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This work focuses on the evaluation of a type of piezoelectric lithotripter with similar dimensions of a commercial lithotripter and composed of either 3 or 4 large lens focused piezoelectric transducers set either in a confocal coplanar C-shape or a confocal spherical shape. Each transducer is made with a 92 mm diameter 220 kHz flat piezoelectric ceramic disc and a 3D printed acoustic lens. Both confocal setups pressure field were measured with a fiber optic hydrophone, and in-vitro fragmentations of 13 mm diameter and 14 mm length cylindrical model stones were done in a 2 mm mesh basket. The acoustic characterization of the three transducers confocal setup revealed a disc shaped focal volume, with a 2.2 mm width on one axis and a 9.6 mm width on the other, and a peak positive pressure of 40.9 MPa and a peak negative pressure of -16.9 MPa, while the focus of the four transducers confocal setup was similar to a traditional narrow focus high pressure lithotripter with a focus width of 2.1 mm, and a peak positive pressure of 71.9 MPa and peak negative pressure of -24.3 MPa. Both confocal setups showed in-vitro

Introduction

Urinary tract stones can be found in the kidney, the ureter, or in the bladder, and affect about 1 in 11 people at least once in a lifetime in the US [START_REF] Scales | Prevalence of kidney stones in the united states[END_REF]. Shock wave lithotripsy (SWL) is a widely used technique where high amplitude acoustic pulses are focused toward kidney stones with a very low pulse repetition frequency (PRF) in order to fragment it in small pieces that can then be eliminated with the urine. At the focus of a lithotripter, the peak positive pressure is usually between 30 to 120 MPa while the peak negative pressure is in the order of -10 to -20 MPa, and the focused beam -6 dB diameter can vary between a few millimeters to more than 10 mm [START_REF] Cleveland | The physics of shock wave lithotripsy[END_REF].

The main mechanisms behind the fragmentation of the stones by SWL are tensile and shear stresses combined with cavitation erosion, as the majority of the kidney stones are very brittle (heterogeneous and porous) and thus resist poorly to them [START_REF] Lokhandwalla | Fracture mechanics model of stone comminution in eswl and implications for tissue damage[END_REF][START_REF] Zhu | The role of stress waves and cavitation in stone comminution in shock wave lithotripsy[END_REF].

Various progresses toward a more efficient lithotripsy treatment were made in the last decade, with the treatment PRF determined as 1 Hz maximum to avoid prefocal cavitation resulting in bubble cloud shielding of the kidney stone [START_REF] Sapozhnikov | Effect of overpressure and pulse repetition frequency on cavitation in shock wave lithotripsy[END_REF][START_REF] Pishchalnikov | Effect of firing rate on the performance of shock wave lithotriptors[END_REF][START_REF] Pishchalnikov | Bubble proliferation in the cavitation field of a shock wave lithotripter[END_REF], and that lithotripters with large focus width are overall more efficient to break the stones [START_REF] Eisenmenger | The first clinical results of "wide-focus and low-pressure" eswl[END_REF][START_REF] Evan | Independent assessment of a wide-focus, low-pressure electromagnetic lithotripter: absence of renal bioeffects in the pig[END_REF][START_REF] Sapozhnikov | A mechanistic analysis of stone fracture in lithotripsy[END_REF]. Also, new ways to break kidney stones were developed, either by using bursts of high pressure pulses (same order of peak pressure as in SWL) as in histotripsy [START_REF] Duryea | In vitro comminution of model renal calculi using histotripsy[END_REF], or bursts of lower pressure (around 5 MPa) with higher PRF [START_REF] Maxwell | Fragmentation of urinary calculi in vitro by burst wave lithotripsy[END_REF].

Most of the current piezoelectric lithotripters are made by placing multiple small piezoelectric elements inside a spherical receptacle, usually yielding very high peak pressure in a very narrow focal zone at the geometric center of the sphere. In this paper, we present two lithotripters consisting of large lens focused piezoelectric transducers: one lithotripter is composed of three confocal transducers set in a C-shape and the other is composed of four confocal transducers set in a spherical shape. Their acoustic pressure field is measured and their model stone fragmentation effectiveness is evaluated and compared to those of a commercial electroconductive lithotripter.

