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Background and Objectives: Limited information
exists regarding the induction of explosive vapor and
cavitation bubbles in an endodontic rinsing solution. It
is also not clear whether a fiber has to be moved in the
irrigation solution or can be kept stationary. No information is available on safe power settings for the use of
cavitation in the root canal. This study investigates the
fluid movements and the mechanism of action caused by an
Er,Cr:YSGG laser in a transparent root model.
Material and Methods: Glass models with an artificial
root canal (15 mm long, with a 0.06 taper and apical
diameter of 400 mm) were used for visualization and
registration with a high-speed imaging technique (resolution in the microsecond range) of the creation of explosive
vapor bubbles with an Er,Cr:YSGG laser at pulse energies
of 75, 125, and 250 mJ at 20 Hz using a 200 mm fiber (Z2
Endolase). Fluid movement was investigated by means of
dyes and visualization of the explosive vapor bubbles, and
as a function of pulse energy and distance of the fiber tip to
the apex.
Results: The recordings in the glass model show the
creation of expanding and imploding vapor bubbles
with secondary cavitation effects. Dye is flushed out of the
canal and replaced by surrounding fluid. It seems not
necessary to move the fiber close to the apex.
Conclusion: Imaging suggests that the working mechanism of an Er,Cr:YSGG laser in root canal treatment in an
irrigation solution can be attributed to cavitation effects
inducing high-speed fluid motion into and out the canal.
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INTRODUCTION
A wide spectrum of possible strategies exists for attaining
the goal of removing the canal contents and eliminating
infection. They all have in common that there is a chemoß 2009 Wiley-Liss, Inc.

mechanical preparation for each strategy: at the basis root
canal instruments are used for shaping and cleaning, in
addition irrigants are needed for cleaning and disinfecting
and especially in these areas that cannot be reached by
instruments or are insufficiently cleaned. So irrigation is a
very important part of root canal treatment procedures.
Hand irrigation, however, is not so effective in the apical
part of the root canal, nor in oval extensions, isthmuses, and
anastomoses [1–7]. In order to enhance the spreading of the
irrigant and to activate irrigants sonic and ultrasonic
activation have been investigated and promoted [8–11].
Lasers have been proposed as or an alternative for the
conventional approach in cleaning, disinfecting and even
shaping of the root canal or as an adjuvant to conventional
chemo-mechanical preparation in order to enhance
debridement and disinfection [12–15].
Several wavelengths are associated with bactericidal
effects [16–19]. Some are used to remove or to modify
the smear layer after root canal preparation [20–24]. All
these studies have in common that the desired effects
are the result of photo-thermal effects since the laser
devices were used without air and/or water cooling and
depending on the laser-tissue/target interaction also more
or less on absorption. Because of the rather high intensities
required for disinfection and smear layer removal, potential concerns exist regarding heating of dentin. Various
coolants and irrigants can be used during intra-canal laser
treatment to reduce thermal stress to the radicular dentin
and to the periodontium [25].
Another manner to remove smear layer and to disrupt
the biofilm is the use of ultrasound: with a small file or
{
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smooth wire (size 10–20) oscillating freely in the root canal
to induce powerful acoustic microstreaming smear layer
can be removed from the root canal walls as the result of the
production of shear stresses along the root canal wall [11].
It was also demonstrated that ultrasound may result in
acoustic cavitation, that is, the creation of new bubbles or
the expansion, contraction and/or distortion of pre-existing
bubbles in a liquid. So explosions and implosions generating pressure waves which create shear stress along the root
canal walls, which may be sufficient to remove smear layer
and biofilm are of interest. A previous study of Blanken and
Verdaasdonk [26] estimated that when an Er,Cr:YSGG
laser is used within the canal with plain endodontic tip
(Biolase Z4 Endotip), fluid movement within the root canal
occurs immediately following each pulse, with fluid speeds
up to 20 m/second (72 km/hour). The working mechanism of
the Er,Cr:YSGG laser in the root canal was attributed to
vapor bubble expansion and implosion with secondary
cavitation effects inducing these high-speed fluid motions
into and out the canal. It was also demonstrated that the
thermal components were moderate. As more research is
needed to clarify the underlying physical mechanisms the
present study was undertaken using high-speed imaging at
a timescale relevant to the cleaning process.
MATERIALS AND METHODS
High-Speed Imaging Set-Up
Pulsed laser induced vapor bubble formation and
cavitation are very fast processes that evolve within
microseconds. To visualize this process very fast cameras
are needed or a high-speed imaging technique. In this
study, an alternative high-speed imaging technique was
used which was developed and described by Verdaasdonk
et al. [27] With this method, laser–tissue interaction is
visualized in real time by capturing images at preset delays
during the course of action.
The optical set-up is shown in Figure 1. At the onset of a
laser pulse from an Er,Cr:YSGG laser, (Waterlase Millenium, Biolase Technology, San Clemente, CA) (2,780 nm), a
signal was sent through an amplifier and a programmed
time-delay box to trigger a flash lamp (Portable stroboscope
Type 4912, maximum 200 Hz) (Brüe & Kjaer, Naerum,

