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Abstract—Endorectal ultrasound (US)-guided thermal 
ablation of prostate cancer using high-intensity focused 
ultrasound (HIFU) is a widely used focal intervention. While 
generally safe and effective, it is not without challenges 
associated with heat diffusion and prefocal heating, which has 
spurred interest towards non-thermal, mechanical HIFU 
ablation regimes. Another challenge is the necessity to 
mechanically translate the HIFU transducer – commonly single-
element or annular array – for volumetric treatments, which 
results in target shifts and transducer position readjustment. 2-
D arrays would address this problem, but their design is 
challenging in a small form-factor. The element pattern must be 
tightly packed and aperiodic to maximize active surface area 
and to suppress grating lobes, respectively. Here, we report on 
the design, fabrication, and performance evaluation of a 1.5-
MHz 128-element transrectal HIFU array driven by Verasonics 
system capable of mechanical tissue ablation via boiling 
histotripsy (BH) under real-time coaxial US imaging guidance. 
A recently developed method for designing randomized, fully-
populated mosaic arrays was used to create the element 
pattern. The measured focus steering ranges of the fabricated 
array were 26 mm axially and 12 mm laterally in the BH regime, 
with driving voltage compensation by less than 43% and no 
grating lobe formation. Stress tests with a 5-element prototype 
confirmed safe operating voltage of 850 V peak-to-peak, 
corresponding to the acoustic intensity of 542 W/cm2 at the 
array surface. The array integrated with a 128-element US 
imaging probe driven by the same Verasonics system was 
successfully used to produce volumetric BH lesions in 
polyacrylamide tissue-mimicking phantoms. 

Index Terms— Multi-element array, high-intensity focused ultrasound (HIFU), prostate, boiling histotripsy, tight 
packing, focus steering, nonlinear waves 

 

  
I. INTRODUCTION 

ne of the most promising applications of high-intensity 

focused ultrasound (HIFU) is non-invasive (incisionless) 

ablation of prostate cancer (PCa) as an alternative to the current 

first-line treatments such as radical prostatectomy and radiation 

[1, 2, 3, 4]. HIFU approach utilizes transrectal probes that 

generate high-intensity focused ultrasound beam propagating 

through the rectal wall to the target region of the prostate 

(Fig. 1(a)). This leads to rapid localized heating and subsequent 

coagulative necrosis of the targeted tissue. This technology has 

been implemented in two commercial systems that have been 

successfully used in clinical practice for over a decade: Focal  
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One® (EDAP, Vaulx-en-Velin, France) and Sonablate® HIFU 

(Sonablate Corp., Charlotte, NC, USA) [2, 3, 4, 5].  

The Focal One® system includes a compact annular array of 

spherically focused elements arranged in a “spoon” shape with 

a circular central opening for the co-axial US imaging probe, as 

seen in an illustration of such a transducer array in Fig. 1(b). 

This element arrangement enables electronic focus steering 

along the HIFU axis z [6]. However, this pattern does not allow 

movement of the focus in the transverse x and y directions, 

which is instead performed via mechanical probe translation 

along and rotation around y axis. Such mechanical movement 
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of the HIFU probe during treatment is associated with 

decreased ablation rates, can lead to trapping of gas bubbles 

between the probe cover and the rectal wall, and causes shifting 

and deformation of the prostate. These challenges necessitate 

transducer position readjustment, which increases procedure 

duration, compromises targeting accuracy and introduces 

operator dependence. The capability of electronic focus 

steering in those directions, with the transducer remaining 

stationary, would thus be beneficial for both treatment 

efficiency, precision, and reliability. Steering in the xz plane 

(Fig. 1(b), semitransparent region) is of particular interest, as it 

corresponds to the US imaging plane. This highlights the need 

for a transducer with a two-dimensional (2-D) multi-element 

pattern and three-dimensional (3-D) focus steering capabilities.  

The design of a 2-D transrectal array is particularly 

challenging due to the critical requirement for a small form 

factor, which necessitates densely packed elements to 

maximize the active surface area and power output. One 

straightforward way of achieving such a pattern of elements 

with equal surface area is to divide the array into a regular grid 

of rectangular elements (Fig. 1(c)). However, periodic 

distribution of the elements with spacing comparable to the 

HIFU wavelength leads to the formation of high-amplitude 

grating lobes in the HIFU field when the focus is electronically 

steered [7]. Thus, the key challenge is the design of an irregular, 

densely populated pattern of elements of equal area to reduce 

grating lobes. 

 Another set of challenges in transrectal HIFU treatment of 

the prostate is related to the thermal ablation mechanism. The 

treatments are limited by thermal diffusion from relatively slow 

heating, pre-focal heating which causes edema, and tissue 

attenuation which limits the ability to effectively heat the 

anterior prostate [8]. Furthermore, vapor bubbles that form in 

ablated tissue are frequently persistent and result in shadowing 

of the posterior areas on US images, forcing the operator to 

pause the treatment for their dissolution. Finally, B-mode 

evaluation of purely thermal treatment outcomes provides only 

minimal real-time feedback.  

One potential solution to these challenges is using non-

thermal, mechanical tissue ablation, i.e., histotripsy. 

Histotripsy mechanically liquefies tissue through bubble 

activity induced by short high-amplitude HIFU pulses 

delivered at low duty cycle [9, 10, 11, 12]. Since histotripsy 

techniques rely on bubble formation in the target region during 

the procedure, the resulting hyperechogenicity can precisely 

highlight the treatment area in B-mode images, while treatment 

completion can be confirmed by hypoechoic region of the 

liquefied tissue [12]. Several histotripsy regimes have been 

identified over the past two decades and differ primarily in the 

pulse duration (microseconds to milliseconds) and necessary 

HIFU focal pressures (higher to lower, respectively) [12, 13]. 

Highlights 

• A novel design for a fully populated 128-element transrectal array for mechanical prostate ablation via boiling 
histotripsy method under B-mode guidance was proposed. 

• The complete design process, from numerical simulations to optimize the array parameters to phantom testing 
of the manufactured array in tissue-mimicking polyacrylamide gel is presented. 

• Phantom tests confirmed safe and efficient focus steering over a 25.5 mm along and 12 mm transverse the 
array axis with sufficient power reserve for in vivo use. 

 

 

 
Fig. 1. Illustration of challenges in thermal HIFU ablation of prostate cancer. (a) A sketch of transrectal thermal HIFU ablation of the prostate. (b) 
Sketch of an annular HIFU array similar to those used in Focal One® systems. A semi-transparent rectangle represents the imaging plane of the 
coaxial US imaging probe. A contour within the imaging plane indicates the region of interest (ROI) of the array’s acoustic field, while the circular 
marker denotes the center of curvature of the array. (c) Sketch of an array with a 2-D regular pattern of elements. A pressure amplitude field 
sketch in the ROI is shown for a case where the focus is electronically steered along x axis to illustrate the formation of grating lobes. 
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Historically, the first successful histotripsy treatments of the 

prostate utilized the shock-scattering histotripsy regime, (10 – 

20 microsecond long pulses, 1% duty cycle) and were 

performed transabdominally in the canine model inclduing in 

the ACE-1 prostate cancer model [9, 14, 15]. However, a 

subsequent clinical trial of a transperineal histotripsy device in 

benign prostate hyperplasia (BPH) patients demonstrated no 

long-term benefit, suggesting inadequacy of transperineal 

acoustic window for effective mechanical ablation [16]. 

Another histotripsy regime – boiling histotripsy (BH) –

utilizes millisecond-long pulses with shock fronts to repeatedly 

create a vapor bubble at the focus. This bubble interacts with 

the remaining incident shock fronts of the pulse, enabling 

mechanical tissue ablation without discernable thermal effects 

[11]. Due to lower power requirements for BH, transducer 

miniaturization is more feasible compared to shock-scattering 

histotripsy, making the transrectal approach possible [12, 17]. 

This was confirmed in a series of studies in which a 2-MHz 

single-element transrectal BH transducer was manufactured, 

and the feasibility of prostate BH was demonstrated in an in 

vivo canine model [18, 19, 20]. 