Materials and Methods

Lens Focused Transducers

The confocal lithotripters are composed of multiple independently focused transducer, where their focusing is obtained by using plastic lenses combined with a 220 kHz, 92 mm diameter flat piezoelectric discs. The focal distance was set to 200 mm under linear acoustic regime, allowing realistic treatment penetration depth for lithotripsy. As the objective was to try multiple confocal setup, the lens focused transducers were designed to be easily mounted and dismounted from the larger confocal lithotripsy transducer, and as such their design was inspired by a previous work by Kim Y., et al on modular transducers design [START_REF] Kim | Rapid prototyping fabrication of focused ultrasound transducers[END_REF]. The shape of the lens was then calculated using finite element and parametric shape optimization, as described in earlier publication [START_REF] Thomas | Parametric shape optimization of lens-focused piezoelectric ultrasound transducers[END_REF]. The advantage of a parametric optimization over an elliptical lens is an improved gain of pressure at the focus, allowing the transducers to reach the very high pressure required for lithotripsy treatments. The ma-terial used for the piezoelectric disc was the C-9 (Fuji, Fujinomiya, Japan), a very soft ceramic, the lens is 3D printed using a polyjet printer (Objet 30 Prime, Stratasys, MN, USA) with the VeroBlackPlus material, and also serves as housing for the flat piezoceramic disc with the spaces in-between filled with epoxy (Loctite Stycast 2651 MM, Henkel, Dusseldorf, Germany) degassed thoroughly. The acoustic properties of the different materials are detailed in table 1. The distance between the lens and the flat ceramic emitting side is chosen as half a wavelength of epoxy, in order to reduce the pressure after the first pulse with out-of-phase reflections. The backing was also filled with the same epoxy in order to lower the reflection, and therefore the stress, inside the ceramic. The lens have a thread on its side so it can be maintained in position on the transducer scaffold using a corresponding 3D printed nut.

Finally, as the whole confocal setup will be immersed in water during the experimental phases, the wires exit the transducer inside a hose connector to allow a silicone tube to be fitted, protecting the high voltage wires from the surrounding water. Photos of the manufactured transducers are shown in fig. 1. 

Confocal setups

Two different confocal setups were studied: one with three independent transducers where their axis of propagation are in the same plane, thus forming a C-shape, and one with four independent transducers set up in a semispherical shape. The three transducers confocal scaffold was 3D printed in three separate supports for each transducer that can then be joined together.

The transducer supports for the side transducers had the possibility to adjust the angle of incidence, while the center one was threaded to adjust the 

Experimental setup

The electrical driving circuit for the transducers is shown in fig. In the following sections, all pressure measurements were made with a fiber optic hydrophone (FOPH 2000, RP-acoustics, Leutenbach, Germany) with a 100 MHz bandwidth in degassed water (∼2 mg/L O 2 ) and a computer controlled 3-axis positioning system. The focus characteristics presented here are for the peak positive pressure and the peak negative pressure at the focus of the setups. Also, some measurements were made at lower voltage than the transducer maximum capability, presented as a percentage of the maximum voltage applicable to the transducer, as at such high pressure the fiber optic would break rapidly. Finally, all of the fiber optic hydrophone measurements are at least averaged 16 times to remove most of the noise characteristic of the hydrophone.

In order to compare the efficiency of each setup, in-vitro artificial stone fragmentation tests were made. The artificial stones were made of BegoStone plaster powder (BEGO, Bremen, Germany) with a ratio plaster/degassed water of 5:1 by weight [START_REF] Liu | Begostone-a new stone phantom for shock wave lithotripsy research (l)[END_REF], and had a cylindrical shape with a diameter of 13 mm and a length of 14 mm. The artificial stones were always rehydrated in degassed water for at least 24 hours before the fragmentation experiments.