Fig. 1. Optical set-up: the Er,Cr:YSGG laser is attached to
through an amplifier and a time delay box to a flash lamp.
The light source provides 1 microsecond light flashes with a
repetition rate up to several hundreds Hz. [Figure can be
viewed in color online via www.interscience.wiley.com.]

515

Denmark). This light source provides 2 microseconds light
flashes with a repetition rate up to several hundreds Hz.
This delay box was programmed to extend the delay at
every next laser pulse with preset steps of 1 microsecond up
to millisecond. The captured images are combined to a
movie sequence to show the dynamics of the vapor bubbles
in a time range from 1 to 300–3,000 microseconds. The
aiming beam from the laser was shut off which would
interfere with the imaging. A 25 frames per second CCD
camera (C-cam technologies BC 1 15-u-B-40, Vector
International, Leuven, Belgium) with a collimating and
an imaging lens was used to capture an image of the target
with the time resolution of the flash (2 microseconds).
By video editing these recordings (Mpeg Video Wizard
Womble Multimedia, Cupertino, CA, USA), films and snap
shots were made of cavitation bubbles during their life
cycle. In this manner every stage of the life cycle of a vapor
bubble down to 1 microseconds could be visualized.
Root Canal Models
To simulate and visualize the conditions within a root
canal, glass cylinder and glass blocks with a lumen shaped
like a root canal were used. The inner diameter of the apex
was 400 mm, the taper was 0.06 mm and the length of the
canal was 15 mm. To create controlled conditions, the glass
models were submerged in water while making the recordings to prevent interference from air. The canal was filled with
water, sodium hypochlorite 2.5% or a red colored dye and
remaining small air bubbles were removed as thoroughly as
possible. The root canal irrigant was degasified to prevent the
formation of gas bubbles during the experiments.
Fiber Tip
Fiber tips made of silica with a diameter of 200 mm and
lengths of 25.28 and 33 mm as are used in endodontic
treatment were used. The fiber tips were fixed in the hand
piece of the Er,Cr:YSGG laser and positioned above the
water container. The tip was either submerged in water or
put into the root canal model.
Experiment 1—Video Recordings in the Root Canal
Model for Visualization of the Cavitation
High-speed imaging was performed of two times (water
vs. NaOCl) 15 sets of five glass blocks per investigated
power setting, submerged under water in a transparent
container. Only 200 mm, Z2 fibers were used. Video
sequences were recorded of bubble expansion and implosion in a time range of 10–1,000 microseconds, typically
with steps of 10 microseconds. The pulse energy ranged
from 12.5 to 125 mJ at 20 Hz (0.25–2.5 W) (a series of
five blocks was investigated per increase of 12.5 mJ). The
pulse energies have to be corrected for energy loss with a
calibration factor of 0.3 for the 200 mm fibers according to
the manufacturer’s information.
Experiment 2—Test With Dyes
Thirty canals (65 canals) were filled with a red dye and
the glass blocks were submerged under water. The 200 mm
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fiber was inserted. Two modalities were studied. In the first
experiment (T1) the fiber was moved out of the canal by
hand in 5 seconds. The fiber was reinserted in the canal and
the procedure was repeated. The laser was only fired when
the fiber was moved out of the canal, away from the apex.
In the second experiment (T2) the fiber was kept stationary
at 5 mm distance from the apex of the canal. The laser
was activated for 5 seconds. After a 5 seconds pause this
procedure was repeated until the canal was clean. In a
previous study it was demonstrated that at least 75 mJ was
needed to remove dye from a root canal within seconds.
Pulse energies investigated in this study were 75 mJ (T1.1,
T2.1), 125 mJ (T1.2, T2.2), and 250 mJ (T1.3, T2.3) at 20 Hz.
RESULTS
Experiment 1—Video Recordings in the Root
Canal Model for Visualization of the Cavitation
A number of representative images are shown. Figures 2
and 3 show the captured images of expanding and
imploding vapor bubbles inside the root canal model from
0 to 750 mJ for a sequence of 12.5 mJ at 20 Hz and 75 mJ at
20 Hz. In both figures the onset of the explosive vapor
bubble is shown in the third frame from the left. Figures 4
and 5 show an air occlusion being compressed when the
bubble grows and expands (25 and 50 mJ at 20 Hz). In
Figure 6 sequence at 125 mJ at 20 Hz is shown over a
0–2,000 microseconds time period. The water during the
exposure time of around 130 microseconds is turned
instantly into water vapor. The small canal prevents the
vapor from expanding freely laterally, pushing the water
both forward and backward in the canal. The forward
pressure can be easily observed in the first three frames of
each sequence showing an air bubble, present in the canal,
being compressed to a flat disk. Since the water obstructs
the expansion of vapor in the forward direction, the bubble
also grows backwards along the fiber. The pressure inside
the bubble remains high for a long time, since it has to
fight against the resistance of the irrigant which has to
be displaced in the small canal. This process delays the
dynamics of expansion and implosion. The expanding
bubble is clearly visible. Figures 2–6 show the presence of
an air bubble included at the apex of the canal. During
implosion of the vapor bubble, the formation of new bubbles
can be observed near the apex (Figs. 5–6) attributed to
cavitation effects due to low pressure as a secondary effect