BH has also shown strong potential for ablating human 

prostate tissue. A series of ex vivo studies conducted in N=24 

human autopsy samples with a wide range of elastic properties 

(stiffness) demonstrated successful ablation of benign prostatic 

hyperplasia (BPH) and a case of prostate adenocarcinoma [18, 

21, 22]. A comparative study further demonstrated that BH 

protocols achieve 5–10 times faster ablation rates compared to 

protocols with microseconds-long pulses in ex vivo human 

prostate tissue [23]. 

An important next step in improving the transrectal BH 

ablation systems is the development of a 2-D multi-element 

array design to enable 3-D focus steering. Because BH requires 

high pulse average output power, it is important to maximize 

the active surface area by ensuring that the array is fully 

populated and matching the shape of the central opening to that 

of the US imaging probe (usually rectangular, Fig.1(c)).  

The goal of this work was to design such a fully populated 

2-D array for US-guided transrectal BH satisfying the 

requirements presented above and to evaluate its performance 

in tissue-mimicking phantoms. A novel method for designing 

randomized fully populated arrays – previously developed by 

the authors – was adapted for this case of a rectangular aperture 

and a rectangular opening [24, 25, 26]. The process included 

four stages: (1) numerical simulations to determine optimal 

device parameters in reaching the required steering range and 

output levels; (2) destructive testing with a specifically 

fabricated subset of elements to identify the safe range of their 

operation and potential modes of failure; (3) hydrophone-based 

characterization of the pressure field of the fabricated array in 

linear and nonlinear regimes; (4) volumetric BH exposures of 

a tissue-mimicking gel phantom under B-mode US guidance. 

II. MATERIALS AND METHODS 

A. Selection of the Transducer Array Design 
Parameters  

The relevant BH-array design parameters include the radius 

of curvature of the spherical surface 𝐹, the size of the active 

surface in the x and y directions (referred to as “width” and 

“length”, 𝐿𝑥 × 𝐿𝑦), the opening size (𝑙𝑥 × 𝑙𝑦), the smoothing 

radii of the outer corners of the array aperture 𝑅sm, the inner 

corners of the opening 𝑟sm, the operating frequency 𝑓, the 

number of elements 𝑁, the element pattern, and the kerf ℎ 

between the elements (Fig. 2(a)).  

Another important parameter of a HIFU transducer is the F-

number, which is defined as the ratio of the focal length of the 

transducer to its aperture. This parameter characterizes the 

focusing angle of the transducer. Rectangular transducers have 

therefore two F-number values along the x- and y-directions: 

𝐹#
𝑥 = 𝐹 𝐿𝑥⁄  and 𝐹#

𝑦
= 𝐹 𝐿𝑦⁄ . For the transducer geometry 

considered in this study, 𝐿𝑦 > 𝐿𝑥, so it is convenient to define 

𝐹#
𝑥 as the F-number of the “weakly focused” side and 𝐹#

𝑦
 as the 

F-number of the “strongly focused” side (Fig. 2(a)). It has been 

previously shown that focal pressures corresponding to specific 

levels of nonlinear waveform distortion (critical to BH) are 

determined by the transducer F-number [27]. Specifically, for 

rectangular apertures, it is primarily determined by the F-

number of the strongly focused side, 𝐹#
𝑦

 [28]. 

Some of the design parameters were determined based on the 

 
 

Fig. 2. Illustration of the capacity-constrained tessellation as an iterative 
point-clouds separation process for designing a transrectal BH array. 
The top row (a – c) shows three key iterations of the process for point 
clouds randomly mixed over the array’s surface: (a) the completely 
blended state (iteration 0), (b) the beginning of separation (iteration 1), 
and (c) the completion of separation. Solid line contours outline the final 
tessellation cells. The bottom row (d – f) illustrates the same process for 
another initial state, where point clouds are generated in separate array 
quarters to prevent the breakage of tessellation cells into two parts. 
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practical limitations of the driving electronics, anatomical 

limitations for transrectal applications, and previous studies on 

HIFU in the prostate. They were also informed by the 

parameters of a 2-MHz single-element transrectal BH 

transducer used in our previous prostate BH studies [29, 19, 

20]. This transducer had a similar shape with the radius of 

curvature of 40 mm, a width and length of 30 × 50 mm, 

respectively, a circular central opening diameter of 23 mm, and 

F-numbers of 𝐹#
𝑥 = 1.3 and 𝐹#

𝑦
 = 0.8.  

For the current transducer, a greater radius of curvature, 

F = 52 mm, was selected to enlarge the treatment envelope and 

enable access to deeper tumors. This value is also consistent 

with those used in clinical transrectal HIFU systems, such as 

Focal One® (EDAP, Vaulx-en-Velin, France) [5]. 

The transducer width was dictated by the feasibility of 

transrectal use, and was selected based on practical clinical 

recommendations to not exceed 40 mm. Given the space 

required for the array housing, the width of the active surface 

was chosen as 𝐿𝑥 = 31 mm. Similarly, the smoothing radius of 

the array aperture, 𝑅sm = 7 mm, was selected based on the 

existing devices [5]. The height of the array was set to 𝐿𝑦 = 

63 mm to achieve the same F-number, 𝐹#
𝑦

 = 0.8, for the 

strongly focused side as the previously used single-element BH 

transducer, thereby ensuring a similar nonlinear field at the 

focus. 

The size of the opening, 𝑙𝑥 = 21 mm by 𝑙𝑦 = 15 mm, and its 

smoothing radius, 𝑟sm = 2 mm, were chosen to accommodate 

the custom-made micro-convex 128-element imaging probe 

(VERMON SA, Tours, France) for treatment guidance. 

The number of BH-array elements, N = 128, was selected to 

ensure compatibility with the 4-board Verasonics Vantage 

system with a HIFU option and custom capacitor bank 

(Verasonics Inc., Kirkland, WA, USA). Out of the 256 overall 

channels, half were planned for the 128-element HIFU array 

and the other half – for the 128-element US imaging probe. The 

fully populated 128-element pattern is described in Section II-

B. 

The kerf between the elements, h = 0.4 mm, was determined 

by the technological limits of the array manufacturing process. 

This kerf was necessary to avoid electrical breakdown between 

neighboring elements operating out of phase [24].  

The operating frequency was considered in the range of 

f = 1.5 MHz to 2 MHz. Both frequencies have been 

successfully used in previous prostate BH studies [19, 20, 30]. 

The lower frequency of 1.5 MHz is known to produce larger 

lesions and therefore higher ablation rate as well as to improve 

focus steering capabilities [31]. Conversely, the higher 

frequency of 2 MHz offers the advantage of a higher focal gain, 

and the shock is formed at a lower driving voltage level. 

Prior to the fabrication of the 128-element transducer, a 5-

element prototype array made from the same lead zirconate 

titanate (PZT-4) piezoelectric material was manufactured for 

destructive testing in a high-power regime to assess the 

reliability of the selected element size and kerf. Details of these 

tests are provided in Section II-D. 

B. Fully Populated Array Design 

The fully populated design of the array was based on 

capacity-constrained tessellation (CCT), which was initially 

introduced for computer graphics applications [32]. This 

tessellation method was adapted in our prior work to design 

spherically focused bowl-shaped HIFU arrays with a 

randomized, fully populated pattern of elements of equal area 

[24, 25]. Since the design procedure was detailed in depth 

previously, here we only provide a qualitative description. 

Fig. 2 illustrates the implementation of the algorithm. 

First, a large number of sampling points was randomly 

generated on the surface of the array according to a uniform 

probability distribution. Second, all points were divided into N 

randomly mixed sets of points – referred to as point clouds – 

each containing an equal number, M, of points (Fig. 2(a)). For 

example, the case where N = 128 and M = 1000 is shown. 

The second stage of the algorithm can be described as the 

“separation” of N portions of various immiscible liquids, where 

each portion contains M sampling points mixed in a “container” 

shaped like a spherical shell. This separation process is 

implemented iteratively by swapping points between point 

clouds based on a specific metric that identifies pairs of points 

to be exchanged, as detailed in [24]. An example of the 

distribution of point clouds after the first iteration, 𝑆 = 1, is 

shown in Fig. 2(b). 