The confocal setups were then immersed in a tank of degassed water (∼2 mg/L O 2 ). The stone was put in a basket with a 2 mm mesh, the focal point of the setup being positioned at about 5 mm from the bottom of the stone. This location was determined to be optimal as it allows the maximum stone volume exposure during the whole fragmentation process.

The fragments were retrieved from a receptacle under the basket during the treatment. The pulse repetition frequency (PRF) of all the treatments was 1 Hz, and the number of pulses until the basket was free of stone fragments served as comparison between the different setups.

The same fragmentation tests were made with a commercial lithotripters, the Sonolith i-Move from EDAP-TMS (Vaulx-en-Velin, France), for comparison purpose. The i-Move is an electroconductive lithotripter, where a spark is generated at one focus of an ellipsoid with a focus of 16 cm and an aperture of 12.5 cm. Its acoustic characterization is detailed in table 2. where RT is the rise time, i.e. the time take by the pressure to increase from 10% to 90% of the maximum positive pressure. The non-linear acoustic effects for the lens focused transducer are important, presenting a steep shock front with a rise time of RT = 60 ns. Also, at 

Results
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Pressure field of the 3 transducers confocal setup

The objective of this confocal setup was to obtain a large focal width, close to the dimensions of renal calculi. Therefore the beams of the lens focused transducers were adjusted such as they cross before their individual focal depth, at around 5 mm. In order to ensure that the pulse of each transducer reach the focal point at the same time, measurements and consequent calibrations for each transducer were made by adjusting the angle of incidence for the lateral transducers and the height of the central transducer.

In this section, the three transducers confocal setup z-axis was the same as the z-axis of the middle transducer, while the x-axis was perpendicular to the plane formed by the z-axis of the individual transducers and finally the y-axis was chosen to form a Cartesian coordinate system (i.e. perpendicular to both z and x), as shown earlier in fig. 2. The pressure field around the focal point of the confocal setup was measured and is presented in fig. 5, where the direction z < 0 points toward the middle transducer, and the characteristics of the focal beam are detailed in table 4. Since the acoustic beam of each lens focused transducers crosses each other slightly before their focal point, the maximum pressure is lower than the sum of the maximum pressure of each transducer, however the resulting beam width on the x-axis is larger. Another observation is that the wavefront of the confocal setup in fig. 5.d are less steep than the shock wave at the focus of a single transducer in fig. 4.c, with a rise time of RT = 90 ns, while having more than twice the pressure. While the x-axis focus width is large, the y-axis focus is very narrow as seen on the pressure field plots in fig. 6.

The focused beam of positive pressure formed by the three transducers confocal could therefore be described as a thin disc perpendicular to the plane formed by the transducers acoustic axis.

Pressure field of the 4 transducers confocal setup

The geometrical focus of the bowl was 180 mm, thus the focal beam of the transducers crosses 8 mm before their individual focal point, and the zaxis was chosen as the axisymmetric axis of the bowl. The resulting focused beam was found to be almost axisymmetric as presented in fig. 7, and its characteristics are detailed in table 5. Only the waveform at the focus was measured with the maximum voltage, +1.5/-16 kV, while the other measurements were made at 80% of the maximum voltage, i.e. +1.5/-12.2 kV, as the very high pressure at maximum voltage would rapidly damage the fiber optic tip of the hydrophone.

As expected, this setup presents a very narrow focal width, very similar to the y-axis width of the three transducers setup. As for the three transducers setup, the wavefront is less steep than the wavefront of an individual transducer, with a rise time equals to RT = 168 ns, and the maximum pressure is lower than the sum of the maximum pressure of the individual transducers. 

Model Stones Fragmentation

The fragmentation tests were made for 3 different pressure levels, 80%, 90% and 100% of the maximum voltage input (or +1.5/-12.2 kV, +1.5/14.1 kV and +1.5/-16 kV), for both confocal setups. In each case, the fragmentation was done on four stones (n=4). The number of pulses before complete fragmentation in relation to the maximum positive pressure is shown in fig. lithotripters (four transducers confocal setup and i-Move) and the three transducers confocal setup is, while the first kind mostly fragment the stones small piece by piece, often leaving large sized pieces in the basket during more than half the treatment time, the second one divides the stones in almost equal sized fragments until they are small enough to pass the 2 mm mesh. No significant differences were found in the fragments size after the treatments between the different lithotripters: a large proportion of the fragments were between 1 mm and 2 mm.

