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Abstract. The collapse of a single cavitation bubble near
a gelatin surface, and the interaction of an air bubble at-
tached to a gelatin surface with a shock wave, were inves-
tigated. These events permitted the study of the behavior of
in vivo cavitation bubbles and the subsequent tissue damage
mechanism during intraocular surgery, intracorporeal and ex-
tracorporeal shock wave lithotripsy. Results were obtained
with high-speed framing photography. The cavitation bub-
bles near the gelatin surface did not produce significant liquid
jets directed at the surface, and tended to migrate away from
it. The period of the motion of a cavitation bubble near the
gelatin surface was longer than that of twice the Rayleigh’s
collapse time for a wide range of relative distance,L/Rmax,
excepting for very smallL/Rmax values (L was the stand-
off distance between the gelatin surface and the laser focus
position, andRmax was the maximum bubble radius). The
interaction of an air bubble with a shock wave yielded a li-
quid jet inside the bubble, penetrating into the gelatin surface.
The liquid jet had the potential to damage the gelatin. The
results predicted that cavitation-bubble-induced tissue dam-
age was closely related to the oscillatory bubble motion, the
subsequent mechanical tissue displacement, and the liquid jet
penetration generated by the interaction of the remaining gas
bubbles with subsequent shock waves. The characteristic bub-
ble motion and liquid jet formation depended on the tissue’s
mechanical properties, resulting in different damage mechan-
isms from those observed on hard materials.

PACS: 87.00; 43.25.Y

Pulsed ultraviolet and infrared lasers have been used in angio-
plasty, dermatology, ophthalmology, dentistry, urology, and
orthopedic surgery. The laser beams are conventionally de-
livered to tissue by optical fibers or articulated optics. Laser
energy can be strongly absorbed in tissue, producing shock
waves and cavitation bubbles. The intensity of the shock
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waves and the cavitation bubbles depends on the characteris-
tics of the laser beams employed [1]. The interior of the cavi-
tation bubble is considered to be filled with vaporized tissue
and gases dissolved in tissue. The collapse of the cavitation
bubble becomes more intense as increasing in the surround-
ing liquid pressure and their rebounds are usually accompa-
nied by shock wave radiation [2, 3]. The cavitation bubbles
become gas bubbles through rectified diffusion of dissolved
gases into the bubbles. The gas bubbles can remain for an
extremely long time, thereby the interaction of the remain-
ing gas bubbles with subsequent optical breakdown-induced
shock waves is generated, producing liquid jet impacts. The
impulsive pressures caused by these jet impacts are assumed
to be directly or indirectly related to tissue damage during
many optical and thermal processes involved in the biologi-
cal tissue response [4]. Cavitation bubbles and the remaining
gas bubbles which are associated with tissue damage have
also been reported in extracorporeal shock wave lithotripsy
(ESWL) [5–8].

In the case of laser lithotripsy, the maximum size of the
cavitation bubbles was4–8 mm in diameter for the pulsed-
dye laser [9, 10], and6 mm for the Q-switchedNd:YAG
laser [10]. For an electrohydraulic apparatus (ESWL), the
maximum bubble size was up to14 mm in diameter [10].
Changes in tissue echogenicity were used to measure the in
vivo cavitation thresholds during ESWL [11, 12], which were
observed in a human liver parenchyma, remained from40 sto
6 min after shock wave doses [12].

Cavitation bubbles change their behavior, depending on
the dynamic properties of surrounding materials [13–15].
Cavitation bubbles near a rigid surface migrate toward the
surface, producing liquid jets to the surface, while cavitation
bubbles near a free surface migrate away from the surface,
producing liquid jets in the opposite direction against the sur-
face. The liquid jet formation depends on the motion of the
liquid around the cavitation bubble that is excluded by the
generation of the cavitation bubble. When a cavitation bubble
exists near a boundary, the excluded liquid finally converges
on a point, conserving the momentum given by the cavita-
tion bubble generation during the bubble collapse. This con-
vergence increases the stagnation pressure of the point, and
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results in the large deformation of the bubble surface near the
point, leading to the liquid jet formation [16].

The interaction of a shock wave with a gas bubble gen-
erates a liquid jet within the bubble [3, 7, 8, 17–19]. Under
certain conditions, two liquid jets are formed within a gas
bubble [18]. The liquid jet formation depends on the inter-
acting shock wave profile, the initial bubble shape, the initial
bubble size, and the bubble arrangement. The direction of
the liquid jet does not always coincide with the shock wave
direction [3, 17, 19].

Human tissue can be regarded as one of viscoelastic
boundaries, which is dynamically nonlinear, anisotropic, and
inhomogeneous. Thus, the behaviors of in vivo cavitation
bubbles are assumed to be different from those observed near
rigid and free surfaces. Furthermore, characteristic bubble-
collapse-induced impulsive pressures depend on the dynamic
properties of the surrounding tissue.

The aim of this paper is to investigate systematically the
behavior of the bubbles near a gelatin surface, as a model
of in vivo bubble dynamics during intracorporeal and ex-
tracorporeal shock wave lithotripsy, and intraocular surgery.
The principle investigative tool employed was high-speed
photography.