This process included “limited relaxation”, which fixed the 

position of the center of mass of each point cloud at a specified 

iteration, 𝑆0. Beyond this iteration, the separation process 

continued with the center of mass of each cloud remaining 

stable. A detailed explanation of this algorithm benefits is 

provided in [25]. Limited relaxation has been shown to increase 

the level of non-periodicity in the final element pattern and 

suppress the grating lobes. Therefore, the limited relaxation 

option, with a limiting iteration of 𝑆0 = 4, was used for the 

current example. 

The final iteration, with all point clouds separated, is shown in 

Fig. 2(c), forming the elements of the fully populated array. 

Since the number of uniformly distributed points within each 

element is proportional to a consistent, unbiased estimate of its 

area, the areas of all elements are equal in the limit of a large 

number of points, M. Thus, the desired fully populated pattern 

is achieved. However, one drawback of this design becomes 

evident for arrays with a wide opening in the x-direction: 

separate point clouds adjacent to opposite sides of the opening 

may cause separation of the corresponding array elements into 

two parts. An example of such an element is shown in Fig. 2(c). 

A solid contour outlining the rim of the element’s point cloud 

passes through the central opening, as the element is split into 

two parts on either side of the opening. 

To address this issue, a modified tessellation method was 

proposed and applied as follows. The initially mixed point 

clouds were generated independently within the four quadrants 

of the array aperture (Fig. 2(d)). In this configuration, point 

clouds located on the opposite sides of the opening remained 

“unmixed,” preventing the separation process from dividing 

any cloud into two parts. The subsequent separation process 

proceeded in the same manner as in the original algorithm. The 

point clouds after the first and final iterations are shown in 

Figs. 2(e, f). 
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To transition from a discrete representation of the point 

clouds to a continuous distribution of elements, rims around the 

outer points of each cloud were traced (Fig. 2(f), solid lines).  

The final tessellation parameters were 𝑁 = 128, 𝑀 = 105, 

𝑆0 = 4. A large value of M was chosen to ensure a small 

variation in the areas Σel of the elements, which does not exceed 

1% [24]. Five hundred different random generations of the 

initial points were performed to create a statistical ensemble of 

arrays with varying random element patterns but identical 

geometric parameters. The array with the best performance was 

selected from this ensemble. The number 500 was chosen in 

accordance with a previous study on fully populated arrays, 

which demonstrated that this sample size is sufficient to obtain 

a representative statistical ensemble [25]. 

C. Field Simulation and Array Selection 

Multiparametric modeling of the pressure field of each array 

from the ensemble was performed using an open-access xDDx 

toolbox, available from 

https://github.com/pavrosni/xDDx/releases. One of the 

capabilities of the Simulation part of that toolbox is the 

simulation of 3-D pressure fields of transducers with 

nonuniform distribution of vibrational velocity (amplitude 

and/or phase) over the active surface in a continuous wave 

(CW) regime [33]. The simulation algorithm is based on the 

Rayleigh integral, implemented using parallel computations on 

graphic processing units (GPUs), which allows for fast 

simulations for multiple transducer cases considered in this 

study. Simulations were performed assuming the propagation 

medium to be water with the sound speed of 𝑐0 = 1500 m/s and 

the density of 𝜌0 = 1000 kg/m3. 

The first set of simulations aimed to select the array with the 

largest focus steering range in z direction. This parameter is one 

of the most critical in practical applications because mechanical 

movement of the array in that direction is the most restricted. 

According to the “efficiency” and “safety” criteria from [34] 

and [35], the allowable steering range was defined as the range 

where the pressure amplitude at the shifted focus is higher than 

70% of the maximum achievable value, and the steering is 

considered safe if the pressure amplitude of the grating lobes is 

less than 30% of the focal amplitude. These criteria assumed 

that the focal pressure losses could be compensated by 

increasing the pressure 𝑝0 at the surface of the transducer, while 

maintaining the grating lobe level below 30% would ensure 

safety even with this pressure increase. Here, 𝑝0 = 𝜌0𝑐0𝑣0 is 

the characteristic initial pressure at the surface of the array 

element, where 𝑣0 is the normal vibrational velocity amplitude 

of the element surface. Specifically, to compensate for a 70% 

reduction in focal pressure in a linear propagation case, the 

corresponding increase in 𝑝0 would be 1/0.7 = 1.43, or by 43%. 

Note that in practice, since the characteristic initial pressure at 

the surface of the element is proportional to the electrical 

voltage applied to it, this 43% increase in 𝑝0 is equivalent to a 

43% increase in the driving voltage [22]. 

The allowable steering range was determined for each array 

in the ensemble by setting the phases at the elements to place 

the focus in the range of 𝑧𝐹 from 35 mm to 65 mm with a step 

of 1.5 mm (21 positions). The range of positions Δ𝑧𝐹 that 

fulfilled both the “efficiency” and “safety” criteria was then 

identified. As a result, a total of 500 × 21 field simulations 

were performed.  

According to the input data format of the toolbox, each of 

the 500 array models was discretized on a Cartesian grid 

projected onto the spherical surface of the array with x- and y-

steps of 0.1 mm. Pixels corresponding to the array elements 

were assigned amplitude and phase values calculated for each 

steering position, while pixels in the kerfs were assigned zero 

amplitude and phase. Simulations were performed for an 

operating frequency of 1.5 MHz. 

Once the array with the widest steering range Δ𝑧𝐹 was 

selected, more detailed field simulations were performed. 

Linear simulations of the pressure field in the vicinity of the 

center of curvature of the array were conducted at frequencies 

of 1.5 MHz and 2 MHz to evaluate whether the focal gain was 

sufficient to attain BH conditions. The lowest operating 

frequency satisfying those conditions was selected. 

The steering range calculations were subsequently 

performed for the selected frequency in the zx- and zy-axial 

planes. These calculations considered focus positions ranging 

from –7 mm to 7 mm in the x- and y-directions (with a step of 

0.25 mm) and from 35 mm to 65 mm in the z-direction (with a 

step of 0.5 mm).  

Finally, the array field was simulated at the selected 

frequency in 3-D rectangular regions for seven focus positions: 

(𝑥𝐹  = 0, 𝑦𝐹  = 0, 𝑧𝐹 = 𝐹), (𝑥𝐹 = ±5.5 mm, 𝑦𝐹  = 0, 𝑧𝐹 = 𝐹), 

(𝑥𝐹 = 0, 𝑦𝐹  = ±6.6 mm, 𝑧𝐹 = 𝐹), (𝑥𝐹  = 0, 𝑦𝐹  = 0, 𝑧𝐹 = 35.6 

mm), and (𝑥𝐹  = 0, 𝑦𝐹 = 0, 𝑧𝐹 = 63.3 mm). The first focus 

position corresponded to the center of curvature of the array, 

while the others were located at the x-, y-, and z-boundaries of 

the allowable steering range, as described above. The 

simulation grid spanned from –15 mm to 15 mm in the x- and 

y-directions and from 35 mm to 65 mm in the z-direction, with 

a step size of 0.1 mm in all directions resulting in 201 × 201 ×
301 simulation points. The simulated field was subsequently 

compared to the field of the fabricated array reconstructed from 

acoustic holography measurements to evaluate the fidelity of 

the build to the design. The acoustic holography method 

(described in Section II-E) involved hydrophone measurements 

of the 2-D pressure waveform distribution in a transverse plane 

in front of the transducer, followed by numerical forward and 

backward projection of the field [33]. To provide a quantitative 

comparison, the vibrational velocity 𝑣0 at the surface of the 

simulated array was selected in a way that ensures the same 

total acoustic power 𝑊0 = 𝜌0𝑐0𝑣0
2𝑁Σel 2⁄  as one of the CW 

components of the measured transient hologram 𝑊ℎ𝑜𝑙𝑜 at the 

selected operating frequency: 𝑣𝑜 = √2𝑊ℎ𝑜𝑙𝑜 𝜌0𝑐0𝑁Σel ⁄ . The 

details of holography measurements and holography-based 

power calculations are provided in Section II-E.  