Fig. 2. High-speed sequence in an artificial root canal in a glass
block-fiber of 200 mm, 12.5 mJ, 20 Hz, 0–750 microseconds from
the start of the pulse.

Fig. 3. High-speed sequence in an artificial root canal in a
glass block—fiber of 200 mm, 75 mJ, 20 Hz, 0–750 microseconds
from the start of the pulse.

of the imploding vapor bubble. Fluid turbulence remains for
a longer time after the actual laser pulses up to several
milliseconds.
The findings were identical for the cavitation effects in
both water and NaOCl in the root canals.
Figure 7 shows the trend line of the lifetime of a vapor
bubble in the root canal model until implosion for the
200 mm fiber used at 20 Hz. In Figure 8 the fluid velocity was
calculated based on the measurement of bubble growth and
collapse versus time. At 75 mJ fluid velocities of 21 m/
second were derived.
Experiment 2—Test With Dyes
At 75 mJ all dye was removed from the canal during
five times 5 seconds of laser activation moving the fiber out
of the canal. At 125 and 250 mJ, three and one movements
were needed to free the canal from dye.
When the fiber was kept stationary half way in the canal
with pulse energies of 125 and 250 mJ the same radiation
dose was needed. Only the low energy setting of 75 mJ was
too low to totally free the canal from dye. More than
six times 5 seconds activation time were applied and even
than the canal was only partially free from dye.
In Figure 9 the effect of a sequence of 250 mJ at 20 Hz and
moving the fiber out of the canal is demonstrated. A clean
canal is seen within one sequence of 5 seconds.
The findings described for the removal of the dye are
summarized in Table 1.

Fig. 4. An air inclusion being compressed when the bubble
grows and expands—settings: 25 mJ, 20 Hz.
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Fig. 5. An air inclusion being compressed when the bubble
grows and expands—settings: 50 mJ, 20 Hz.

DISCUSSION
The high-speed imaging method as applied in this study
enables capturing of images with microsecond resolution.
Although each image is captured from a different pulse of
the laser, the dynamics of the bubble formation has proven
to be reproducible in the in vitro setting used for this study.
The present high-speed recordings have demonstrated
that vaporization of the irrigant will result in the formation
of vapor bubbles, which expand and implode with secondary cavitation effects. An interesting finding from the
endodontical point of view is that the creation of bubbles
is identical in both water and the sodium hypochlorite
solution. The presence of water or the sodium hypochlorite
solution is necessary. When the radiation is not absorbed by
water there was no bubble, no cavitation, no pressure being
build-up, and no fluid motion.
The Er,Cr:YSGG laser emits its energy in pulses of about
130 microseconds long. At the beginning of the laser pulse,
the energy is absorbed in a 2 mm-thick layer that is instantly
super heated to boiling temperature (1008C) at high
pressure and turned into vapor. This vapor at high pressure
starts to expand at high speed and provides an opening in
front of the fiber for the laser light. As the laser continues to
emit energy, the light passes through the bubble and
evaporates the water surface at the front of the bubble. In
this way it ‘‘drills’’ a channel through the liquid until the
pulse ends after about 140 microseconds. This mechanism