Fig. 1a,b. Schematic descriptions of the experimental setup.a Collapse
of a cavitation bubble near a gelatin surface.b Interaction of an opti-
cal breakdown-induced shock wave with a single air bubble attached to
a gelatin surface

1 Methods

Schematic descriptions of the experimental set up are shown
in Fig. 1a,b. Figure 1a is an observation of the collapse of
a bubble near a gelatin surface. This simulates the behavior of
a cavitation bubble during intraocular surgery, intracorporeal
and extracorporeal shock wave lithotripsy. Figure 1b shows
the interaction of a shock wave with an air bubble attached
to a gelatin surface. This gives information about intracor-
poreal and extracorporeal lithotripsy, intraocular surgery, and
thrombolysis with revascularization of cerebral embolisms by
the liquid jet impact [20]. Experiments were conducted in
a stainless steel chamber (240 mm×240 mm×300 mm). The
chamber was filled with tap water at room temperature,T0=
291 K, under atmospheric pressure,P0= 101.3 kPa. The sat-
urated vapor pressure of the water,Pv, was2064.4 Pa. The
density of the water,%0, was 998.6 Kgm−3. The tap water
was supplied into the chamber through a filter with elem-
ents of 5µm. The water surface tension was measured to
be 7.2×10−2 N m−1 [21]. A ruby laser (Japan Science En-
gineering Co. Ltd., Japan, NGP 60 MP,60 MW, wavelength
694 nm, pulse width30 ns) and twin pulsed ruby lasers (Japan
Science Engineering Co. Ltd., Japan, NAL-707TS 1, wave-
length694 nm, pulse width30 ns) were employed [22].

1.1 Gelatin

Solid gelatin (Wako Pure Chemical Industries Ltd. Japan,
LEN-0459) was used to mimic tissue. The gelatin was trans-
parent, being suitable for observing phenomena that occurred
within it. The solid gelatin was dissolved10%, 20%, and30%
by weight in water at333 Kand then cast in a mold (35 mm×
150 mm×70 mm). The mold surfaces were covered with
a thin polyvinylidene chloride film of5µm. After slow
cooling to reduce shrinkage, the gelatin layer was cut into
pieces (25 mm×25 mm×8 mm). The acoustic impedance
of the gelatin at294 K was1.62×106 kg m−2 s−1 for 10%,
1.80×106 kg m−2 s−1 for 20%, and 2.02×106 kg m−2 s−1

for 30% [23]. The impedance of the10% gelatin was simi-
lar to that of human arteries, blood, liver, kidney, and other
organs [24]. The impedance of the20% gelatin was close to
that of muscle and the30% gelatin was for gallstone [25]. Ac-
cording to the one-dimensional acoustic theory [26], the nor-
mal incident intensity transmission coefficient at the water–
gelatin interface was99.8% for 10%, 99.0% for 20%, and
97.6% for 30%. For that reason the effect of wave reflec-
tion from the gelatin surface on the bubble collapse could be
neglected. The gelatin was immersed in water from above.
The immersion time of the gelatin was restricted to be less
than4 min to keep the degree of swelling of the gelatin. The
swelling rate of the10%–30% gelatin was less than 1.05 for
four min. There was no difference in the behavior of the bub-
ble when the thickness of the gelatin was over6 mm, thus the
bubble collapse was assumed to be independent of the gelatin
thickness, unless its width was extremely small. Therefore, an
8-mm thickness of gelatin plate was employed.

The gelatin was supposed to be one-dimensional vis-
coelastic damping system as follows [27],

mη̈+λη̇+kη= F(t) , (1)



141

where m was the mass,λ was the viscous damping coef-
ficient, k was the spring constant,F(t) was the transitional
impulsive force. These parameters were non-dimensionalized
as follows,

m∗ =m/(ρ0R3
max)

λ∗ = λ/(R2
max

√
ρ0(P0− Pν))

k∗ = k((P0− Pν)Rmax) , (2)

where P0 was the pressure in liquid at infinity,Pv was the
saturated vapor pressure of the liquid at infinity,ρ0 was the
liquid density at the infinity, andRmax was the maximum
bubble radius. When a modal analysis was applied for the
gelatin employed in the paper, the non-dimensionalized pa-
rameters (m∗, λ∗, k∗) were (20.0, 3.0, 1.0) for10%, (21.3,
11.1, 4.9) for20%, and (22.8, 25.2, 18.4) for30% [28]. The
Young’s modulus,Y, of the gelatin was determined by the lin-
ear relationship between the stress and the strain. The gelatin
had a thickness of6.1–7.0 mm. After the gelatin was im-
mersed in water at294 K for four min, it was placed on
a digital balance (American Scientific Products, USA, 2-
6000, readability is0.1 g) at room temperature of295 K. An
aluminum rod with a diameter of2.94 mmthat was attached
on a micrometer (Newport Co., USA, 423) was placed on
the gelatin, then, the rod was lowered into the gelatin. The
force was read from the digital balance after every100µm.
The measured Young’s modulus wasY= 0.043±0.002 MPa
(n= 3) for 10%, Y = 0.163±0.003 MPa(n= 3) for 20%,
and Y = 0.304±0.012 MPa(n= 3) for 30%. The Young’s
modulus of a human’s renalparenchyma is0.057 MPa, a hu-
man’s stomach is0.52 MPa [29], and a thoracic aorta is
0.0047–0.043 MPa[30]. These values have the same values
as those of the gelatin employed.