 

D. Destructive Testing of a 5-element prototype 

Both the prototype 5-element array for destructive testing and 

the full 128-element probe were fabricated by Sonic Concepts 

Inc (Bothell, WA, USA). The same piezoelectric element 

material (PZT-4) and water-jet dicing technology were used for 

the prototype as those for the final array. The 5-element 

prototype consisted of a sub-group of elements from the final 

mosaic pattern selected in Section II-C. A 1/4 lambda carbon 
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composite matching layer was bonded onto the diced PZT. The 

prototype elements were diced from a small spherically focused 

disc (20 mm diameter, 64 mm radius of curvature) integrated 

into a housing that was waterproof on the front to facilitate 

immersion of the transducer face into degassed, deionized 

water for testing. The back of the transducer was open, enabling 

visual observation of electric breakdown and temperature 

measurements (Fig. 3(a)). 

Each element of the prototype array was driven 

independently using a custom-built class D amplifier via a 

custom matching network [36]. Since the real part of the 

impedance was close to 60 Ohms, a series inductor was selected 

to cancel the imaginary component of the impedance at 2 MHz. 

The inductor was chosen to be compact, shielded, and capable 

of handling the required current and voltage without saturation.  

The elements were driven with different phase delays, as 

illustrated in Fig. 3(a). The phases of elements 1 and 3 were set 

to zero to test mechanical crosstalk between the elements 

working in phase, while elements 2 and 4 were driven with 

phase shifts of 𝜋 to increase the probability of electrical 

breakdown between the pairs 1–2, 2–3, 3–4, working with the 

opposite polarity. An average phase shift of 𝜋 2⁄  was set for 

element 5. 

In the first set of measurements, the vibration pattern of the 

prototype was characterized with transient acoustic holography 

described in detail in Section II-E [37, 33, 38]. The second set 

of measurements consisted of destructive testing performed as 

follows. The transducer was driven in a typical BH pulsing 

regime (10 ms-long pulses, a PRF of 1 Hz) with gradually 

increasing the driving voltage at the elements within the range 

of 100–830 volts peak-to-peak (Vpp) with a step of 50 V. The 

transducer operated for at least 5 minutes at each level. The 

maximum element driving voltage of 830 Vpp corresponded to 

an output voltage of 90 V (10 V higher than the system’s 

nominal maximum voltage) by the power modified Verasonics 

Vantage system). 

The temperature of the active surface was monitored using 

an Etekcity LaserGrip 774 (Etekcity, Tustin, CA, USA) 

infrared (IR) thermometer, while electrical breakdown 

occurrence was visually observed from the back side of the 

transducer.  

After identifying the failure mode of the transducer, the 

device was improved, and all measurements mentioned in this 

section were repeated to rule out post-failure damage. 

E. Acoustic Holography Measurements 

Transient acoustic holography was performed for the 5-

element prototype and the fabricated 128-element array to 

evaluate of the fidelity of the element pattern to the design, the 

amount of mechanical crosstalk between elements and 

electroacoustic conversion efficiency across the available 

frequency range. A hologram measurement consisted of a 2-D 

planar hydrophone scan of the transient pressure field of the 

transducer in the plane perpendicular to the transducer’s 

acoustic axis (z-axis) [37, 38]. 

The hydrophone measurements were conducted in a tank 

filled with degassed and deionized water. An HGL-0085 

capsule hydrophone with an AH-2020 preamplifier set at 20 dB 

gain (Onda Corp., Sunnyvale, CA) was attached to a 3-D 

positioning system (Velmex Inc., Bloomfield, NY). The 2-D 

planar field scans were performed using a custom LabVIEW 

program (National Instruments Corp., Austin, TX) that 

controlled the movement of the hydrophone over a rectangular 

grid and the acquisition of the hydrophone signals at each grid 

node using a 14-bit digitizer at a sampling rate of 80 MHz 

(Gage Razor 14, DynamicSignals LLC, Lockport, IL, USA).  

For the prototype transducer, the elements of the array were 

excited with 3-cycle pulses at 2 MHz with a pulse repetition 

frequency (PRF) of 5 Hz, and 4 Vpp voltage. The hologram xy 

grid consisted of 123×123 nodes with a step size of 0.25 mm 

and positioned at approximately z=34 mm from the transducer 

surface. For the 128-element transducer, 3-cycle pulses with 

similar parameters were used at a 1.5 MHz central frequency. 

Two holograms were acquired: one with all elements driven 

with the same phases to provide focusing at the center of 

curvature of the array (𝑥𝐹  = 0, 𝑦𝐹  = 0, 𝑧𝐹 = 𝐹), and another 

with the phases set to steer the focus laterally in the imaging 

plane (𝑥𝐹  = 5.5 mm, 𝑦𝐹  = 0, 𝑧𝐹 = 𝐹). The array was driven by 

the power-enhanced Verasonics Vantage system (Section II-

A). The hologram xy grid consisted of 111×181 nodes with a 

step of 0.3 mm and positioned at approximately z = 30 mm. 
 

 
Fig. 3. (a) A photo of the back side of the 5-element prototype array. The 
elements are numbered from 1 to 5, and circles of different colors 
indicate the phase delays applied to the elements. Elements 1 and 3 
were set to zero phase delay, elements 2 and 4 to a phase delay of 𝜋 , 
and element 5 to a phase delay of 𝜋/2. (b) A photo showing an arcing 
spark caused by electrical breakdown between elements with opposite 
phases. (c) and (d) Vibrational velocity amplitude and phase in a low-
amplitude 2-MHz CW regime, reconstructed at the surface of the 
prototype using the acoustic holography method. 
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Post-processing of the holograms, which included 

alignment, forward projection to obtain 3D pressure field and 

backward projection to reconstruct the vibrational velocity 

pattern at the array surface, was performed using the 

Holography Part of the xDDx toolbox [33]. Back-projection 

was performed in two regimes: transient and single-frequency 

at the central frequency of each transducer. The transient 

regime is useful for revealing small-scale defects of the 

radiating surface, while the single-frequency regime 

demonstrates performance of the array for BH treatment 

protocols that include 103 – 104 cycles of the central frequency 

and may be considered quasi-CW [13]. To determine the 

electroacoustic efficiency of each array the acoustic power of 

the holograms at the respective central frequencies was 

determined using xDDx Power Spectrum Tool [39], and the 

electric power was calculated from the corresponding voltage 

waveforms and electrical impedances of the elements. The tool 

is based on the angular spectrum method for power calculation 

in a planar scan, detailed in [40].  

F. Nonlinear Focal Waveform Measurements 

The focal waveforms of the 128-element array in nonlinear 

regime relevant to BH were measured in water using a fiber-

optic probe hydrophone (FOPH 2000, RP Acoustics, 

Leutenbach, Germany) at four focus locations: no steering, x-

steering of 5.5 mm, z-steering of +12 mm (𝑥𝐹  = 0, 𝑦𝐹  = 0, 𝑧𝐹 =
𝐹 + 12 mm), and z-steering of –12 mm (𝑥𝐹  = 0, 𝑦𝐹  = 0, 𝑧𝐹 =
𝐹 − 12 mm). At each focus position, waveforms were acquired 

within the voltage range from 5 to 50 V in 2-V increments on 

the Verasonics power supply, corresponding to a range of 39 to 

458 Vpp at the array element. The resulting dependencies of the 

focal peak pressures and shock amplitudes on the applied 

voltage were used to determine BH regimes at different steered 

focus positions. 

G. Ultrasound Imaging 

The coaxial US microconvex imaging probe (Vermon 

CLA7.5, 128 elements, 10 mm radius of curvature, 0.144 mm 

pitch, elevational focal depth 35 mm, elevational aperture 6 

mm) was used for B-mode imaging interleaved with BH pulses. 

The imaging sequence consisted of 128 ray-lines at 9 MHz 

center frequency and 60% total bandwidth. Ray-lines were 

transmitted with a 65 element sub-aperture at a 5 kHz PRF for 

a 39 Hz framerate and a maximum mechanical index (MI) of 

0.33. Each ray-line corresponds to a sector area within the B-

mode frame, to which the sector angle was defined in 

increments of 0.0145 radians or 0.83 degrees. The focusing 

distance was 50 mm, with a maximum imaging depth of 

80 mm. Co-location of the HIFU axial plane and the US 

imaging plane was confirmed via hydrophone scans in water. 

The axial position of the HIFU focus 𝑧𝐹 = 52 mm 

corresponded to 𝑧𝐹 = 45 mm in the US imaging plane. This 

position was denoted by a red marker within the B-mode image 

for targeting and treatment planning. 