Discussion

As seen in figs. [START_REF] Sapozhnikov | Effect of overpressure and pulse repetition frequency on cavitation in shock wave lithotripsy[END_REF].d and 7.c, the waveform at the focus of the confocal setups presents a second peak positive pressure of high amplitude, a second negative peak pressure and a non negligible third positive peak pressure. In and 16% of the first peak, respectively, while the second negative pressure peak have around 25% the amplitude of the first one. While in traditional lithotripsy the focus is usually composed of only a single shock wave pulse, piezoelectric [START_REF] Dalecki | A test for cavitation as a mechanism for intestinal hemorrhage in mice exposed to a piezoelectric lithotripter[END_REF][START_REF] Chitnis | Customization of the acoustic field produced by a piezoelectric array through interelement delays[END_REF], electromagnetic [START_REF] Evan | Independent assessment of a wide-focus, low-pressure electromagnetic lithotripter: absence of renal bioeffects in the pig[END_REF], dual pulse [START_REF] Bailey | Control of acoustic cavitation with application to lithotripsy[END_REF][START_REF] Sokolov | Use of a dual-pulse lithotripter to generate a localized and intensified cavitation field[END_REF] and confocal [START_REF] Bailey | Control of acoustic cavitation with application to lithotripsy[END_REF] lithotripters that could produce similar trailing shock waves have been reported before. The effect of these trailing shock waves was shown to influence the bubble cluster dynamics generated by the first negative pressure:

in the case of the free field cavitation, the lifespan of the bubble cloud was lowered and the cavitation intensity was overall reduced [START_REF] Bailey | Control of acoustic cavitation with application to lithotripsy[END_REF][START_REF] Arora | Cavitation cluster dynamics in shockwave lithotripsy: Part 1. free field[END_REF]. Comparative in-vivo experiments in swine model with an electromagnetic lithotripter where the trailing shock wave could be removed showed that, while the trailing shock wave did not significantly impact tissue injury, the fragmentation efficiency was improved in the case where it was removed [START_REF] Mancini | Assessment of a modified acoustic lens for electromagnetic shock wave lithotripters in a swine model[END_REF]. From these publications, it can be said that the trailing shock waves at the focus of both confocal setups might reduce slightly the efficiency of the lithotripters, but should not present a risk of increased tissue injuries to the patients.

The shock waves of both confocal setups have a lower rise time compared to the shock wave at the focus of a single transducer. This phenomenon is characteristic of confocal setups, where the waveform of each transducer are summed almost linearly [START_REF] Lafond | Numerical study of a confocal ultrasonic setup for cavitation creation[END_REF]. Since here for both confocal setups the beam of each transducers crosses pre-focally, the non-linear effect are less important, resulting in a longer rise time and lower peak pressure. In a classical lithotripter, the depth of the focus can change in relation to the pressure output desired due to the non linear effect, as it is observed here for a single lens focused transducer. However here, as a result of the confocal setup, the position of the focus of both the three and four transducers confocal setups is the same for every power output of the transducers, as the lens focused transducer acoustic beams always cross each other before their individual focus. Also, the trade-off of the mobility of the transducer supports of the three transducers confocal setup is that the axis of propagation of each trans-ducer are not perfectly co-planar, resulting in slightly lower peak pressures than expected. Another observation is that both confocal setups deliver an acoustic pulse energy of the same order as the commercial lithotripter.

While the three transducers confocal setup has a large focal width on one axis, it is still too small to trigger the dynamic squeezing phenomenon [START_REF] Sapozhnikov | A mechanistic analysis of stone fracture in lithotripsy[END_REF] on some stones, as the maximum size of stones treated by SWL is around 15 mm. And even so, the thin focal width on the other axis may reduce or even prevent the dynamic squeezing phenomenon. But the other advantage of the large focal width, which is to compensate the stone motion [START_REF] Cleveland | Effect of stone motion on in vitro comminution efficiency of storz modulith slx[END_REF], can still be exploited if the axis with the large focal width is coincident with the motion of the stone.