1.2 Laser-induced cavitation bubbles near gelatin surfaces

The center of the gelatin surface was placed over the laser fo-
cal point (Fig. 1a). The laser beam was introduced through
the lens holder inserted from the bottom of the test cham-
ber and focused at a stand-off distance,L, from the gelatin
surface. About4 mJ of energy from a pulsed ruby laser
was needed to produce a cavitation bubble with a1-mm ra-
dius [22]. In the present experiment, the minimum relative
distance wasL/Rmax= 0.062. Pressure signals generated in
synchronization with the motion of a cavitation bubble in
water were used to confirm the generation and size of the
cavitation bubble. A pressure transducer (Kistler Instrumente
AG, Switzerland, Model 603B, with a5.55-mm-diameter
sensitive element, a resonant frequency of400 kHz, and
a rise time of1µs) was used for monitoring the overpres-
sure, Ps, of the shock wave. The signals were amplified
with a charge amplifier (Kistler Instrumente AG, Switzer-
land, Type 5007), stored in a digital memory (Iwatsu Elec-
tric Co. Ltd., DM-703), and displayed on a synchroscope
(Iwatsu Electric Co. Ltd., Japan, SS-5415A,1 MΩ (32 pF)).
It was noted that the actual overpressure values recorded
by the transducer were lower because the rise time of
1µs of the transducer was longer compared with the ris-
ing times and the durations of shock wave pressures to be
measured.

1.3 Interaction of air bubbles with laser-induced shock
waves

A single air bubble with a given size was carefully placed
under the center of the gelatin surface using a syringe (see
Fig. 1b). Optical observations recorded that cavitation bub-
bles having mean radius of0.15–0.38 mm were induced
near the focus in water of an extracorporeal lithotripter
with a 20 MPa pressure [31]. Intracorporeal shock wave
lithotripter induces a cavitation bubble with the radius of
4.2 mm [9]. In the present paper, it was supposed that a gas
bubble radius,Re, of 0.36–0.74 mm would remain dur-
ing intracorporeal and extracorporeal shock wave lithotripsy
treatment. In the ophthalmic surgery, the remaining gas
bubbles are hardly ever larger than0.08 mm in radius [4].
However, the obtained results may explain some aspects
of such a small bubble collapse with a shock wave during
ophthalmic surgery. The center of the bubble was on the
normal axis through the laser focal point. The stand-off dis-
tance, L, between the gelatin surface and the focal point
was kept at7.5 mm. The laser-induced breakdown in wa-
ter produces a spherical shock wave and a cavitation bubble.
The shock wave impacted on the air bubble attached to the
gelatin surface. A pressure transducer (Kistler Instrumente
AG, Switzerland, Model 603B, with a5.55-mm-diameter
sensitive element, a resonant frequency of400 kHz, and a rise
time of 1µs), positioned at the same distance,L, was used
for monitoring the overpressure. The measured overpressures
were2.8–4.2 MPa. The shock waves used in ESWL consist
of positive pressures of8–114 MPaand negative pressures
of 2–9.9 MPa[5]. The pressure values used in the paper cor-
respond to the values in the far zone from the focus point in
ESWL. The energyEc of the cavitation bubble is given by

Ec= 4

3
π(P0− Pν)R

3
max . (3)

The laser-induced cavitation bubbles had the maximum radii
of Rmax= 2.60–4.17 mm. Thus,Ec was varied from2.2 mJto
9.7 mJ.

1.4 High-speed photography

The behavior of the collapsing bubbles was recorded with
a high-speed camera (John Hadland Ltd., UK, Imacon
790) in framing mode; the frame rate was varied from
100 000 frames s−1 to 500 000 frames s−1. A xenon flash lamp
with a 200-µs pulse duration was used as a light source.
The photography was controlled with a delay circuit. An in-
stant pack film (Polaroid Co., Japan, 667, ISO: 3000/36◦,
resolution 11–14 line pairs/mm) was used as a recording
medium [22].

2 Results

2.1 Laser-generated cavitation bubbles near gelatin surface

Figure 2a,b shows the behavior of laser-induced cavitation
bubbles at different distances from a gelatin surface. The
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Fig. 2a,b. Collapse of a cavitation bub-
ble near a gelatin surface. Interframe
time 10µs. Exposure time2µs. The
direction of the laser beam was from be-
low. a Rmax= 0.88 mm, L = 1.41 mm,
L/Rmax= 1.60, τ = 169µs, bRmin/L =
1.09, c= 30%. b Rmax= 0.89 mm, L =
0.54 mm, L/Rmax= 0.61, τ = 182µs,
bRmin/L = 1.27, c= 30%

weight of gelatin,c, was30%. The interframe time was10µs,
and the exposure time for each frame was2µs. Laser beams
were focused into water from below. When a laser beam was
focused into water, optical breakdown was induced, leading
to plasma formation, shock wave emission, and cavitation
bubble expansion. The cavitation bubble grew in a slightly
elongated spherical shape perpendicular to the gelatin sur-
face. The degree of a cavitation bubble deformation was
small, compared with that of a cavitation bubble located at the
same distance from a rigid surface [32]. The bubble continued
to grow, reducing its internal pressure less than the equilib-
rium pressure which was determined by the non-condensable
gas pressure, the vapor pressure, the surface tension of liquid,
and the static pressure, and then finally reached its max-
imum volume in the ninth frame of Fig. 2a. The maximum
bubble radius,Rmax, was0.88 mm. The relative distance de-
fined asL/Rmax was 1.60, whereL was1.41 mm from the
gelatin surface. After that the bubble began to collapse, ac-
celerated by the static pressure, reached its minimum size
at the seventeenth frame of Fig. 2a. The bubble content of
vapor and gas was strongly compressed, so that the bubble re-
bounded, resulting in a secondary shock wave emitting into
the surrounding water. The period,τ, between the optical
breakdown in water and the bubble rebound was measured
to be169µs, which was determined by the interval between
two pressure pulses generated at the optical breakdown and
the bubble rebound. The bubble shape at the minimum vol-
ume was slightly elongated (see the seventeenth frame of
Fig. 2a). The distance,bRmin, between the center of the bubble
with the minimum size and the gelatin surface was1.53 mm.
The relative migration distance from the surface,bRmin/L,
was 1.09, i.e. the bubble marginally migrated away from the
gelatin surface. For Fig. 2b,Rmax= 0.89 mm, L = 0.54 mm,
L/Rmax= 0.61,τ = 182µs, andbRmin/L = 1.27. In this case,
the bubble contacted the gelatin surface during the bubble
expansion phase. The bubble grew in a slightly elongated
shape, pressing the gelatin surface, and migrated away from
the surface during the collapse phase. The migration from