H. Testing BH Conditions in Polyacrylamide Gel  

To confirm the attainment of BH conditions at each of the 

focus steering locations, sonications in 5% polyacrylamide 

(PAA) gel phantoms were performed similar to our prior 

studies [41]. The samples were prepared using a liquid mixture 

of deionized water and acrylamide/bis-acrylamide 19:1 

solution (Fisher Scientific, Bothell, WA, USA) that was 

degassed for 1 h in a vacuum chamber, poured into a plastic 

mold with dimensions of 55 × 55 × 70 mm, and polymerized 

by adding ammonium persulfate and N,N,N′,N′-tetramethyl 

ethylenediamine (Sigma-Aldrich, St. Louis, MO, USA). The 

gel was then placed in a custom holder submerged in the tank 

and attached to the positioning system. The array center of 

curvature was positioned at a depth of 25 mm in the gel. 

Electronic steering was applied to place the array focus at the 

nodes of a rectangular 𝑥𝐹𝑧𝐹  grid, with 𝑥𝐹  ranging from –6 to 

6 mm with a step of 2 mm, and 𝑦𝐹  ranging from 40 to 68 mm 

with a step of 3 mm.  

Each focus position of the steering grid was sonicated with 

10-ms long pulses at a 1-Hz PRF with gradually increasing 

output voltage from 10 to 60 V in 2-V increments. When the 

voltage reached the threshold necessary to initiate BH, a 

hyperechoic region appeared at the target site on the coaxial US 

B-mode image. After the threshold was determined for each 

focus steering position the “BH steering range” was defined as 

that corresponding to the threshold voltage increase by 43% 

relative to the center of curvature. This is equivalent to the 70% 

pressure amplitude steering contours simulated in the linear 

regime as described in Section II-C [41]. 

Finally, a test treatment was performed within the observed 

BH steering range at the nodes of the aforementioned grid via 

electronic steering. At each treatment node, steering losses 

were compensated according to the obtained treatment 

thresholds using the Verasonics apodization feature. This 

feature smoothly adjusts the effective driving voltage for 

different steering positions by applying pulse-width 

modulation during a Verasonics transmit event, controlling the 

number of “on” and “off” clock cycles [42]. The area outside 

the steering region was monitored to ensure no grating lobe-

related effects appeared outside the region of interest. The 

volumetric lesion produced was identified using B-mode 

monitoring and compared to the planned one. 

III. RESULTS 

A. Optimal Array Parameters 

Fig. 4(a) shows a histogram of the allowable z-steering range 

Δ𝑧𝐹  for the generated ensemble of 500 array patterns simulated 

at an operating frequency of 1.5 MHz. The histogram is divided 

into 16 intervals of equal length, and the height of each column 

corresponds to the number of patterns for which the allowable 

z-steering range Δ𝑧𝐹  falls within a given interval. The 

distribution follows a typical bell-shaped curve, with the 

steering range Δ𝑧𝐹  spanning from 26.2 mm to 27.7 mm. The 

pattern with the widest steering range Δ𝑧𝐹  = 27.7 mm 

(Fig. 4(a), arrow) was selected for fabrication and is presented 

in Fig. 4(b). The equal-area elements of the array (11.7 mm2) 

are arranged aperiodically, fully covering the surface except for 

kerfs with 0.4-mm assumed width. 

To select the operating frequency, the simulated pressure 

amplitude at the array center of curvature, 𝑝𝐹 , at 1.5 MHz and 

2 MHz were compared, assuming propagation in water and in 

prostate tissue. In water, the focal gain 𝑝𝐹 𝑝0⁄  = 30 at 1.5 MHz 

and 𝑝𝐹 𝑝0⁄  = 40 at 2 MHz, which matches that of the single-
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element transrectal BH transducer successfully used previously 

in vivo [19, 20]. Thus, given the same F-number of the strongly 

focused side, 𝐹#
𝑦

 = 0.8, the array was expected to generate a 

similar nonlinear field in water at comparable intensities at the 

elements [27, 28]. 

The in situ focal gain in prostate tissue was estimated by 

multiplying the focal gain in water 𝑝𝐹 𝑝0⁄  by a scaling 

coefficient exp(−𝛼𝐹) that accounts for tissue attenuation: 

𝛼 = 14.0 Np/m @ 1.5 MHz, and 𝛼 = 18.6 Np/m @ 2 MHz 

[43]. The in situ focal gains were found to be 14.5 for 1.5 MHz 

and 15.2 for 2 MHz, therefore, similar initial pressures at the 

elements would be required to achieve the same focal pressure 

levels. Given that lower frequencies produce larger BH lesions 

and result in larger steering range, the frequency of 1.5 MHz 

was selected as the target operating frequency, with the range 

of 1.4 – 1.6 MHz. Subsequent simulations of focus steering 

were performed at the upper end of this range,1.6 MHz, and the 

results are shown in Fig.4 (c, d) as iso-level contours for 

relative focal pressure amplitude within 𝑧𝐹𝑥𝐹 and 𝑧𝐹𝑦𝐹  planes. 

The contours correspond to 90%, 80%, and 70%, of the focal 

pressure at the center of curvature (i.e. no steering). The 

amplitude of the grating lobes remained below 30% of the focal 

amplitude within all contours. Therefore, the contours labeled 

“70%” outline the allowable focus steering regions (as defined 

in Section II-C) with dimensions of Δ𝑧𝐹  = 27.7 mm (35.6 mm 

– 63.3 mm) in the axial direction, Δ𝑥𝐹 = 11 mm (from 

– 5.5 mm to 5.5 mm) in transverse direction and –6.6 mm to 

6.6 mm in elevational direction. Note that the, the 𝑧𝐹𝑥𝐹  range 

corresponds to the US imaging plane and is thus the most 

relevant.  

B. Breakdown Modes of the Prototype Array 

The velocity amplitude and phase distributions at the surface 

of the 5-element prototype array, back-projected from the 

hologram, are shown in Fig. 3(c, d). The results are for the 2-

MHz single-frequency component of the transient hologram, 

representing CW case that is representative of a milliseconds-

long BH pulse. The pattern of the elements is clearly visible in 

the reconstructed amplitude distribution in Fig. 3(c). 

Significant crosstalk was observed between elements 1 and 3, 

which operated in phase, the kerf between these elements 

oscillated along with them, making the two separate elements 

appear indistinguishable. In cases of a phase shift of 𝜋 (pairs 1 

– 2, 2 – 3, and 3 – 4), the kerf exhibited velocity amplitude of 

zero, as the elements’ velocities were always opposite. Finally, 

in the case of a phase shift of 𝜋 2⁄  (pair 4 – 5), the crosstalk was 

noticeable, but the elements remained distinguishable: the 

maximum velocity amplitude inside the kerf was 60% of the 

maximum amplitude at the surface of the elements. 

Despite the noticeable crosstalk, the prototype successfully 

provided the intended phases at the elements (Fig. 3(c)). The 

average phase at the surface of elements 1 – 5, expressed as 

mean ± standard deviation was: 0 ± 0.06𝜋; 1.07𝜋 ± 0.07𝜋 ; 

0.003𝜋 ± 0.06𝜋 ; 1.06𝜋 ± 0.07𝜋 ; and 0.51𝜋 ± 0.04𝜋 . Given 

that the intended phases were 0, 𝜋, 0, 𝜋, 𝜋 2⁄ , respectively, all 

elements fell within the expected range. Notably, heterogeneity 

in amplitude and phase at the array surface was primarily 

observed around the solder points of the elements. 

Holography-based electroacoustic efficiency calculations 

showed that the efficiency of the prototype was 83%, which is 

typical for piezoceramic HIFU arrays [44]. 

The stress test of the prototype showed that the first 

breakdown mode is electrical breakdown between opposite-

phase elements; specifically, the breakdown between elements 

2 and 3 occurred at 650 Vpp voltage at the elements (Fig. 3(b)). 

This output corresponded to 70 V at the Verasonics power 

supply.  

This issue was successfully mitigated by electrically 

insulating the kerfs with a polymer material: no electrical 

breakdown was observed at the maximum voltage of 830 Vpp 

at the elements deemed achievable with Verasonics (90 V 

equivalent). The corresponding acoustic intensity at the surface 

of the array was 542 W/cm2, and the characteristic pressure was 

4 MPa. The temperature change at the surface of the array 

remained below 2 °C for the all the voltages tested. Neither 

conversion efficiency, nor the electrical impedance of the 

elements changed following the tests, which indicated no 

lasting mechanical damage.  

