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ABSTRACT 

The mechanism of action of the holmium laser lithotripsy is attributed to explosive expanding and imploding 
vapor bubbles in association with high-speed water jets creating high mechanical stress and cracking the stone 
surface. A good understanding of this mechanism will contribute to the improvement and the safety of clinical 
treatments. A new method has been developed to visualize the dynamics of mechanical effects and fluid flow 
induced by Holmium laser pulses around the fiber tip and the stone surface. The fiber tip was positioned near the 
surface of a stone on a slab of polyacrylamide gel submerged in water. The effects were captured with high 
speed imaging at 2000-10000 f/s. The dynamics of the pressure wave after the pulse could be visualized by 
observing the optical deformation of a fine line pattern in the background of the water container using digital 
subtraction software. This imaging technique provides a good understanding of the mechanical effects 
contributing to the effectiveness and safety of lithotripsy and can be used to study the optimal fiber shape and 
position towards the stone surface.   
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1. INTRODUCTION 
Laser systems emitting pulses in the microsecond region, like the Holmium:YAG laser, cause explosive vapor 
bubbles when operating in a liquid environment due to the high absorption of the light in water rising the 
temperature instantly above boiling temperatures [1]. These so-called cavitation bubbles implode shortly after 
their formation with significant mechanical momentum that is useful for several clinical applications. An 
example is lithotripsy, a medical procedure that defragments hard tissues such as kidney stones, where the laser 
energy is directed to the surface of the stone, which is subsequently pulverised [2]. 
The Holmium:YAG laser is widely used for performing laser lithotripsy procedures with reported success rates 
of 97.7 % [2]. Although laser lithotripsy is considered a safe procedure, the large mechanical forces on 
surrounding tissue might lead to undesired tissue damage. For example the fast motion of the sharp edges of a 
kidney stone could damage soft tissue during the lithotripsy procedure.  
While a detailed description of the dynamics of the growth and implosion of cavitation bubbles is available [1,3], 
more insight on the mechanical effects following stone ablation will contribute to the improvement and safety of 
the procedure. For this reason, this study is focused on visualizing the mechanical stress and liquid flow induced 
by Holmium:YAG laser pulses during a laser lithotripsy procedure. A novel imaging technique is introduced, 
based on Background Oriented Schlieren (BOS) [4], which is able to show stress-waves through a phantom 
tissue and liquid flow after exposure with a short laser pulse. 
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2. THEORY 
2.1 Holmium:YAG laser lithotripsy procedure 

Due to the high absorption of the 2.1 µm laser light in a water environment, the instant temperature rise results in 
an explosive vapor bubble that lasts up to several hundreds of microseconds. The size and lifetime of such a 
cavitation bubble depends on the type of laser, the pulse length and the pulse energy [1]. When the bubble size is 
at maximum, it will start imploding due to the higher liquid pressure surrounding it. This implosion occurs with 
great velocity and is accompanied by a sharp sound and a shockwave when the bubble implodes symmetrically 
and has no effect on its surroundings. If this implosion occurs near a surface, however, it will do so 
asymmetrically, resulting in a liquid jet in the direction perpendicular to the surface. This asymmetrical collapse 
occurs due to the non-uniformly filling of the bubble by surrounding water mostly coming from the top. A 
schematic overview of the implosion of a cavitation bubble near a surface resulting in a micro jet is shown in 
figure 1. 
 

 
Figure 1: The implosion of a cavitation bubble in the vicinity of a rigid boundary resulting  

in a microjet aiming towards the boundary( from [5]). 

Directing micro jets towards urinary stones creates local stress on the stone surface like hitting it with a hammer 
and contributes to the fragmentation process. In addition, when the instant vapor bubble extends towards the 
stone surface, laser energy is directly absorbed by the stone surface. This causes the water content to turn into 
explosively expanding vapor bubbles creating cracks in the stone. 
 
2.2 Imaging techniques 

For visualizing the cavitation process and the subsequent stone fragmentation, several imaging techniques can be 
used [6]. High-speed imaging can capture the formation and implosion of a vapor bubble with frame rates of 
100.000 frames per second. 
 

   
 

Figure 2: Bubble implosion near surface results in a water jet (middle) and  
a ring of small imploding cavitation bubbles (right). 
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Camera's, able to capture images at such high frame rates continuously, are expensive and therefore time delayed 
triggered short flash photography offers a good alternative. Microsecond light flashes that illuminate the image 
plane at each laser pulse with a sequentially increasing delay time can show the complete cavitation process 
combining a series of pulses. Since the cavitation process is highly reproducible for each laser pulse, the 
sequence is representable as it would have been images from one vapor bubble. 
With other techniques such as Schlieren imaging or thermal imaging, it is possible to visualise the density and 
temperature effects respectively [6].  
 