Fig. 3. Significant example of cavitation
bubble migration away from the gelatin
surface. Interframe time10µs. Expo-
sure time 2µs. The direction of the
laser beam was from below.Rmax=
0.66 mm, L = 0.15 mm, L/Rmax= 0.23,
τ = 124µs, bRmin/L = 3.1, c= 20%

a surface is also observed for a free surface [15]. When a cavi-
tation bubble collapses near a rigid of free surface, a liquid jet
is formed within the bubble [3, 15, 16]. However, the liquid
jet formation within a bubble near a gelatin surface was not
clearly observed.

Figure 3 shows an example of bubble migration signifi-
cantly away from the gelatin surface, whereRmax= 0.66 mm,
L/Rmax= 0.23, c= 20%, bRmin/L = 3.1. The bubble grew
in an oblate shape, strongly pressing the gelatin surface dur-
ing the expansion phase, and then collapsed in a bell-shape.
After the bubble rebounded, the bubble migrated away from
the surface in an elongated slender shape. The gelatin sur-
face was lifted with the sink flow induced by the collapsing
bubble as seen in the thirteenth frame of Fig. 3. That is, the
gelatin surface deformed obediently due to the pressure gra-
dient that was generated by the source and sink flows from
the bubble motion. The similar bubble behavior was observed
near a rubber membrane, which was one of elastic bound-
aries [14, 22, 27, 28]. In the fourteenth frame, the bubble was
split into two bubbles, that is, the phenomenon called “pinch-
off” was observed [22].

Figure 4 indicates characteristic cavitation bubble migra-
tion from the gelatin surface for a different relative distance
of L/Rmax. The migration of a cavitation bubble from a free
surface [15] was also shown in the same figure. The solid
line was obtained by an image theory with point sinks and
sources [33]. For a free surface, the degree of bubble mi-
gration increased with decreasingL/Rmax. The bubbles near
a gelatin surface showed a similar migratory character. The
migration became significant asL/Rmax was less than one,
and then the bubble received a repulsive force from the gelatin
surface. The response at a free surface is governed by inertial
forces, whereas, near a gelatin surface elastic, restoring forces
also contribute to the bubble dynamics.

Figure 5 shows that the period,τ∗, of the motion of a cav-
itation bubble near a gelatin surface for a different relative
distance ofL/Rmax, whereτ∗ was a normalized time which
was obtained by twice the Rayleigh’s collapse time, 2Tc, [34]
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Fig. 4. Characteristic cavitation bubble migration,bRmin/L, from the gelatin
surface for a different relative distance ofL/Rmax. •: c= 10%, �:
c= 20%, N: c= 30%, ◦: free surface. Thesolid line was obtained by an
image theory [15]

given as

Tc= 0.915Rmax

√
ρ0

P0− Pν
. (4)

The period of a cavitation bubble near a free surface [15] is
indicated in the same figure. The period of a cavitation bub-
ble near a free surface was shorter than that in the infinite
volume of water, decreasing with decreasing the relative dis-
tance from the surface. The rate of period decrease was20%
at L/Rmax= 1. While the period of a cavitation bubble near
a gelatin surface was slightly prolonged than that of twice
the Rayleigh’s collapse time for a wide range ofL/Rmax. For
L/Rmax≈ 0, the sink flow at the end of the cavitation bubble
collapse raises the gelatin surface, resulting in a tensile force
between the bubble and the surface. This tensile force and the

Fig. 6a,b. Collapse of an air bubble at-
tached to a gelatin surface with a shock
wave. Interframe time10µs. Exposure
time 2µs. The direction of the shock
wave was from below. a c= 10%,
Re = 1.05 mm, Ps = 4.0 MPa, Ec =
8.1 mJ, Rmax = 3.93 mm, L/Rmax =
1.91. b c= 30%, Re = 0.76 mm, Ps=
3.8 MPa, Ec = 6.5 mJ, Rmax= 3.68 mm,
L/Rmax= 2.04

Fig. 5. Period of the motion,τ∗, of a cavitation bubble near a gelatin surface
for a different relative distance ofL/Rmax, which was normalized by the
period of bubble in infinite volume.•: c= 10%, �: c= 20%, N: c= 30%,◦: free surface. Thesolid line was obtained by an image theory [15]

source flow resulted from the bubble rebound related to the
decrease in the bubble collapse time.

2.2 Interaction of bubbles attached to gelatin surfaces with
shock waves

Figure 6a,b shows the collapse of air bubbles attached to
gelatin surfaces with shock waves. The direction of the laser-
induced shock wave propagation was vertically upward on the
central axis of the bubble. The period of motion of the laser-
induced cavitation was larger than that of the collapse time of
the attached bubble with the laser-induced shock wave. Thus,
the effect of the laser-induced cavitation bubble on the char-
acteristics of the attached bubble was ignored. We confirmed
that the shock wave impact produced no appreciable dam-
age pit on the gelatin in the absence of a bubble. In Fig. 6,
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Fig. 7. Process of the liquid jet forma-
tion after shock wave interaction. In-
terframe time 2µs. Exposure time is
0.4µs. c= 20%, Re = 0.56 mm, Ps =
4.2 MPa, Ec = 9.7 mJ, Rmax= 4.17 mm,
L/Rmax= 1.80

the initial bubble radii,Re, were1.05 mmand0.76 mm, with
overpressures of4.0 MPaand3.8 MPa, respectively. The par-
ticle velocity, up, behind the shock front for each case was
calculated at2.4 m s−1 and2.5 m s−1, respectively using the
one-dimensional momentum equations [35]. Mach number
was 1.003, where the sound velocity of water at291 K was
1477 m s−1. The speed of the shock wave was very close to
the acoustic limit.

