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Design, fabrication, and characterization of broad beam
transducers for fragmenting large renal calculi with burst
wave lithotripsy
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Center for Industrial and Medical Ultrasound, Applied Physics Laboratory, University of Washington, 1606 San Juan Road, Seattle,
Washington 98195, USA

ABSTRACT:

Burst wave lithotripsy (BWL) is a technology for comminuting urinary stones. A BWL transducer’s requirements of
high-pressure output, limited acoustic window, specific focal depth, and frequency to produce fragments of passable
size constrain focal beamwidth. However, BWL is most effective with a beam wider than the stone. To produce a
broad-beam, an iterative angular spectrum approach was used to calculate a phase screen that was realized with a
rapid prototyped lens. The technique did not accurately replicate a target beam profile when an axisymmetric profile
was chosen. Adding asymmetric weighting functions to the target profile achieved appropriate beamwidth. Lenses
were designed to create a spherically focused narrow-beam (6 mm) and a broad-beam (11 mm) with a 350-kHz trans-
ducer and 84-mm focal depth. Both lenses were used to fragment artificial stones (11 mm long) in a water bath, and
fragmentation rates were compared. The linearly simulated and measured broad beamwidths that were 12 mm and
11 mm, respectively, with a 2-mm-wide null at center. The broad-beam and the narrow-beam lenses fragmented
44+ 9% and 16 £ 4% (p=0.007, N =3) of a stone by weight, respectively, in the same duration at the same peak

negative pressure. The method broadened the focus and improved the BWL rate of fragmentation of large stones.
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I. INTRODUCTION

Kidney stones currently affect 1 in 11 Americans over
their lifetime,1 and the prevalence is rising. Introduced in
the 1980s, shock wave lithotripsy (SWL) is currently the
only clinically available noninvasive intervention for kidney
stones.” In SWL, an electrohydraulic, electromagnetic, or
piezoelectric source outside the patient generates shock
waves that are focused on the kidney stone to shatter it into
small fragments.” However, SWL is being increasingly
replaced by ureteroscopy due to concerns over kidney injury
and limitations of effectiveness in rendering patients stone-
free.* A new technology called “burst wave lithotripsy”
(BWL) may avoid the shortcomings of SWL by using short
sinusoidal ultrasound pulses rather than shocks to fragment
stones.” BWL has been demonstrated to fragment common
types of human stones in vitro; BWL has been shown safe
and effective in fragmenting stones in preclinical studies,®’
and clinical trials are underway.®”

However, both BWL and SWL are most effective when
the beamwidth is larger than the stone, both because the
stone is less likely to move out of the larger beam with
respiratory motion'® and because acoustic waves surround-
ing the stone contribute to stress within the stone.''™'® The
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American Urological Association guidelines state SWL is
appropriate for stones up to 10 mm in the lower pole of the
kidney and up to 20mm in the pelvis, with larger stones
likely to leave residual fragments. 4 A decline in SWL effec-
tiveness has been attributed to narrow beamwidths of later
generation lithotripters.* The beamwidth [BW(—6 dB)] of the
focal region (volume defined by a —6 dB contour) produced
by a spherically focused transducer is dictated by only a few
factors: (1) the focal distance, (2) the aperture of the trans-
ducer, and (3) the frequency or wavelength of the wave, and
can be approximated by the relationship

BW(—6dB) = 1.44 x iF/2a, (1)

where a is the radius of the aperture, F' is the focal length,
and / is the acoustic wavelength. In BWL, all three of these
factors are constrained, respectively, by the tissue depth, the
acoustic window and focal gain, and the size of the frag-
ments. In particular, the fragment size has been shown to
have a strong inverse relation to the ultrasound frequency;
thus the frequency is fixed to produce fragments that are
approximately 1-2mm, which can spontaneously pass
through the urinary tract.’

Hence, a technique was employed here to produce a
larger focal region within the above-mentioned constraints.
Specifically, a version of the iterative angular spectrum
approach (IASA), as described by Melde et al.,"> was used
to generate target pressure profiles in the focal plane of a
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transducer with a width broader than a spherically focused
beam. Such an approach has been developed and used for
low-power applications.'® The technique did not accurately
replicate the target beam profile when it was axisymmetric
or had dimensions near the acoustic wavelength. To address
this issue, we modified the target beam profile incorporating
an asymmetric pattern to appropriately “weight” the func-
tion to produce a broad beam. A BWL transducer was fabri-
cated and coupled to a lens designed from the IASA. The
transducer was characterized to confirm the simulation. The
transducer was tested by fragmenting large artificial plaster
stones in vitro, and the rate of fragmentation was compared
to that with an equivalent BWL transducer coupled to a con-
ventional spherically focused lens.