 

 
Fig. 4. (a) Histogram of the allowable z-steering range Δ𝑧𝐹  for the 
generated ensemble of 500 arrays. The arrow marks the selected array 
with the widest steering range. (b) Front-view sketch of the selected 
array. (c, d) Contours of xz and yz focus steering regions for the selected 
array. Within these contours, the pressure amplitude at the focus is at 
least 90%, 80%, and 70% of the maximum achievable value, 
respectively. 
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C. Fabrication and Characterization of 128-
element Array 

A photo of the fabricated US-guided endorectal BH 

probe is shown in Fig. 5(a). The probe included the 128-

element HIFU array, with each element connected to the 

impedance matching network housed in a box with a zif 

adaptor. Each element was matched to a real impedance 

of 60 Ohms, with the imaginary part canceled by 

inductors (see details in Section II-D). The 128-element 

US imaging probe was integrated within the central 

opening of the HIFU array and connected through the 

interconnect to another zif adaptor. The transducer’s 

operating frequency range, based on the highest 

electroacoustic efficiency (between 65 and 83%), was 

1.4–1.6 MHz, and we chose to use the array at 1.6 MHz 

hereinafter. The array housing included two water ports 

(Fig 5(b)) to facilitate water circulation within the probe 

cover, which is mounted on the array for transrectal use. 

Both the HIFU array and the US imaging probe were 

driven by the 256-channel power modified Verasonics 

Vantage system to produce 1–10 ms BH pulses at a 1% 

duty cycle, synchronized with US imaging. The 

Verasonics power supply can provide a driving voltage 

of up to 80 V peak, resulting in up to 740 Vpp at the 

HIFU-array element. Table I summarizes parameters of 

the fabricated array described above.  

D. Surface Vibrational Velocity Reconstruction 

An instantaneous pattern of vibrational velocity back-

projected from the transient acoustic hologram to the 

surface of the BH-array in the case where all elements 

operated in phase, is shown in Fig. 6(a). It corresponds 

to the time point t = 1 µs, where t = 0 corresponds to the 

beginning of the 3-cycle pulse. Because short pulses do 

 

 
Fig. 5. (a) Photo of the fabricated BH probe. (b) Zoomed-in view of the 
BH 128-element array surface with the integrated US imaging probe. 

 
 

Fig. 6. Back-projection holography results for the BH array. (a) Transient vibrational velocity at the array surface at the time point t = 1 µs with all 
elements operating in phase. Back-projected vibrational velocity amplitude (b) and phase (c) in a CW regime at 1.6 MHz, with all elements operating 
in phase. CW amplitude (d) and phase (e) distributions for the case of focus steering in the x-direction. The arrows indicate the location of surface 
defects. 
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not generate significant Lamb waves at the surface, small-scale 

surface defects, element pattern, and functionality can be 

quickly assessed using this approach [33, 45, 37]. Here, the 

mosaic distribution of the elements is clearly visible, as are 

small surface defects around the array opening.  

Both the defects and the element pattern are blurred in CW 

regime at the operating frequency of 1.6 MHz as shown in 

Fig. 6(b, c) for the vibrational velocity amplitude and phase 

distributions, respectively. The vibrational velocity pattern 

demonstrates the oscillation of the entire surface of the array, 

including the kerfs, making the element pattern 

indistinguishable. The amplitude distribution was non-uniform 

due to Lamb waves propagating along the surface of the array 

in CW regime.  

A different oscillation pattern was observed for the case of 

focus steering (𝑥𝐹  = 5.5 mm, 𝑦𝐹  = 0, 𝑧𝐹 = 𝐹) This steering 

position corresponds to focusing on the edge of the previously 

estimated allowable focus steering region (Section III-A). The 

amplitude within the kerfs between elements (Fig. 6(d)) with 

significantly different phases (Fig. 6(e)) was close to zero, 

while elements with similar phases more clearly reveal the 

presence of crosstalk. As the focus of the array was shifted 

along the x-axis, the phases at the elements of the array formed 

vertical lines, which modifying the wavefront shape in the 

desired direction to focus at the chosen point (𝑥𝐹 , 𝑦𝐹, 𝑧𝐹). 

E. Comparison of Measured and Predicted Linear 
Acoustic Fields of the Array 

The linear fields of the fabricated array and the predicted, 

idealized numerical model of the array were compared to 

measure the effect of surface imperfections and mechanical 

crosstalk on the field. The field of the fabricated array at 

1.6 MHz was obtained from the hologram (Section II-E), while 

the idealized field was numerically simulated for the pattern 

selected for fabrication assuming piston elements with uniform 

vibration velocity and no crosstalk between them (Section II-

C).  

Fig. 7(a–c) compare the axial pressure amplitude 

distributions of the array field along the x-, y-, and z-axes, 

respectively, for the fabricated (solid lines) and predicted, 

idealized (dashed lines) array transducers. For the case without 

focus steering the presence of mechanical crosstalk between the 

elements, Fig. 7(a–c) (“no steering” labels), is manifested as 

 

 
Fig. 7. Pressure amplitude distributions along the x-, y-, and z-directions 
(a – c) for cases with and without steering. Solid lines represent the real 
array field forward-projected from the measured hologram, while 
dashed lines show simulated fields of the idealized array model. (d, e) 
3-D field of the real array, presented as iso-surfaces of points with equal 
pressure amplitude values corresponding to 80%, 50%, and 30% iso-
levels of the maximum pressure amplitude. Sidelobes in the focal region 
are marked with arrows. Bold axis numbers indicate the positions of the 
non-steered (d) and steered (e) focus. 

TABLE I 
SUMMARY OF THE ARRAY PARAMETERS 

General parameters 

Number of elements (𝑁) BH Frequency (𝑓) 

128 1.6 MHz 

Geometric parameters  

𝐿𝑥 × 𝐿𝑦 𝑙𝑥 × 𝑙𝑦 𝑅sm 𝑟sm h 

31×63 mm 21×15 mm 7 mm 2 mm 0.4 mm 

Allowable steering range in linear regime 

Δ𝑥𝐹 Δ𝑦𝐹 Δ𝑥𝑧𝐹 

11 mm 13.2 mm 27.7 mm 

Focal lobe size for different steered positions in linear regime (𝑥 × 𝑦 × 𝑧) 

No Steering/Lateral Forward Backward 

1.8×0.8×5.8 mm 2.1×1.0×8.3 mm 1.3×0.8×4.0 mm 

 

𝐿𝑥 × 𝐿𝑦 = aperture size of the array in the x and y directions 

𝑙𝑥 × 𝑙𝑦 = opening size of the array in the x and y directions 

𝑅sm and 𝑟sm = smoothing radii of the outer corners of the array aperture and 

the opening respectively   
h = kerf between the elements 

Δ𝑥𝐹, Δ𝑦𝐹, and Δ𝑧𝐹  = allowable focus steering range in the x, y, and z directions 

(linear regime) 

Focal lobe size in the linear regime is defined by the 50% amplitude level at 

various steered focus positions: no steering and the boundaries of the 

allowable steering range (details in Section III-C). 
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slightly (by 4.5%) elevated focal pressure compared to the 

idealized case. This was expected, as the kerfs of the transducer 

oscillated in phase with the elements (Figs. 6(b)), while they 

remained completely inactive in the idealized case. Another 

detail of the fabricated array field is a greater sidelobe level in 

the elevational y-distribution (Figs. 7(b), arrow), which may be 

caused by imperfections in the vibrational velocity pattern at 

the surface of the array. 

The pressure distribution for the case with transverse focus 

steering (𝑥𝐹  = 5.5 mm, 𝑦𝐹  = 0, 𝑧𝐹 = 𝐹) is presented in Fig. 7(a) 

(“steering” label). It demonstrates the opposite effect of 

destructive crosstalk, which disturbed the independently set 

steering phases at the elements. As a result, the maximum 

pressure amplitude for the fabricated transducer was 2.4% 

lower than that of the idealized one. The focal pressure of the 

fabricated transducer in the steered case was 69% of that 

without steering, confirming the theoretically predicted 70%-

edge of the allowable focus steering region. Thus, the results 

show that even though crosstalk and Lamb waves existed on 

the surface of the array, their effect did not significantly change 

the field pattern and did not change the focal pressure by more 

than 4.5% compared to the idealized case.  