Fig. 6. High-speed sequence in a artificial root canal in a glass
block-fiber of 200 mm, 125 mJ, 20 Hz, 0–2,000 microseconds
from the start of the pulse.
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Fig. 7. Trend line of the lifetime of a vapor bubble in the root
canal model until implosion (200 mm fiber, 20 Hz, different
powers).

is well known and has been referred to as ‘‘the Moses effect
in the microsecond region’’ by van Leeuwen et al. [28].
As the energy source stops, the vapor cools and starts
condensing, while the momentum of expansion creates a
lower pressure inside the bubble. Liquid surrounding the
bubble is accelerated to fill in the gap. Near the fiber tip,
where the expansion started, the bubble implosion begins,
first resulting in separation of the bubble from the fiber.
Consequently, the water seems to rush into the bubble from
the back, making the imploding bubble shaped like a sickle.
After 260 microseconds, the process of implosion is finished
and the bubble has vanished. This bubble mechanism has
shown to be reproducible at each pulse in a free water
environment. A free expansion of the bubble laterally is not
possible in the root canal model, and hence the water is
pushed forward and backward in the canal. The forward
pressure can be easily observed in the first three frames of
each sequence showing an air bubble, present in the canal,
being compressed to a flat disk. Since the water obstructs
the expansion of the vapor in the forward direction, the
bubble grows backwards along the fiber. The pressure

Fig. 8. Fluid velocities calculated from the high-speed imaging
sequences. [Figure can be viewed in color online via www.
interscience.wiley.com.]
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Fig. 9. Removal of the red dye out of the canal-fiber is moved
out of the canal, power settings: 250 mJ/20 Hz—1 sequence of
5 seconds. [Figure can be viewed in color online via www.
interscience.wiley.com.]

inside the bubble remains high for a long time, since it has
to fight against the resistance of the water which has to
be displaced in the small canal. This process delays the
dynamics of expansion and implosion compared to a free
water situation. In a previous study it was demonstrated
that this process takes three times longer [26]. So the
lateral and forward expansion in the root canal is limited
by the root canal wall, while the backward expansion is
blocked by the fiber making the lumen of the canal even
smaller. These differences with a free water situation result
in the creation of shear stress along the wall of the canal,
which should be sufficient to remove smear layer. With the
present high-speed fluid motion secondary cavitation
bubbles will also be induced at irregularities along the root
canal wall. The implosion of the primary and secondary
bubbles creates microjets in the fluid aimed at the wall with
very high forces locally. This process is in fact similar to
what happens in ultrasound baths for cleaning of instruments. This mechanism might also contribute to the
disruption of cells and the smear layer at the wall.
Data obtained from the models filled with a dye showed
that the difference between keeping the fiber stationary in
the canal or moving it out of the canal was absent for higher
pulse energies. Previous research [26] showed vapor
bubbles up to 4.5 mm length caused by this laser and for
the 200 mm fiber used in this study 3.0–3.5 mm bubble
lengths. This means that the laser fiber can be kept a
number of millimeters away from the apex of a tooth to have
the bubble effect. The present findings are confirmed by
George and Walsh [25] and Matsuoka et al. [29] who
emphasized that the use of pulsed lasers to create pressure
waves in irrigant fluids within the root canal may result in
apical extrusion of liquid if the fiber tip is held too close to
TABLE 1. Overview of the Efficacy of the Removal of
the Red Dye Out of the Root Canal With Different
Protocols
Pulse energy
(mJ)
75
125
250

Fiber moved out
of the canal (second)
55
35
15

Fiber kept stationary
(second)
>65
35
15

the apical foramen which is confirm in other studies by the
authors.
Studies using Er,Cr:YSGG lasers with water spray
coolant have demonstrated that some collateral damage
appeared to be evident when high energy levels were used
[30,31]. An explanation might be that due to the dimensions
of the vapor bubbles at these higher energy levels there is no
water between fiber and canal wall to absorb the emitted
energy that can be absorbed therefore by hydroxyapatite in
the canal wall. Another explanation might be wall contact
of the apex of the fiber.
CONCLUSION
This study clearly indicates that an Er,Cr:YSGG laser
when used with a water spray or an NaOCl solution creates
explosive vapor bubbles and cavitation effects. This is due
to a phase change that is caused by the efficient absorption
of the mid Infrared wavelength by water. These bubbles
have a volume that is about 1,600 times the original
volume. In a narrow canal therefore a pressure gradient
will arise that will act as a fluid pump. When the vapor
bubble implodes the process works opposite.
Fluid velocities are very high and are likely to
cause secondary cavitation along canal walls where irregularities are present that can cause shear stresses in the
fluid passing it.
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