Il. METHODS AND MATERIALS
A. Focus enlargement with IASA

The TASA algorithm was implemented in a scientific
computing program (MATLAB®, The Mathworks, Natick,
MA). The algorithm was given two inputs—a uniform pres-
sure amplitude distribution in the source plane of a uniform
piston transducer and a target pressure amplitude distribu-
tion at the target/focal plane of the transducer. Both planes
were perpendicular to the acoustic axis with the source plane
being a filled circle of uniform pressure surrounded by a
region of no pressure. The target pressure amplitude distri-
bution is referred to below as the target image. The pressure
wave is expressed as

P(X,,2) = p(x,y,2)eAP0), )

assuming explicit time independence. p(x,y,z)and AZS
(x,y,z) are amplitude and phase functions in the Cartesian
coordinate system (X,y,z). The Fourier transform is used to
obtain angular spectrum in the wave,

[ee}

P(ky, ky,z) = JJp(x,y,z)eij(""”k-“y)dxdy. (3)

oo

The source plane is assumed to be at z=0, and the follow-
ing propagator function is used to find pressure in axial
direction z,

P(ky, ky, z) = P(ky, ky, 0)eVE =R )

where the wave vector k = (ky, ky, k) and |k| =k is wave-
number in the medium of propagation. Inverse Fourier trans-
form is used to calculate the pressure in the target plane,

oo

1 (kxthy
P(x.3:2) = 13 J J ke, ky, 2)e 50 dk (5)

—00

The algorithm calculates the required phase distribution at
the surface of the source (i.e., an appropriate lens to place
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over the uniform piston source) to produce the target image.
The algorithm begins with given pressure distribution in the
source plane. The amplitude is shown in Fig. 1(a), and the
initial phase is set to zero at all points. The angular spectrum
of the source vibration is found from Eq. (2) and is forward
propagated using Eq. (4) to the target plane where the pres-
sure distribution is found from Eq. (5). Then, the desired
pressure amplitude distribution at the target plane is
imposed and back propagated to the source where the phase
information from the back propagation is maintained and
pressure amplitude is replaced by the source initial ampli-
tude. This process is repeated until the pressure distribution
at the target plane satisfies a predefined error criterion.

For validating the simulation at 1.1 MHz, an 80-mm cir-
cular source with a uniform pressure amplitude distribution
was used, as shown in Fig. 1(a), and for BWL simulation at
350kHz, the same source had a 40-mm diameter cutout at
the center, as shown in Fig. 1(b). This cutout of the lens was
blocked with a 40-mm diameter with polyurethane foam.
The beamwidth for a spherical lens is 6mm. To obtain a
focus larger than that for a spherical lens, a circular target
image with a diameter ranging from 6 to 20 mm in a speci-
fied plane located between 80 and 90 mm were used as
search parameters. Figure 1(c) shows a circle with a 12 mm
diameter as a target image. Under conditions that the target
image contains features with dimensions near the acoustic wave-
length, particularly those with axisymmetric shapes, IASA did
not necessarily reproduce the target image profile. To compen-
sate for this effect, we employed a non-axisymmetric shape to
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FIG. 1. (Color online) To enlarge focus using IASA, the algorithm was
given two inputs: source pressure amplitude distribution and desired pres-
sure amplitude distribution in the focal plane, referred to as target image.
(a) Source pressure profile with an 80-mm diameter for validation of simu-
lation. (b) The BWL simulations had the same source but with a 40-mm
diameter circular cutout at the center for imaging the transducer. (c) Target
image with a 12-mm diameter circle. (d) Target image with four circles
with center located at (=4 mm, =4 mm) and a 6-mm diameter. The pres-
sures are normalized with respect to surface pressure of the source.
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“weight” the target image and shifted the center of the
beam slightly to obtain a broader target beam width. We
investigated, in particular, a design of four small circles,
offsetting the center of the circles in the target image from
(0,0) to (p,p) where p was varied from 0 to 9 mm and using
alternative circular patterns [Fig. 1(d)] to spatially weight
the results.