A more comprehensive 3-D representation of the field of the 

fabricated transducer for the cases without and with steering is 

provided in Figs. 7(d–e). The fields are presented as iso-

surfaces of pressure amplitude corresponding to three levels: 

80%, 50%, and 30%, of the maximum pressure amplitude. Two 

50%-level sidelobes were observed in the 30%-level focal 

region (Fig. 7(d), arrow markers), while the focus steering 

resulted in the suppression of one of the lobes (Fig. 7(d), arrow 

marker). No grating lobes greater than 30% of the pressure 

amplitude appeared outside the focal region. 

Figs. 7(d) and (e) show the main focal lobe delineated by the 

50% pressure amplitude level (50%-level isosurfaces). The 

focal lobe size remains unchanged when the focus is steered in 

the x-direction (Fig. 7(e)) compared to the unsteered case (Fig. 

7(d)). In both cases, the lobe dimensions along the x, y, and z 

axes are 1.8×0.8×5.8 mm. Note that in the steered case (Fig. 

7(e)), the lobe is rotated relative to the coordinate axes of the 

transducer. Thus, the dimensions were measured along the x, y, 

and z axes but aligned with the lobe’s symmetry axes. The same 

lobe size (1.8×0.8×5.8 mm) was observed for y-steering 

(𝑥𝐹  = 0, 𝑦𝐹 =  ± 6.6 mm, 𝑧𝐹 = 𝐹). However, substantial 

differences were seen for z-steering. When steering away from 

the transducer (𝑥𝐹  = 0, 𝑦𝐹  = 0, 𝑧𝐹 = 63.3 mm) the lobe 

enlarged to 2.1×1.0×8.3 mm, while steering towards the 

transducer (𝑥𝐹  = 0, 𝑦𝐹  = 0, 𝑧𝐹 = 35.6 mm) reduced the lobe to 

1.3×0.8×4.0 mm. 

 

F. Nonlinear Field Measurements 

Figs. 8(a–b) present the dependence of peak positive and 

peak negative focal pressures on system driving voltage for 

four focus positions. These positions were selected near the z 

and x steering limits of the “70%” theoretically predicted 

steering range (Fig. 4(c)) in the linear regime. Fig. 8(a) 

compares the curves for the case without steering, and the 

transverse x-steering at the position 𝑥𝐹  = 6 mm, while Fig. 8(b) 

provides the same comparison between the case with no 

steering and two cases of z-steering to 𝑥𝐹  = 12 mm and 

– 12 mm. In all cases, peak pressures increased with the system 

driving voltage, with typical saturation behavior at higher 

outputs due to nonlinear propagation effects and shock 

formation [27]. Circular markers in Figs. 8(a–b) indicate the 

points corresponding to focal waveforms with a fully 

 

 
Fig. 8. (a, b) Dependence of the measured peak positive and negative 
pressures at the focus on the applied Verasonics voltage (“Driving 
Voltage”) for four steered focus positions: no steering, transverse x-
steering by +6 mm, and axial z-steering by +12 mm and –12 mm. 
Circular markers indicate focal waveforms with fully developed 
shocks. For reference, the peak-to-peak voltage measured at the 
array elements is also indicated alongside the Verasonics voltage. (c) 
Two cycles of measured waveforms with fully developed shocks 
corresponding to the circular markers. Labels above the waveforms 
indicate the applied voltages at which the waveforms were measured. 
A time shift is introduced between the waveforms for visibility. 
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developed shock, defined as the shock front with the lower 

boundary corresponding to zero pressure, i.e. shock amplitude 

being equal to peak positive pressure [27]. Two cycles of the 

corresponding focal pressure waveforms are shown in 

Fig. 8(c). The waveforms corresponding to no-steering and x-

steering cases were obtained at the driving voltages of 26 V and 

40 V, respectively. As expected, because the focusing angle (or 

the F-number) did not change appreciably with transverse 

steering, the waveforms were nearly identical, with peak 

positive pressures of 79 MPa and 74 MPa, and peak negative 

pressures of 15.8 MPa and 14.5 MPa for no-steering and steered 

cases, respectively [41].  

In the case of steering along z-axis, as illustrated in Fig. 9, 

the focusing angle changed substantially when steering within 

the allowable range of ±12 mm identified in the linear regime. 

Accordingly, the developed shock formed at a higher system 

driving voltage and corresponded to higher peak focal 

pressures (𝑝+ = 97 ± 5 MPa and 𝑝− = –20.9 ± 0.8 MPa at a 

voltage of 44 V) when steering closer to the transducer than 

further away from it (𝑝+ = 55 ± 2 MPa and 𝑝− = –13.0 ± 

0.7 MPa at a driving voltage of 30 V).  

A notable detail is that strongly nonlinear focal waveforms 

measured with the FOPH hydrophone – particularly in cases of 

high-frequency and highly focused transducers – underestimate 

peak positive pressures. This underestimation arises due to the 

finite sampling rate of the output data and the tight transverse 

size of the strongly nonlinear focal lobe, which is smaller than 

the 100-µm active area of the hydrophone. In the present case 

of a 1.6-MHz frequency and an F-number 𝐹#
𝑦

 = 0.8 for the 

strongly focused side, the expected peak positive pressure 

underestimation error is approximately 15–20% [46, 41]. 

G. BH Exposures of Tissue-Mimicking Gel Phantoms 

An example of a B-mode image obtained at a target point 

with coordinates 𝑥𝐹  = –2 mm, 𝑦𝐹  = 0 mm, 𝑧𝐹 = 64 mm after a 

single BH pulse delivered to the PAA gel is shown in 

Fig. 10(a). The size of a hyperechoic region was 1.5 mm in the 

radial direction and 2 mm in the axial direction. The 

distribution of the threshold voltage values sufficient to reach 

BH conditions (“BH Voltage”) for all focus positions within 

focus steering range is shown in Fig. 10(b). The contour 

presented in the figure represents the BH steering range, 

equivalent to the “70%” theoretically predicted steering range 

in the linear regime (Fig. 4(c)). Given that the minimum BH 

Voltage of 26 V was observed at the center of curvature, the 

corresponding compensated voltage equivalent to the 70% 

range was 26/0.7 = 37.1 V. The contour in Fig. 10(b) represents 

the isoline of this compensated voltage of 37.1 V.  

The shape of the contours was similar to the one obtained 

from linear simulations (Fig. 4(c), “70%”), but there were some 

differences due to nonlinear effects. The BH steering range in 

the axial direction within the 37.1-V contour obtained in the 

BH experiment (Fig. 10(b), solid contour) spanned from 

40 mm to 65.5 mm, whereas in the case of the 70% pressure 

amplitude contour obtained via simulations, the range was from 

35.6 mm to 63.3 mm (Fig. 4(c)).  

The explanation for this difference is again based on the 

focusing angle: even though the developed shocks required for 

BH have lower peak pressures for smaller focusing angles, a 

lower driving voltage is required to achieve them [27]. This 

effect enlarged the z-steering range in the positive direction as 

the focusing angle decreased with steering (𝜑+12
𝑧 < 𝜑0, Fig. 9): 

the upper z-limit of the BH steering range was 65.5 mm 

compared to 63.3 mm in the linear case. z-steering in the 

negative direction led to an increase in the focusing angle 

(𝜑−12
𝑧 > 𝜑0, Fig. 9) and a decrease in the steering range – the 

lower z-limit was 40 mm vs. 35.6 mm for the BH and 

theoretical regions, respectively.  

Radial steering in the x-direction did not significantly change 

the focusing angle. Thus, the ranges of ±5.5 mm for the 

theoretical region and ±6 mm for the BH region were 

comparable. 

 

 
Fig. 9. Sketch, illustrating changes in the focusing angle 𝜑𝑧 when 

steering the focus along the z-axis by –12 mm (𝜑−12
𝑧 ) and +12 mm 

(𝜑+12
𝑧 ). 