When the shock wave reached the bubble interface as
a free surface, the free surface boundary condition required
that the stress returned to zero, because of large impedance
mismatch. A rarefaction wave was reflected back into the wa-
ter, releasing the pressure and accelerating the bubble in the
direction of the shock wave. The transmitted shock wave in
the bubble was very small due to the impedance mismatch be-
tween the air and water. The bubble was transformed from
a spherical to a flattened shape (see fifth frame of Fig. 6a),
subsequently a liquid jet was formed within the bubble. The
initial velocity of the bubble deformation, immediately after
the shock wave impacted on the bubble surface, was calcu-
lated at twice the particle velocity (= 2up) behind the shock
front since the changes in density in water were supposed
to be infinitesimal. On the symmetric axis, the bubble sur-
face deformed remarkably, developing to form the liquid jet
whose velocity increased, especially during the late stage of
the bubble collapse due to the convergence of water toward
the bubble, because the rarefaction wave caused the pressure

Fig. 8a–c. Collapse of an air bubble
attached to a gelatin surface with differ-
ent weights of gelatin. Interframe time
10µs. Exposure time2µs.a c= 10%,
Re = 0.69 mm, Ps = 3.4 MPa, Ec =
4.5 mJ, Rmax = 3.21 mm, L/Rmax =
2.34. b c= 20%, Re= 0.66 mm, Ps=
3.5 MPa, Ec = 4.9 mJ, Rmax= 3.34 mm,
L/Rmax= 2.25. c c= 30%, Re= 0.69 mm,
Ps = 3.5 MPa, Ec = 4.9 mJ, Rmax =
3.34 mm, L/Rmax= 2.25

gradient [8, 36]. The jet penetrated through the downstream
bubble wall, and finally impacted on the gelatin surface (see
the sixth frame of Fig. 6a and the fifth frame of Fig. 6b). The
configuration of the jet was nearly conical with a slightly
rounded nose. The radius of the liquid jet was about one tenth
of the radius of the initial bubble radius [3]. The jet continued
to penetrate into the gelatin, reaching a constant penetration
depth. The damage pit due to the liquid jet penetration was
observed on the gelatin surface. It has been reported that
the damage radius on the gelatin surface increased with in-
creasing radius of the attached initial bubble [8]. Tomita and
Shima [3] have shown that there is an “optimum bubble size”
which yields a maximum jet velocity induced by the interac-
tion of a shock wave with a gas bubble.

Figure 7 shows the process of the liquid jet formation after
shock wave interaction. The interframe time was2µs, and the
exposure time for each frame was0.4µs. The bubble reached
the minimum volume at the fifth frame of Fig. 7. The ini-
tial bubble radius,Re, was0.56 mm, with an overpressure of
4.2 MPa. We could not conclude whether the liquid jet pene-
trated through the downstream bubble wall before or after the
bubble reached its minimum volume.

Figure 8a–c shows the collapse of a bubble near gelatin
surfaces having different weights;c= 10%–30%. The pres-
sure values and the bubble radii for each case were almost
the same values;Ps= 3.4–3.5 MPaandRe= 0.66–0.69 mm.
The degree of the penetration depth and the degree of the
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Fig. 9. Relation between the penetration depth of the liquid jet,lj , and the
bubble radius,Re. Re= 0.33–1.12 mm. Ps= 3.60±0.07 MPa, Ec = 5.5±
0.1 mJ, Rmax= 3.47±0.03 mm, L/Rmax= 2.16.•: c= 10%, �: c= 20%,
N: c= 30%. ◦: Ps is 10.2±0.5 MPa. The curveswere obtained by loga-
rithmic approximation (ESWL experiment) [8]

subsequent deformation of the gelatin surfaces due to the
bubble expansion decreased with the increasing weight of
gelatin.

Figure 9 shows the relation between the penetration depth
of the liquid jet, l j , and the initial bubble radius,Re for
different weights of gelatin;Re= 0.33–1.12 mm; c= 10%
(•), c= 20% (�), c= 30% (N). The overpressures,Ps, of
the shock waves were kept at 3.6±0.07 MPa. The results
obtained by Kodama and Takayama [8] usingPs= 10.2±
0.5 MPa(ESWL experiment) and10% weight of gelatin are
also indicated in Fig. 9. ForPs= 3.6±0.07 MPa, the pene-
tration depth increased with increasing the initial bubble ra-
dius. The degree of the penetration became larger for a lower
weight of gelatin. In the case ofPs= 10.2±0.5 MPa, the
penetration depth increased rapidly with increasing the ini-
tial bubble radius, approaching a constant value. The ratio
of the overpressures for the two cases was about 2.8. It ap-
pears that the penetration depth is no longer independent of
the overpressures of shock waves when it reaches its max-
imum value because the bubble has a finite volume. When the
size of the bubble is extremely small, the liquid jet does not
become a dominant factor for causing damage. It is noted that
the initial condition of the collapsing bubble is affected by
the difference between the profile of the laser-induced shock
wave and that of ESWL.