The calculated phase distribution in the source plane
was translated to an acoustic lens. The calculated phase delay
at each point on the source was made into a lens by the
appropriate thickness of the plastic at each point. The profile
was defined by: T(x,y) =Ty — [Ad(x,y)/(k,, — k)] where T is
the initial thickness of the lens material, A¢(x,y) is the
required phase at a point, and k,,, and k,, are wave numbers in
the surrounding medium and lens material, respectively.

The lens was manufactured from a photopolymer resin
(Veroclear, 3D Systems, Rock Hill, SC) in a rapid prototyp-
ing machine (Objet30 Pro, Stratasys, Eden Prairie, MN). The
measured sound speed in the lens material was 2560 m/s, and
the material density was 1200 kg/m>. The lenses had a diam-
eter of 80 mm and had a wrapped phase profile similar to a
Fresnel lens.

An unfocused ultrasound transducer (center frequency
f=335kHz, aperture diameter 2a =80 mm) was designed,
fabricated, and coupled with the different lenses to test the
produced pressure profiles. The transducer was made from a
circular piezoceramic plate (PZT4, Steiner and Martins,
Inc., Davenport, FL) with a thickness of 6 mm, which was
electrically connected to a coaxial cable and sealed in a
waterproof housing. The lenses were coupled to the front of
the transducer with water as an intermediate layer of approx-
imately 3mm in thickness. Although different gaps may
introduce some change to the transmission coefficient, this
distance was kept the same for all experiments. The trans-
ducer was powered with an amplifier (Model A150 RF
Power Amplifier, ENI, Inc., Rochester, NY) connected
through a matching network for each test frequency. As
there is some bandwidth to the transducer, the transducer
was tested between 300 and 400kHz before settling on
350kHz, and the third harmonic (1.1 MHz) was used in one
specific test of lens design for generating a focal plane with
greater resolution.

The pressure profiles were scanned in an 80-liter water
tank with a hydrophone (HNR-0500, Onda, Sunnyvale, CA)
and a fiber optic hydrophone (Model FOPH 2000, RP
Acoustics, Leutenbach, Germany). The transducer was fixed
in the tank, and the hydrophone scanned the focal plane
transverse to the acoustic axis, the z-axis. Position of the
hydrophone was controlled with a 3D positioning system
(Xslide, Velmex, Bloomfield, NY). Lateral focal widths of
the pressure profiles were measured by plotting amplitudes
corresponding to the operating frequency in a fast Fourier
transform of the recorded signal. Simulated and measured
profiles were compared with the feature similarity index
(FSIM), which is used as a metric for image comparison.'®
The index ranges between 0 and 1, with O being dissimilar
images and 1 being identical images.
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B. Fabrication of a BWL transducer with an enlarged
focus

Once a pressure profile of the desired focal beam width
was obtained and measured with the test transducer/lens, a
BWL transducer was fabricated following the methods of Kim
et al."’ The transducer schematic is shown in Fig. 2(a). The
aperture diameter of the transducer was 80 mm, and it had a
circular opening of a 40 mm diameter at the center in which to
place an imaging transducer to guide treatment. Porous piezo-
ceramic PZ36 (Meggitt, Kvistgaard, Denmark) with a center
frequency of 350kHz was used to produce a surface pressure
up to 1.4 MPa (i.e., the pressure at the water interface with the
transducer’s lens), estimated from the transducer output power
measured by the radiation force balance. The lens was coupled
to the PZ36 elements with a quarter-wavelength matching
layer made from a 70:30 mass ratio mixture of Al,O; powder
(grit #600, Abrasive Armory, Vancouver, WA) to epoxy resin
(Pro Set INF-114 with its hardener Pro Set INF- 112, Gougeon
Brothers Inc., Bay City, MI).

C. Stone phantoms

Artificial plaster stones were made from Begostone
Plus (Bego USA, Lincoln, RI), a gypsum-based plaster, fol-
lowing Liu et al., who demonstrated these stones as phan-
toms for lithotripsy experiments since they had mechanical
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FIG. 2. (Color online) Experimental setup schematics: (a) Exploded view
of new BWL transducer. (b) Setup for fragmenting stones.
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and acoustic properties similar to natural stones.'®'” The
powder was mixed with water in a ratio of 4:1 by weight,
and the mixture was formed into cylinders with the follow-
ing dimensions: 1lmm length x 6mm diameter (avg.
weight =0.690 = 0.011 g). The stones were cured for 24 h
and left submerged in water for >48 h until the experiment.