The first observation that can be made about the in-vitro model stone fragmentation is that the pressure plays a very important role in the fragmentation speed, even more so for the three transducers setup case where around 167 more shocks are needed per 1 MPa decrease in maximum focal pressure.

This means that the opposite might be true, a small increase in pressure may increase the efficiency greatly. Unfortunately, in our case the pressure could not be increased further without risking to damage the transducers. Another solution could be to widen even more the x-axis width while keeping a similar pressure level, with the advantage that dynamic squeezing might participate in the stone comminution and therefore give a sudden increase of efficiency.

But even so, it is not certain that dynamic squeezing could have a strong impact here as it is normally the result of the acoustic pressure surrounding the whole stone, while here it will only surround it in a plane section.

Meanwhile, the four transducers confocal setup yields results very close to those of a commercial lithotripter. While the low ratio of active surface by the total lithotripsy transducer surface seems like a waste at first, this space could be easily used to place an inline ultrasound imaging probe, and, for example, low pressure transducers to clear the bubble cloud between each shock wave in order to avoid prefocal cavitation while treating stones with high PRF (> 1 Hz) [START_REF] Duryea | Removal of residual nuclei following a cavitation event using lowamplitude ultrasound[END_REF].

Conclusion

Confocal lithotripters using three and four independently focused transducers were characterized and their in-vitro stone comminution ability was evaluated and compared to a commercial lithotripter. While the three transducers confocal setup did not match commercial lithotripter performance, its performance was reasonable considering its smaller than usual overall effective surface, and its shape may allow for more flexible treatment than traditional lithotripters. However, the four transducers confocal setup proved to have performance matching those of commercial lithotripters while freeing a lot of surface that can be fitted with other instruments.

Figure 1 :

 1 Figure 1: Left: transducer before the epoxy filling. Right: finished transducer with its nut.

  height of the transducer, allowing different focal distances and adjustments for the non-linear acoustic effect. The four transducers confocal support was machined in aluminum and has an aperture of 160 mm and a radius of 180 mm. The treatment depth penetration (the maximum distance between the highest point of the confocal setup and its focal point) for the four transducers confocal was 134 mm, same range of most commercial lithotripters[START_REF] Cleveland | The physics of shock wave lithotripsy[END_REF] (around 130 mm), while the three transducers confocal was around 100 mm. However, the three transducers confocal setup could, with a spacing due to its C-shape of 320 mm at the top, 130 mm at the bottom, and 80 mm between them, partially fit on the side of a patient for an increased treatment penetration depth. Another observation is that the four transducers confocal setups has a ratio between active emitting surface and total surface of only 45%, compared to the 74% of the three transducers setup. Photographs of both confocal setups are shown in fig.2.

  3. Two high voltage power supplies (HV) are used in the circuit, a positive one (0 to +5 kV) (T1EP 050 126 p, Technix, Creteil, France) that charges the capacitor C1 (1 µF ) and a negative one (0 to -10 kV) (T1EP 100 505n, Technix, Creteil, France) that charges the capacitor C2 (0.5 µF ). The capacitor C1 slowly charges the piezoelectric transducer Cp (i.e. with a much longer time than its resonant period) with a moderate high voltage opposite to the polarization in order to compress it when the fast high voltage transistor switch T1 (HTS 161-03, Behlke, Kronberg im Taunus, Germany) is closed. The switch T1 then opens and shortly after the fast high voltage thyristor switch T2 (HTS 160-500-SCR, Behlke, Kronberg im Taunus, Germany) closes, releasing a very high voltage pulse in the same direction as the polarization of the piezoelectric disc, effectively generating a high surface pressure pulse[START_REF] Cathignol | Device and method for producing high-pressure ultrasonic pulses[END_REF].The resistor R3 (500 Ω) and the coil L (5.4 µH) control the charging time

Figure 2 :