Fig. 11.Counter jet formation induced by
the interaction of a shock wave.c= 30%,
Re = 0.40 mm, Ps = 2.8 MPa, Ec =
2.2 mJ, Rmax= 2.60 mm, L/Rmax= 2.88

Fig. 10. Liquid jet velocity, Vj , penetrating into the gelatin for differ-
ent Young’s modulus,Y, of the gelatin.•: c= 10%, �: c= 20%, N:
c= 30%. Re= 0.50±0.09 mm, Ps= 3.60±0.07 MPa, Ec = 5.5±0.1 mJ,
Rmax= 3.47±0.03 mm, L/Rmax= 2.16

Figure 10 shows that the liquid jet velocity penetrating
through the gelatin for different weights of gelatin. The over-
pressure was 3.6±0.07 MPa, and the calculated induced par-
ticle speed after the shock front was2.2 m s−1. The axis of
abscissas indicates the Young’s modulus of the gelatin em-
ployed. The velocity was the mean value measured by di-
viding the penetration depth of the liquid jet into the gelatin
from the initial penetration by10µs. Data was obtained from
the pictures taken by500 000 frames s−1 (Fig. 7). The jet vel-
ocity decreased with increasing the weight of gelatin, varying
from 60 m s−1 to 35 m s−1. The decrease in the velocity cor-
responded to the increase in the fracture stress of the gelatin.
The initial velocity of the bubble deformation with the impact
of a shock wave was calculated at twice the particle velocity
(= 4.4 m s−1). Thus, the convergence effect due to the bub-
ble collapse increases the liquid jet speed by a factor of 8.0−
13.6.

The counterjet is a jet flow in the opposite direction to the
main jet [37]. Figure 11 shows a typical example of the coun-
terjet formation. The bubble interacting with the shock wave
expanded after the rebound, while the liquid jet penetrating
into the gelatin returned back to the upper stream. It seems
that the penetrating liquid jet is expelled by the gelatin. The
prolonged counterjet, as shown in Fig. 11, was observed only
for the weight of gelatin of30%. And the counterjet was not
observed to be less than the overpressure of2.8 MPa. It is said
that the counterjet formation is related to shock wave pres-
sure, bubble size, and dynamic properties of the boundaries.
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3 Discussion

3.1 Bubble migration

The normal force on and the normal velocity of the gelatin
surface of marked particles were calculated throughout the
bubble period using Rayleigh’s analysis [34] and (1) and (2).
Consider an initially plane surface 0.5Rmax away from the
point of inception of the bubble, and assume the impulse pres-
sure resulted from the bubble motion as a rectangle pulse. The
total forceF(t) acting on the marked particles from the bubble
side of the liquid was determined so that it was equal to the
impulse during the period of bubble motion. The average nor-
mal displacementη′ of the particles subtended by the circular
area of the radiusRmax were calculated using (1). These quan-
tities for each gelatin concentration are shown as a function of
time in Fig. 12 for the whole lifetime of a Rayleigh bubble. In
the case of the gelatin surface of10%, the displacement phase
of the gelatin was similar to that of the infinite volume of the
water, and the displacement at the end of the bubble period
returned to the initial positionη′ = 0, i.e. the liquid particles
near the gelatin surface behaved as if there were no surfaces
near them, inducing no bubble migration. At the same time,
the gelatin surface of20% and30% migrated to the point of
the bubble inception, reducing the relative distance between
the bubble and the surface. Thus, a decrease in the relative
distance resulted in the flows towards to the bubble, leading
to the bubble migration away from the surface.

The Kelvin impulse corresponds to the local momentum
of the cavitation bubble and can therefore be used to deter-
mine aspects of the whole bubble motion. The Kelvin impulse
obtains negative and positive limits for a rigid and a free
surface, respectively [38]. When the Kelvin impulse obtains
zero, the bubble motion and the subsequent surface displace-
ment do not induce any forces over the bubble motion. This
results in the state of neutral bubble collapse where no essen-
tial migration occurs, neither towards nor away from a sur-
face [14]. At this condition the bubble at the end of the bubble
collapse is a dumbbell shape, which is very similar to that of
a bubble collapsing between two rigid surfaces [39].

Fig. 12. Average force on and displacement of the liquid particles initially
laying in a plane gelatin surface at a distanceL/Rmax= 0.5 from a pulsat-
ing Rayleigh bubble

The bubbles near a gelatin surface with different concen-
tration tend to stay at their generation points for almost the
whole of their lifetime whenL/Rmax> 1. Consequently, the
subsequent gelatin surface displacement does not induce sig-
nificant forces over the bubble, resulting in a zero Kelvin
impulse, whereas, the bubble migration increases asL/Rmax
decreases less than one. The Kelvin impulse tends to obtain
a higher positive value asL/Rmax decreases. From the ob-
tained results, it is assumed that in vivo cavitation bubbles
tend to migrate away from the tissue surface due to the oscil-
latory bubble motion and the subsequent tissue displacement.
Tissue will be displaced forcedly and subsequently damaged
depending on the degree of the displacement and the displace-
ment acceleration.

3.2 Period of bubble motion

The period of the motion of a bubble near a gelatin surface
was slightly longer than that of a bubble in infinite of volume
of water, except forL/Rmax≈ 0. The period of bubble motion
near a rigid surface is symmetric with respect to that for a free
surface around the axis ofτ∗ = 1 by the image theory (see
Fig. 5) [33]. The period for a rigid surface increases with de-
creasing the relative distance due to the water retardation near
the surface. The gelatin surface restricts the inward water flow
at the lower bubble wall. However, the degree of the restric-
tion is quite small compared with a rigid surface, because of
the deformation of the surface according to the bubble motion
(see thirteenth frame of Fig. 3).