D. Fragmentation of large stones

The new BWL transducer was positioned in a water
tank, as shown in Fig. 2(b). Water in the tank was degassed
to maintain a gas concentration below 30% of the saturation
level of dissolved oxygen measured with an oxygen-level
meter (Oxi 3301 meter with a CellOx 325 probe, WTW,
Weilheim, Germany). The stones were fragmented with the
new BWL transducer as well as with an existing spherically
focused 350-kHz BWL transducer, which had an aperture
diameter of 85 mm, a focal length of 100 mm, and focal
beam dimensions of a 6-mm lateral width by a 50-mm axial
length. The stones were held in a hemispherical nylon mesh
basket with 2-mm pores and a 35-mm diameter. While there
are tissue phantoms that more accurately simulate the kid-
ney environment,”® they were not used here as the goal was
only to compare the effectiveness of the broad and narrow
beams on large stones. Each transducer was aligned with a
stone and activated to deliver 20-cycle BWL pulses at a
pulse repetition frequency of 20 Hz and at the same peak
negative pressure amplitude (—5.7MPa) for 30 min. To
evaluate the stone fragmentation rate of each transducer, the
mass of wet fragments larger than 2 mm was measured at
time intervals ¢ of 10min. The ratio of the mass Wy (¢) of
fragments greater than 2 mm after exposure to the mass W;
of the stone prior to exposure was calculated as a fragmenta-
tion metric. The fraction [W; — W, (1)] / W; reflects the effi-
ciency of the fragmentation as a fraction of the stone
considered sufficiently fragmented for natural passage
through the urinary tract. The means and standard deviations
of fragmentation efficiency were analyzed statistically with
a Student’s t-test, and p-values are reported.

lll. RESULTS
A. Validation

To validate the implementation of the IASA algorithm,
lens, and transducer fabrication process, the target image
was set to an image of a husky dog profile [Fig. 3(a)] at
1.1 MHz to achieve high resolution. The simulated and mea-
sured results are shown in Figs. 3(b) and 3(c). Both the mea-
sured and simulated images show an approximation of the
husky profile in the target plane, limited in resolution by dif-
fraction. The FSIM for the measured pressure profile is 0.72
with a simulated result as a reference image. The lens pro-
ducing this beam pattern is shown in Fig. 3(d).

B. Enlargement of focus

The TASA algorithm was implemented for an 80-mm
source operating at 350 kHz. When the target images were a
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FIG. 3. (Color online) The iterative angular spectrum approach was imple-
mented and validated for generating pressure profile of a husky dog. (a)
Target pressure profile in the focal plane of a transducer. (b) Simulated
pressure profile. (c) Measured pressure profile. The simulated and measured
pressure profiles are similar to the target image. The feature similarity index
for the measured pressure profile is 0.72 with the simulated result as a refer-
ence image. (d) Rapid prototyped lens. The pressures are normalized with
respect to the highest pressure in the plane.

single circle with a diameter larger than 6 mm, the output of
the algorithm converged to a solution similar to a spheri-
cally focused transducer (a circular beam profile with a 6-
mm diameter), and no enlargement of the focus in the focal
plane [Fig. 4(a)] was observed.

For circles with a diameter greater than 16 mm, the
maximum pressure along the z-axis shifted beyond the
specified focal plane, effectively putting the specified plane
in the nearfield and producing a spherically focused beam at
a farther focal distance than specified. The plane located at
about 15 mm from the target focal plane had higher maxi-
mum pressure than that of the target focal plane.

Further, different radially varying weighting functions
were laid over the circular shape in the target image plane.
However, these attempts led to solutions similar to results of
unweighted circular target images, and the lateral width of
focus in the target plane did not increase.

When asymmetry was introduced by shifting the center
of the target image, convergence to different solutions was
observed. Using a circular target image with an 18-mm
diameter and a 4-mm offset on both axes, the size of focus
was increased and the farthest —6dB contour pressure
points in the focal plane were 18 mm apart [Fig. 4(b)]. Also,
the highest pressure amplitude was located in the target
image plane rather than elsewhere. Focal plane pressure
along the x-axis and y =4 mm of beam patterns in Figs. 4(a)
and 4(b) are plotted in Figs. 4(c) and 4(d), respectively.