 2 Figure 2: Top: Three transducers confocal setup with its XYZ axis. Bottom: Four transducers confocal setup.

Figure 3 :

 3 Figure 3: (a) Diagram of the transducers feeding circuit. (b) Logic signals sent to the high voltage switches, electrical pre-strain logic signal to the T1 switch, electrical discharge logic signal to the T2 switch. (c) Voltage applied to a transducer, with HV+ set to 1.5 kV and HV-to -6.5 kV.
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 1 Pressure field of the individual lens focused transducer Measurements of the pressure field around the focus of the lens focused transducer are presented in fig. 4. In this figure, the depth is designated by the z-axis, where the origin is set to the surface of the piezoelectric disc that faces the lens and the r-axis is along the radius of the disc and has origin at its center. The focal beam characteristics of the transducer are detailed in table 3.

Figure 4 :

 4 Figure 4: Acoustic characterization of the lens focused transducer at +1.5/-16 kV (100%). (a) Axial length of the focus. (b) Radial width of the focus. (c) Waveform at the focal point.

Figure 5 :

 5 Figure 5: Acoustic characterization of the three transducers confocal setup at +1.5/-16 kV. (a) Width of the focus on the x-axis. (b) Width of the focus on the y-axis. (c) Length of the focus on the z-axis. (d) Waveforms at the focal point.

Figure 6 :

 6 Figure 6: Pressure field around the focal point of the three 220 kHz transducers confocal at 80% output (+1.5/-12.2 kV). Left: maximum of the first peak positive pressure. Right: minimum of the first peak negative pressure.

Figure 7 : 8 .

 78 Figure 7: Acoustic characterization of the four transducers confocal setup,

Figure 8 :

 8 Figure 8: Number of pulses before complete fragmentation in relation to the maximum pressure, Three 220 transducers confocal setup, Four transducers confocal setup, EDAP-TMS i-Move.

Table 1 :

 1 Acoustic properties of the material. v p : p-wave velocity, ρ: density, Z a : acoustic impedance.

	VeroBlackPlus	2375.8	1160.0	2.76
	Stycast2651mm			
		2655.1	1500.0	3.98
	catalyst 24LV			
	C-9	4180	7750	32.4

Material

v p (m/s) ρ (kg/m 3 ) Z a (M Rayl)

Table 2 :

 2 Focal beam characteristics of the commercial lithotripter at 16 kV.

Table 3 :

 3 Focal beam characteristics of the lens focused transducer at +1.5/-16 kV.

		Peak			Peak
	Peak		-6dB	-6dB	
		pressure			pres-
	pressure		width	length	
		depth			sure
	sign		(mm)	(mm)	
		(mm)			(MPa)
	Positive	188	6.4	116	19.3
	Negative	159	19.6	150	-8.8

maximum input voltage, the focus depth is 12 mm closer to the transducer than in linear steady state regime due to the non-linear effect.

Table 4 :

 4 Focal beam characteristics of the three transducers confocal at +1.5/-16 kV.

		-6dB	-6dB	-6dB	Peak
	Peak				
		x-axis	y-axis	z-axis	pres-
	Pressure				
		width	width	length	sure
	Sign				
		(mm)	(mm)	(mm)	(MPa)
	Positive	9.6	2.2	8.3	40.9
	Negative	21.8	5	16.6	-16.9

Table 6 :

 6 Fragmentation evaluation of the different setups at maximum power. PII is the pulse intensity integral and E the energy delivered at the focus, where * means that it was calculated only for the first shock wave.

			Pulses		
		Peak	(n=4) to		
	Lithotripter	positive	complete	PII	
	model	pressure	fragmenta-	(J.m -2 )	E (mJ)
		(MPa)	tion		
			(≤2mm)		
	Three				
	transducers	40.87	1034 ± 28	402*	33.9*
	confocal				
	Four				
	transducers	71.9	764 ± 21	1376*	29.1*
	confocal				
	EDAP-TMS				
		100	511 ± 13	1071	38.6
	i-Move				
	the case of the four 220 kHz transducers confocal setup at full power, the
	second peak and third positive peak pressure have a pressure equal to 68%
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