2.3 Schlieren and Background Oriented Schlieren imaging 

Density difference induced by fluid flow or temperature effects can be visualized with the Schlieren imaging 
techniques [6]. The technique is based on small refraction of parallel rays of light while travelling through a 
density gradient field in a transparent medium. The imaging plane is focused on a spatial filter allowing only 
refracted light to pass through to the camera.  
 
Aligning the Schlieren set-up is time consuming and the field of view is limited by the optics used. Background 
Schlieren Imaging can be used as an alternative [4]. It also enables to visualize refracted light rays by digitally 
filtering to 'block' the background and enhance the contrast of the refracted light. It makes use of fine regular 
structures in the background such as a line pattern. While the light coming from the background travels through a 
field with a density gradients, the line pattern is distorted similar to viewing through hot air rising at the horizon 
of the freeway on a hot summer day. By digitally subtracting the original pattern from the distorted pattern, a 
high contrast image is formed showing the distorted pattern with high contrast as illustrated in figure 3. 
 
 

 

 

 

 

 

 

 

Figure 3: The image of straight lines in the background (left) is distorted (middle) by refraction 
 in a field with density gradients. Subtracting the original and distorted pattern results in  

a high contrast image of the distorted line pattern (right). 

Current applications of BOS are visualizing air flows with subtle density differences e.g. induced by temperature 
gradients in rooms [4]. This effect is hard to see with the naked eye, but by using a subtraction software the 
differences can be emphasized. The BOS technique was translated by our group to an environment with elastic 
media and fluids to study mechanical effects in biological tissue. 
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3. MATERIALS AND METHODS 
A 2.1 μm holmium laser was used firing 250 μs pulses with a frequency of 5 Hz. The laser light was emitted 
through a 0.6 mm fiber with energies from 0.5 to 2 J per pulse. The pulsed laser process was captured with a 
CCD camera with a maximal frame rate of 10 000 frames per second. A schematic overview of the BOS set-up 
is shown in Figure 4.  
 

 
Figure 4: Schematic overview of the BOS imaging set-up. A CCD camera is focused on a 600 µm fiber directed 
to the gel surface which is placed in a water filled transparent container. A background pattern of 5 lines per 

mm is illuminated with collimated white light LED projecting the lines on the image plane.  

For the imaging, the laser fiber was placed in a transparent container filled with water. A glass plate with a fine 
line pattern, 5 l/mm, was attached to the back wall. The CCD camera was equipped with a close-up lens focused 
on the laser fiber. A parallel beam from a bright white light LED illuminated the back of the line pattern 
projecting it on the focused image. A 6 mm thick slab of 12% polyacrylamide gel was positioned in the middle 
of the container that functions as a tissue phantom with a refractive index close to water. The obtained videos 
were processed with customized digital subtraction software that displays only the differences per frame with 
respect to a chosen reference. 
With the BOS imaging technique various settings were tested simulating clinical conditions during the holmium 
laser lithotripsy procedure. Human gallstones were available to use in the simulations representing urinary stones 
(which were difficult to obtain).  
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4. RESULTS 
4.1 BOS imaging of Ho pulse in water  

A sequence of a 1-Joule holmium laser pulse emitted in water at 8000 fps (125 µs apart) is displayed in Figure 5. 
The upper row shows frames from the original movie with their corresponding processed subtractions in the 
lower row. The subtraction images show especially the turbulence of heated water after the implosion of the 
vapor bubble. 

 

 
Figure 5: Original (top) and subtraction (bottom) sequence of heated water turbulence induced  

by a 1 Joule Holmium laser pulse in water in 125 µs steps. 

4.2 BOS imaging of Ho pulse above tissue surface  

A sequence of a 1-Joule holmium laser pulse 4 mm above the polyacrylamide tissue phantom is shown in figure 
6. The vapor bubble implodes towards the tissue surface creating mechanical deformations and microjets 
inducing stress waves travelling through the tissue.  

 
Figure 6: Original (top) and subtracted (bottom) sequence of mechanical deformation waves induced by  

a 1 Joule holmium laser pulse in water 4 mm above a tissue surface in 125 µs steps. 
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4.3 BOS imaging of Ho pulse on stone  

A sequence of the impact of a 1 Joule laser pulse on a gallstone which is placed on top of a polyacrylamide 
tissue model, is shown in figure 7.  
 