Figure 12 shows that the migration of bubbles from the
surface increases with an increase in the weight of the gelatin.
This suggests that the period of the bubble collapse de-
creases with the increase in the weight of the gelatin, be-
cause the bubble wall close to the gelatin surface is ex-
posed to the increased stagnation pressure from the greater
weight of the gelatin. In Fig. 5, the period of the bubble mo-
tion is shorter than twice the Rayleigh’s collapse time near
L/Rmax≈ 0.

3.3 Liquid jet formation

By increasing the stand-off distance from a rigid surface, the
degree of the non-symmetric factor surrounding the bubble
decreases, therefore the time of the jet formation approaches
remove that of the bubble minimum volume. However, the
time that the liquid jet penetrates through the downstream sur-
face of the collapsing bubble is before the bubble rebound at
L/Rmax= 2 from a solid surface [40]. The torus bubble that is
penetrated by the liquid jet continues to collapse. When a li-
quid jet penetrates through the downstream bubble surface,
the liquid jet interacts with the liquid particles converging on
the bubble. The side of the liquid jet flows upstream, forming
vortexes and pushing up the downstream bubble wall, that is,
a “splash” is formed [22]. Blake et al. [41] numerically inves-
tigated the formation of the splash phenomena assuming the
liquid was an incompressible flow. It was shown that the in-
crease in vortex vectors and the decrease in the bubble volume
were due to the splash. In a realistic flow field, when the li-
quid jet hits the downstream surface of the collapsing bubble,
a shock wave is generated and the part of the kinetic energy
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of the liquid jet is used for the shock wave emission [40].
Multi-effects such as liquid jet penetration, splash, and shock
waves due to both the bubble rebound and the liquid jet im-
pact, are associated with the bubble behavior at the end of the
collapse.

In the present experiment, liquid jets are not clearly ob-
served when cavitation bubbles collapsed at a distance of
L/Rmax= 0.61–1.60 from a gelatin surface (see Fig. 2). At
a distance ofL/Rmax= 0.23, the bubble was split into two
bubbles, that is, the “pinch-off” was observed (see Fig. 3).
The formation of the splash phenomena was not clearly
observed for a wide range ofL/Rmax from the gelatin
surface having different weights. Each tissue has different
dynamic properties. The tensile strength, for example, is
0.057 MPafor human’s renalparenchyma,0.52 MPafor hu-
man’s stomach,0.74–0.9 MPa for human’s small intestine,
0.66–0.9 MPa for human’s large intestine,1.1–1.6 MPa for
human’s elastic aorta,3.4 MPa for human cornea [29]. Sys-
tematic research on the liquid jet formation needs to be
investigated further, based on the dynamic properties of elas-
tic boundaries.

3.4 Shock waves

When a cavitation bubble is generated, a shock wave termed
the primary shock wave is generated. Also, when a cavita-
tion bubble rebounds, a secondary shock wave is produced.
In some cases, the value of the secondary shock wave pres-
sure is higher than that of the primary one [3]. For theoretical
spherical acoustic propagation, the pressure front gradually
steepens, but the wave attenuates approximately in propor-
tional to r−1 through the liquid (r : radial distance from the
center of the bubble) because energy dissipation and spread-
ing of the pulse width are neglected [42–44]. In a realistic
shock wave emission, the exponent ofr is less than−1 in the
range of a few hundredµm near the shock wave generation
point [45–47].

It is assumed that the pressure value induced by the cav-
itation bubble near a gelatin surface at anyL/Rmax is close
to that of a bubble in infinite volume of water, because the
period of the bubble near the gelatin surface is slightly longer
than that of a bubble in infinite volume of water. Tomita and
Shima [48] have calculated the impulse pressure of a bub-
ble in a viscous compressible liquid, and demonstrated that
a bubble of1 mmin radius can generate pressures up to thou-
sands of MPa at the bubble surface, depending on the rate
of non-condensable gas pressure and temperature. Tissues
surrounding cavitation bubbles will be inevitably exposed to
high impulsive pressures.

3.5 Liquid jet velocity with shock waves

The initial velocity of the bubble deformation with the im-
pact of a shock wave was calculated at twice the particle
velocity. In the present experiment, the calculated initial vel-
ocity of the bubble deformation was4.4 m s−1 when the in-
teraction of a bubble of0.33–1.12 mmwith an overpressure
of 3.6 MPawas conducted. The measured liquid jet velocity
at the gelatin surface varied from35 m s−1 to 60 m s−1 (see
Fig. 10). The convergence effect due to the bubble collapse

increases the liquid jet speed by a factor of 8.0 to 13.6 (see
Fig. 10). Philipp et al. [7] has reported that the jet velocity in-
creased by a factor of 5 to 10 when bubbles of radii of 0.15
to 1.2 mm were interacted with electrohydraulic lithotripter-
generated shock waves. The overpressure was65 MPaand
the width of the positive pulse was800 ns. Kodama and
Takayama [8] have shown that the liquid jet velocity in-
creased by a factor of 12 when a bubble with a radius of 0.9±
0.3 mm was interacted with an explosive-generated shock
wave. The overpressure was 10.2±0.3 MPa and the width
of the positive pulse was666 ns. The explosives have been
used as shock wave sources in ESWL [49]. The increase ratio
in the present experiment using laser-induced shock waves
agreed with the reported values in ESWL. In the near field
of the laser breakdown, the remaining gas bubbles interact
with the laser-induced shock wave and the subsequent ex-
panding cavitation bubble. These events may show different
characteristics of tissue damage mechanism from the present
paper.

