al., 2020), and the
single area of elements used in this study has a differ-
ence of approximately 0.75 mm2 due to the simulation
and fabrication, complicating the matching and having
some effect on the acoustic field characteristic or even
deteriorating them. Furthermore, among hydrophone
measurements, the hydrophone size (Umchid et al.,
2009) and the crosstalk between the wires may also
have some influence on the acoustic field.

In summary, an advantage of the sector vortex ar-
ray designed in this work is that the increased filling
factor produces higher focal acoustic pressure under
the same excitation while maintaining the focal de-
flection range, especially with no effect on the focal
deflection capability on the Z-axis. Even though the
acoustic pressure decreases more in the lateral axis, the
sector vortex array still maintains higher focal acous-
tic pressure with the focus deflected up to ±10 mm.
Consequently, the design of the sector vortex array is
suitable for deep tissue treatment requiring high out-
put power, and the array is found to be able to ade-
quately deflect the focus in three dimensions to cover
the required treatment volume. Additionally, the use
of only one type of element leads to simpler electrical
matching. In this work, the array design is the result of
increasing the filling factor while keeping the number
of elements fixed, and if a larger focal deflection range
and higher output power are required, it is possible
to reduce the area of array elements and increase the
number of elements.
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a) f)

b) g)

c) h)

d) i)

e) j)

Fig. 7. Illustration of the normalized transversal acoustic pressure distribution with the focus deflected up to ±10 mm
in steps of 5 mm and a field of view of 20× 20 mm, obtained by the hydrophone measurements (a–e), and the acoustic

simulations (f–j).
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a) b) c)

d) e) f)

Fig. 8. Illustration of the normalized transversal acoustic pressure distributions in the pre-focal region of 15, 25, and 50 mm,
and the field of view of 20× 20 mm, obtained by the hydrophone measurements (a–c), and the acoustic simulations (d–f).

3.3. Pre-focal acoustic pressure distribution

To observe the pre-focal acoustic field distribution
of the transducer, the normalized transversal acous-
tic pressure distributions were obtained respectively at
15, 25, and 50 mm in the pre-focal region by both hy-
drophone measurements and acoustic simulations, as
shown in Fig. 8. The two methods show good corre-
spondence at the three different distances, and more
homogeneous acoustic pressure distributions are ob-
served in the field of view without local hot spots.

In fact, the homogeneous propagation of acoustic
pressure generated by the transducer in the pre-focal
region, to avoid undesired local hotspots, is also one of
the important factors to be considered for the phased
array transducer design. Therefore, not only higher fo-
cal acoustic pressure and a large focal deflection range
are required in evaluating the transducer design, but
also avoiding secondary maximum and local hotspots
in the pre-focal region (Köhler et al., 2012; Ramaek-
ers et al., 2017a), which is conducive to the safety of
clinical treatment. The hydrophone verification of the
pre-focal acoustic pressure distributions of the trans-
ducer is given in Figs. 8a–c, and the results demon-
strate good uniformity and consistency.

4. Conclusion

As a new generation of HIFU transducers – phased
arrays offer the advantage of more flexible electronic

focusing, higher focal acoustic pressure and a larger
focal deflection range, which are critical in clinical ap-
plications. This study proposed the design of a sec-
tor vortex array based on the Archimedean spiral
phased array transducer, which provided the maxi-
mum filling factor within the limits of the outer di-
ameter and Archimedean spiral structure while ensur-
ing non-periodic closely filled elements. Considering
the safety and effectiveness, the transducer was evalu-
ated through the comparison of hydrophone measure-
ments and acoustic simulations to verify the feasibility
of this array design, including the acoustic field dis-
tributions of geometric focus, focal deflection capabil-
ity, and acoustic pressure distributions in the pre-focal
region.

The results demonstrated that hydrophone mea-
surements at the geometric focus were in good corre-
spondence with acoustic simulations, and the margin of
error was approximately 5%. The transducer’s focal de-
flection capability was nearly identical, with a margin
of error of 2%, and the acoustic pressure distributions
in the pre-focal region were homogeneous. Therefore,
it is indicated that a greater filling factor should be
used for designing phased array transducer, enabling
higher focal acoustic pressure. The irregular and non-
periodic arrangement of the elements can reduce the
level of the grating lobe, and the dense filling of ele-
ments contributes to the homogeneous distribution of
acoustic pressure in the pre-focal region to avoid the
local hotspots generated.
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In conclusion, the design of the 128-sector vortex
Archimedean spiral phased array transducer proposed
in this work is suitable for clinical applications requir-
ing high acoustic output power in deep tissues, the lat-
eral focal deflection of ±9 mm and axis focal deflection
of ±20 mm are also sufficient for clinical applications.
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