 

 
Fig. 10. (a) Example of B-mode-guided treatment in a tissue-mimicking 
PAA gel phantom. The arrow marks hyperechoic regions corresponding 
to the current positions of the focus during treatment. (b) 2-D map of 
threshold voltage values required to induce BH exposure for different 
steered focus positions. The contour represents the “BH steering 
range”, where the threshold voltage does not exceed 37 V. (c) 
Treatment results within the BH steering contour, visualized via B-mode 
guidance. The hyperechoic area shows residual BH bubbles after 
treatment. “Cross” markers in (a) and (c) indicate the position of the 
center of curvature of the array. 
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Fig.10(c) shows an example of a B-mode image after a BH 

treatment throughout the focus steering range performed with 

automated driving voltage compensation via apodization 

(Section II-H) according to the threshold measured for each 

point, as described above. All of the treated points appeared 

hyperechoic, indicating the attainment of BH exposure 

conditions. They completely covered the planned steering 

region (solid contour) and produced a lesion with the 25.5 × 12 

mm dimensions. No evidence of bubble activity was detected 

outside the region of interest during or after the treatment, 

confirming the absence of grating lobes that could compromise 

the safety of the procedure. 

IV. DISCUSSION AND CONCLUSION 

This paper presents a novel design for an US image-guided 

128-element array for transrectal BH mechanical ablation of 

the prostate and demonstrates the feasibility thereof. The 

randomized, fully populated pattern of elements enables 3-D 

electronic focus steering while maintaining a low level of 

grating lobes. Although the most practical steering directions 

are within the US imaging plane xz (Fig. 1(b)), so the bubble 

activity can be monitored in real time during treatment, the 

array is also capable of steering along the elevational direction. 

This capability can be useful for BH procedures with pre-

treatment planning, where 3-D ablation is possible without real-

time guidance. An important practical consideration is that the 

allowable focus steering region, with a characteristic size of 26 

mm axially and 12 mm laterally, is not intended to be used 

without mechanical repositioning of the transducer. The 

transducer will still be shifted in the y-direction and rotated 

around the y-axis to ablate larger targets, but the number of 

repositioning events will be minimized. Additionally, the probe 

cover filled with liquid for acoustic coupling between the 

transducer and the rectal wall (Fig. 1(a)) – can be inflated or 

deflated to adjust the target position in the z-direction. The x-

steering capability is particularly critical, as the alternative 

mechanical method – rotating the probe – often leads to gas 

bubble entrapment between the probe cover and the rectal wall. 

In some cases, this can only be resolved by removing the probe 

from the rectum and reapplying coupling gel, which is time-

consuming and increases the overall procedure time. The y-

steering capability of the array was not tested in this study 

because in this case treatment progression cannot be visualized 

in real time using the central imaging probe. However, y-

steering could still be useful for other purposes, for example to 

facilitate volumetric HIFU-push shear wave elastography 

(SWE) mapping prior to treatment [47]. 

An advantage of the developed system is that both the HIFU 

and the US imaging arrays are driven by a single Verasonics 

Vantage system, which minimizes the system footprint and 

allows seamless synchronization of BH pulses with US 

imaging. 

The goal of this study was to develop an array with BH 

capabilities; however, the fully populated design may also 

benefit various other HIFU applications. The dense element 

packing can reduce the overall device size. Further, the low 

level of grating lobes is even more critical for thermal HIFU 

applications than for BH, as it prevents unwanted heating 

outside the treatment region. Additionally, the 2-D array 

pattern can be utilized for aberration correction in various 

scenarios [27, 28, 48, 49, 50].  

The final fully populated array design was selected based on 

an ensemble of 500 randomly generated array patterns. The 

selection was based on maximizing the focus steering range 

Δ𝑧𝐹  in the axial direction, which was identified as the most 

critical parameter for practical use. However, because Δ𝑧𝐹   
primarily depends on the array curvature and the size of the 

elements, its standard deviation was quite small, and a smaller 

ensemble of patterns would most likely have been sufficient. 

Thus, the choice of the ensemble size in designing the fully 

populated pattern is generally dictated by the performance 

parameter being optimized. For example, it would be larger to 

minimize the level of grating lobes [25]. 

An important finding of this study is that fully populated 

arrays made from PZT-4 ceramic perform well in terms of 

electronic focus steering despite crosstalk between elements. 

While holography-based reconstruction of the fabricated 

array’s surface vibrations revealed noticeable crosstalk when 

the focus was steered, this resulted in only a 2.4% decrease in 

focal pressure amplitude compared to an idealized model with 

no crosstalk (see Section III-E). Therefore, fully populated 

arrays made of PZT may serve as a viable alternative to 

piezocomposite arrays, which exhibit less crosstalk but have so 

far been considered more fragile and prone to heat-induced 

damage [26]. Importantly, the presented PZT design 

demonstrates safe operation at an extremely high initial 

intensity at the elements – up to 542 W/cm2 (corresponding to 

initial pressure at the elements of 4 MPa) – which significantly 

exceeds the limit of 30 W/cm2 commonly reported by 

manufacturers [41]. As the presented fully populated BH array 

made of PZT was fabricated recently, and is the first of its kind, 

its durability over time is not immediately known and will be 

evaluated in the future. We do not expect the mechanical 

crosstalk between elements to pose a durability issue since 

surface waves are typical in PZT HIFU transducers and do not 

usually cause damage. 

Measurements of the array’s nonlinear field demonstrated 

that it could generate nonlinear waveforms with peak pressures 

and shock amplitudes sufficient to initiate BH mechanisms.  

Theoretical simulations of the allowable focus steering 

range, performed within the linear model (Section III-A), 

provided a reasonable estimate of the experimentally obtained 

BH steering range in the nonlinear case (Section III-G). In the 

case considered, the difference in steering ranges between the 

linear and nonlinear cases was 1 mm in the transverse x-

direction and 2.1 mm in the axial z-direction. Due to the 

dependence of nonlinear propagation effects on the transducer's 

focusing angle, the lower and upper z-boundaries of the 

nonlinear steering range were shifted by +4.3 mm and +2.2 

mm, respectively, compared to the linear steering range. This 

finding, previously reported in [41], significantly simplifies the 

transducer design process, as fast linear simulations can be used 

to estimate steering performance for multiple array variants, 

whereas nonlinear simulations of focus steering are 

significantly more time-consuming [51]. 

Changes in the focusing angle during steering explain the 

differences in focal lobe size observed between steered and 

unsteered cases. Because larger focusing angles lead to smaller 
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focal lobe sizes [27], z-steering away from the transducer 

increases the lobe size, while z-steering towards the transducer 

reduces it, as confirmed by linear simulations. In contrast, x- 

and y-steering do not significantly affect the lobe size, as they 

induce only minimal changes in the focusing angle.  

A successful test of the array performance in volumetric 

ablation was conducted using optically transparent PAA gel. 

This approach represents an important step toward using the 

array in real tissues. Translation of these results to prostate can 

be achieved using a derating procedure [52, 11]. According to 

this method, shock amplitude and peak pressures in tissue will 

match those in the lossless gel if a higher driving voltage is 

applied to compensate for linear energy losses in the prefocal 

region. The compensation coefficient exp(𝛼Δ𝑙) is based on the 

attenuation α and the focusing depth Δ𝑙 in tissue. Thus, driving 

voltage requirements for the prostate can be predicted for 

specific treatment cases given the known attenuation 𝛼 at the 

driving frequency. For example, in an in vivo BH study using a 

single-element transrectal BH array in a canine model, a 60% 

increase in voltage was required compared to PAA gel [19, 20]. 

This indicates that the fabricated array has a significant power 

reserve. In the PAA gel, within the “BH steering range”, the 

threshold voltage did not exceed 37 V (Fig. 10(b)), thus, given 

that the system’s voltage limit is 80 V, an additional increase 

of over 115% is available. 

Future testing of the fabricated array will confirm its 

performance in ex vivo human prostate tissues to prepare for 

pre-clinical in vivo experiments in canine model. The results of 

the testing will be used to apply for investigational device 

exemption (IDE) Food and Drug Administration (FDA) 

approval to proceed with clinical studies.  

Finally, it is important to note that the proposed array design 

algorithm is not limited to transrectal BH arrays but can be 

applied to various HIFU transducer designs. 
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