3.6 Liquid jet penetration

The interaction of shock waves with bubbles developed liquid
jets directed to the gelatin surface. The liquid-jet-induced tis-
sue damage during intracorporeal shock lithotripsy, ESWL,
and intraocular photodisruption, may be resulted from the in-
teraction of the remaining bubbles with intermittent shock
waves. From Fig. 9, a bubble of0.33–1.12 mm in initial ra-
dius produced about a1-mm penetration depth by the in-
teraction of an overpressure of 3.60±0.07 MPa. The pene-
tration velocity was varied from35 m s−1 to 60 m s−1 (see
Fig. 10). When the overpressures increased up to10 MPa, the
penetration depth of a few mm was obtained (see Fig. 9).
Thus, a few mm penetration into tissue will occur as a re-
sult of the interaction of shock waves with bubbles. However,
if the size of the bubble is extremely small, the liquid jet
does not become a dominant factor for causing damage (see
Fig. 9).

Liquid jets are high-speed material flows. When shock
waves propagate into tissue, material flows are also induced
behind the shock fronts. Now consider a plane shock wave
moving with a constant velocityUs into a tissue at rest
pressureP0 and densityρ0. Conservation of momentum
requires P− P0 = ρ0Usup, where P and up are the pres-
sure, and material velocity of the tissue trailing the shock
wave. When shock waves of6–25 MPawith a pulse dura-
tion of about500 nspropagate into rats’ livers, cell elongation
and split in the direction of the shock wave have been ob-
served histologically [50]. Using the above equation, the in-
duced material velocity behind the shock front is calculated
at 3.9–16.5 m s−1, where P0 = 101.3 kPa, ρ0 = 993 kg m−3

(density of water at310 K), Us= 1524 m s−1 (the sound vel-
ocity of water at310 K). In this experiment, the jet velocity of
35–60 m s−1 was obtained. If liquid jets of35–60 m s−1 with
a certain duration time penetrate into tissue, the similar cell
elongation and split phenomena will be observed. Kodama
and Takayama [8] have shown that when a liquid jet of the
order of100 m s−1 penetrates into rats’ livers, the elongation
and split of nuclei in the liver parenchymal cells are generated
due to the shear force in the direction of the liquid jet, since
tissue is inhomogeneous and cells have complete organelles
with different densities.
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3.7 Liquid jet impact

The water hammer pressure,Pw, is given for liquid–solid im-
pact as

Pw = Vjρ1C1ρ2C2/(ρ1C1+ρ2C2) , (5)

whereVj is the liquid impact velocity andρ1, ρ2, C1, andC2
are densities and shock wave velocities in the liquid and solid,
respectively [51]. The compliance and the non-dimensional
compliance are given byZ = 1/ρ2C2 and Z∗ = Zρ1C1, re-
spectively. The impact pressure is rewritten as:

Pw = Vjρ1C1/(Z
∗+1) . (6)

The duration of this high pressure,τj , is given by

τj = r j/C1 , (7)

wherer j is the jet tip radius. Now, we assumed that the jet
velocity at the moment when the liquid jet impacted at the
gelatin surface was independent of the weight of the gelatin,
and the jet velocity was60 m s−1 (see Fig. 10). Also we as-
sumed that the bubble radius was0.5 mm, and the radius
of the liquid jet was one tenth of the initial bubble radius,
the calculated water hammer pressure was46 MPafor 10%,
49 MPa for 20%, and 51 MPa for 30%. Each impact du-
ration was calculated at34 ns, where the density of water
was997.99 kg m−3 and the sound velocity was1485.9 m s−1.
With increasing acoustic impedance of the gelatin, the liquid
jet impact increased; decrease in compliance of the targeted
material increased the impact pressure of the liquid jet. When
Z∗ → 0, thenPw→ Vjρ1C1, while the liquid jet can not pen-
etrate into the surface with a certain compliance, and starts to
flow along the surface in the radial direction. The jet impact
increases to a value of≈ 3Vjρ1C1 [52, 53] and the radial flow
results in a different damage mechanism on the surface [3,
32]. The jet flows along the surface have been observed near
stone models of renal and ureteral calculi [54], and they have
also been pointed out near bovine cornea specimens by Vogel
et al. [4] who demonstrated tissue damage due to the radial jet
flow.

4 Conclusions

In this paper we have considered the growth and collapse of
a cavitation bubble near a gelatin surface and the interaction
of an air bubble attached to a gelatin surface with a shock
wave to examine the behavior of in vivo cavitation bubbles
and the subsequent tissue damage mechanism. The cavita-
tion bubbles near the gelatin surface tended to migrate from
the gelatin surface, and they were inclined not to produce li-
quid jets. Their lifetimes were prolonged to longer than that
of twice the Rayleigh’s collapse time for a wide range of rela-
tive distance,L/Rmax, excepting for very smallL/Rmax. The
interaction of an air bubble with a shock wave resulted in li-
quid jet directed to the gelatin surface, with tens ofm s−1 at
the gelatin surface. The impact pressure of tens of MPa at
the gelatin surface was obtained, and the penetration depth of
a few mm was achieved. The liquid jet had the potential to
damage the gelatin surface.

The mechanisms of cavitation-bubble-induced tissue
damage were closely related to the oscillatory bubble motion,
the subsequent tissue displacement, and the liquid jet impact
generated by the interaction of remaining cavitation bubbles
with the intermittent shock waves. The mechanical damage
process depended on the mechanical tissue properties.
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