By using the four small circles off axis, as shown in
Fig. 1(c), as the target image, the iteratively determined
focal image shown in Fig. 5(a) with a focal width of 12 mm
was achieved with a focal gain of 5.5 at a focal/target plane
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FIG. 4. (Color online) To obtain a larger focus with IASA, the target
images were set similar to circles in Fig. 1(c) with diameters ranging
between 6 and 20 mm. When the diameter of the circle in the target image
was 6 mm, the simulated pressure field was matched to the pressure profile
of a conventional focused transducer. (a) and (c) The images show results
of the simulation of a target image with a I-mm diameter. When the diame-
ter of the circle in the target image was varied from 6 to 20 mm, the beam
width in the simulated results did not increase. (b) The image in the center
of the circle with an 18-mm diameter in the desired image was shifted to
(4 mm, 4 mm). Introducing asymmetry in the target pressure profile changed
the shape of outputs. The image in (d) shows a line plot along the x axis at
y =4 mm. The results are normalized with respect to the surface pressure of
the source.

distance of 84 mm. The centers of the four small circles in
Fig. 1(c) were located at (=3-3.5mm, *3-3.5mm), and
their diameter was 6 mm. Figures 5(a) and 5(b) show resul-
tant simulated and measured pressure profiles in the focal
plane trying to generate an image similar to Fig. 1(d). Phase
distribution in the source plane is shown in Fig. 5(c), and the
lens encoding the phases is shown in Fig. 5(d). The mea-
sured beamwidth was 11 mm, and the difference in simu-
lated and measured focal width in the target plane was
<1 mm. The FSIM for the measured pressure profile is 0.87
with a simulated result as a reference image. The differences
in features are due not to the shape and size of the focus but
to the amplitude distribution within the focal region, which
was not as uniform as the target image. Figure 5(e) shows
how beam pattern varies in axial direction with distances
measured from the focal plane.

The BWL pulse measured at the highest amplitude
point (3,0) in Fig. 5(b) is shown in Fig. 6(a). The conven-
tional lens shown in Fig. 6(b) was coupled with BWL to
produce the focused beam pattern. Figure 6(c) compares
pressure along the x-axis in the focal plane of the new
broad-beam-producing lens and the conventional lens.

C. Fragmentation of stones

Three stones were fragmented with the new broad-
beam BWL transducer with the pattern shown in Fig. 5(b)
and with the spherically focused narrow-beam BWL
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FIG. 5. (Color online) The optimized beam pattern was obtained when the
target image was set similar to Fig. 1(d) and parameters such as the location
of the centers of circles, asymmetric shift in the center of the circles, and
diameters of the circles were varied. The image in (a) shows simulated
results for small circles with a 6-mm diameter and centers located at
(*+3-3.5mm, =3-3.5mm), and the center of the target image was shifted to
(3.5mm, 3.5mm). The results in (a) are normalized with respect to surface
pressure of the source. The focal plane of the transducer was scanned to
confirm the simulation and the measured (peak negative pressure) result is
shown in (b). The image in (c) shows the phase profile of the source, which
produces the beam pattern. The image in (d) shows the lens encoding phase
in (c). The image in (e) shows the peak negative pressure measurement in
axial direction with z=0 in the focal plane. The simulated results are nor-
malized with respect to the surface pressure of the source.

transducer producing the beam pattern similar to that shown
in Fig. 4(a). The rates of fragmentation are compared in
Fig. 7. The transducer with the broad-beam lens fragmented
44 = 9% of the stone by weight with a 30-min exposure,
whereas the narrow-beam transducer fragmented only
16 = 4% of the stone in the same duration (p = 0.009). The
rates of fragmentation with the broad and narrow beam
transducers were 9.9 =2.0mg/min and 3.6 = 0.9 mg/min,
respectively (p = 0.008).

IV. DISCUSSION

We used the IASA algorithm to design a lens and then
fabricated the lens with a rapid prototyping technique. The
lens was attached to a flat transducer with a matching layer.
The technique produced a beam pattern that was structurally
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FIG. 6. (Color online) (a) BWL pulse was measured with fiber optic hydro-
phone at the highest pressure point (3,0) in Fig. 5(b). (b) Conventional lens
producing focused beam pattern. The plot in (c) compares peak negative
pressure along the x axis in the focal plane of the new broad-beam lens and
the convention lens.