 
Figure 7: Sequence of mechanical deformation wave induced by a 1 Joule holmium laser pulse  

on a gallstone placed on top of gel in 125 µs steps. 

 
4.4 BOS imaging of Ho pulse in ureter model  

To simulate the procedure of lithotripsy in an ureter, the gel model was adapted by cutting a 3 mm channel in the 
gel slab. The fiber was positioned in the channel without (figure 8, left) and with a stone in front (figure 8, right). 
the resulting mechanical deformation of the tissue is shown in the sequences in figure 8 during a 1 Joule laser 
pulse.  
 
 

 

 

Figure 8: Left: sequence of mechanical deformation wave in 125 µs steps during a 1 Joule holmium laser pulse 
inside a 3 mm channel in tissue representing an ureter. Right: similar to left side with a stone in front of the 
fiber.  
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5. DISCUSSION 
In this study a new method is introduced to enable the visualization of mechanical deformation or stress waves in 
a transparent polyacrylamide gel representing biological tissue. With this method the mechanical effects induced 
by holmium laser pulses during lithotripsy were investigated. 
 
5.1 Visualizing the mechanism of action of lithotripsy   

As discussed in paragraph 2, the mechanism of fragmentation of the stone is partly attributed to the local 
mechanical forces and stress induced by micro-jets during the implosion of the explosive vapor bubble formed 
by the holmium pulse [7]. This mechanism of action is supported by the image sequence in figure 6. During the 
implosion of the bubble towards the surface, a crater is formed in the surface that rebounds and a mechanical 
wave is send through the tissue followed by smaller waves induced by smaller implosions and micro-jets at the 
surface. These waves can only be appreciated after the subtraction method that greatly enhances the contrast in 
the images. In figure 7, it is shown how the mechanical force on the stone during lithotripsy is transferred into 
the tissue. Inside a narrow channel, like the ureter, the mechanical force and deformations are clearly visualized 
in figure 8. 
 
5.2 Implications for adverse effects during lithotripsy   

Since biological tissues have a high elasticity, the deformation and stress visualized are not likely to result in 
damage and adverse effects. However, these waves give a good understanding of the local forces induced and 
can be used to make a relative comparison of fiber tip position relative to the stone and bladder wall to achieve 
the optimal energy transfer to fragment the stone. Indirectly, the waves visualized show the local stress points in 
the tissue where potentially the tissue be damage. E.g. fragments of the stone with sharp edges might be pushed 
into the tissue driven by the explosive bubble and water jets.   
 
5.3 Elastic waves in tissue  

The waves that are travelling through the gel are the result of applied pressure caused by the holmium laser. It 
was noted that all waves travel at approximately the same speed, in the range of 2-2.5 m/s, which implies that 
these are characteristic waves for the polyacrylamide gel used.  The velocity of a shear wave through a certain 
material can be calculated using 

,  (1) 

where μ is the material specific shear modulus and ρ is the density. Since we use a 12% polyacrylamide gel as 
phantom tissue, μ will be in the range of 16.3-55.3 kPa [8]. With these values and an approximate density of 1.11 
kg/m3, the typical shear wave velocity should be in the range of 3.8-7.1 m/s. Although our measured values do 
not fit exactly with these theoretical figures, they are in the same order of magnitude. It can be assumed the 
waves seen in the phantom tissue are material specific shear waves. The small difference in propagation velocity 
could be due to the geometry of the gel slab and uncertainty in gel composition. 
 
5.4 Future research  

The Background Oriented Schlieren method shows to be useful to study the mechanism of lithotripsy and can be 
used for further understanding and improving the procedure of lithotripsy e.g. by special shapes of the fiber tip. 
Also other medical treatments were mechanical stress is induced to fragment or rupture tissues, can be studied 
using the BOS technique.  
The BOS technique can also be used to characterize the elastic properties of tissues by measuring the wave 
velocity through tissue. This field of research has recently become of interest with the potential to detect tumor 
tissue which is assumed to have other elastic properties. This research is ongoing in the field of MRI [9], 
ultrasound and OCT.  
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6. CONCLUSION 
Background Oriented Schlieren was introduced as novel imaging technique to visualize the mechanical forces 
and stress induced by the holmium laser during lithotripsy simulated in a tissue model. This technique provides a 
better understanding of the mechanical effects contributing to the effectiveness and safety of lithotripsy and can 
be used to study the optimal fiber shape and position towards the stone surface. 
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