similar to the numerically simulated field and had a beam
width of 12 mm, twice the width of the spherically focused
lens. The technique we used to generate a broader beam
required weighting the amplitude of the target plane to
achieve a solution similar to a broad, uniform focus. The
enlarged beam was then shown to fragment large stones 2.8
times faster than a spherically focused lens that had the
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FIG. 7. (Color online) Artificial plaster stones that mimic human stones
were fragmented with the broadly focused transducer (focal width
~11mm) and conventional spherically focused transducer (focal width in
lateral plane =6 mm). The cylindrical stones had a diameter of 6 mm and
length of 11 mm with avg. weight =0.690 + 0.011 g. They were fragmented
for half an hour, and the mass of fragments smaller than 2 mm was mea-
sured every 10 min. The transducers were operated at 350 kHz with a pulse
repetition frequency of 20 and at the same negative pressure amplitude
(=5.7MPa). The broadly focused transducer fragmented 44 = 9% of stone
by weight in 30min, whereas the focused transducer fragmented only
16 = 4% of the stone in the same duration.
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same peak negative pressure but a beam width smaller than
the stone diameter. The result of better fragmentation with a
beam broader than the stone is consistent with SWL
results.”! Here we have shown the technique can make a
broader beam or even a beam of a specific shape. Other
focused ultrasound techniques for soft tissue ablation have
employed strategies to increase ablation volume by increas-
ing beam area, often through analytical methods such as
focal splitting.*

Limitations of the study include the following. The
broad-beam pattern in Fig. 5(a) had a focal width of 12 mm
in the focal plane, but also a null at the center and with a
—6dB diameter of 2mm. It is not clear whether this non-
ideal pattern had an effect on fragmentation, but even so,
the broad beam demonstrated improved comminution. The
pattern is reminiscent of a focused vortex beam pattern,”
although the central pressure null is smaller than that which
would result for a symmetric vortex and has a similar width.
Further, we used a plastic mesh to hold the stones, which
allowed dispersion of cavitation nuclei in the water tank and
limited their hindrance to the acoustic waves reaching the
stones. This avoided the shielding of ultrasound waves by
dust particles and associated cavitation. Previous research
suggests that differences in effectiveness exist between dif-
ferent in vitro models and in vivo models.®?° Therefore, the
results of the improvement in comminution achieved here
should be further verified in vivo. The equivalence of the
broad and narrow beams was established by the peak nega-
tive pressure. Peak negative pressure relates to cavitation
and therefore is a primary metric for potential for both tissue
injury and comminution. In setting the peak negative pres-
sure, pulse cycles, and pulse repetition frequency to be the
same for both transducers, the energy and peak positive
pressure are different between transducers and may also
account for differences in comminution.

We found that the numerical method has some restric-
tions in designing beams on the order of the wavelength. It
was found that the algorithm naturally converged to a dis-
crete number of solutions, and small changes in the target
image often did not reveal any distinct changes in the result-
ing field. When the target image was symmetric about the
origin, the target image plane did not contain the true peak
pressure, rather it was located in a plane distal to the target
plane. Such a method is employed with the Lithogold litho-
tripter, where the stone is positioned prefocally to expose
the stone to a broader acoustic beam compared to its
focus.”* However, having an out-of-plane peak creates the
potential risk of injuring tissues outside the focus.
Introducing asymmetry in the image plane or source pres-
sure amplitude distribution avoided convergence to this type
of solution.

Overall, we showed that a BWL transducer with a
broader focus can more effectively fragment large stones
compared to a narrow-focus transducer with similar parame-
ters and the same peak negative pressure. Given these
results, transducers may be manufactured that can treat a
larger range of stones efficiently without significantly
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increasing the risk of injury, as would occur with increased
peak negative pressure amplitude. The technique only
changes the focusing methods (in this case the lens) of the
transducer and only altered the phase over the lens. The sys-
tem could alternatively use a phased array to create the
unique phase or amplitude distribution across the aperture.
Such a device could modulate the phase or amplitude for
each case to optimize the beam size to an individual
patient’s stone dimensions. However, a phased array has
limited spatial control of the phase, compared to that
obtained from an acoustic lens. In addition, combining a
phased array’s ability to steer the beam with a particular
acoustic lens enhances the flexibility to treat and target a
specific stone.

V. CONCLUSION

We employed the TASA algorithm and rapid prototyp-
ing to design and fabricate a lens for a flat transducer to
improve the effectiveness of stone comminution with BWL
for larger stones. The technique produced a broad 11-mm
beam and fragmented 11-mm stones 2.8 times faster than a
conventionally focused transducer with a 6-mm beam width.
The technique enables the production of beam profiles to treat
individual target cross sections with therapeutic ultrasound.
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