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Abstract

When attempting to clean surfaces of dental root canals with laser-induced cavitation bubbles, the resulting cavitation oscillations

are significantly prolonged due to friction on the cavity walls and other factors. Consequently, the collapses are less intense and

the shock waves that are usually emitted following a bubble’s collapse are diminished or not present at all. A new technique of

synchronized laser-pulse delivery intended to enhance the emission of shock waves from collapsed bubbles in fluid-filled

endodontic canals is reported. A laser beam deflection probe, a high-speed camera, and shadow photography were used to

characterize the induced photoacoustic phenomena during synchronized delivery of Er:YAG laser pulses in a confined volume of

water. A shock wave enhancing technique was employed which consists of delivering a second laser pulse at a delay with regard

to the first cavitation bubble-forming laser pulse. Influence of the delay between the first and second laser pulses on the

generation of pressure and shock waves during the first bubble’s collapse was measured for different laser pulse energies and

cavity volumes. Results show that the optimal delay between the two laser pulses is strongly correlated with the cavitation

bubble’s oscillation period. Under optimal synchronization conditions, the growth of the second cavitation bubble was observed

to accelerate the collapse of the first cavitation bubble, leading to a violent collapse, during which shock waves are emitted.

Additionally, shock waves created by the accelerated collapse of the primary cavitation bubble and as well of the accompanying

smaller secondary bubbles near the cavity walls were observed. The reported phenomena may have applications in improved

laser cleaning of surfaces during laser-assisted dental root canal treatments.
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Introduction

Laser-induced cavitation bubbles have already been proposed

for surface cleaning [1]. The cleaning of surfaces is carried out

by fluid flow generated when bubbles expand and collapse

close to boundaries [2].

An example of the use of laser-induced cavitation bubbles

is the laser activated irrigation (LAI) during the dental root

canal therapy, using an erbium laser (2940 or 2780 nm) [3–6].

The treatment is based on the delivery of erbium laser pulses

into the liquid-filled canal through a fiber tip. The erbium laser

light is highly absorptive in water (approximately 1–3 μm

penetration depth) [7], which leads to explosive boiling that

induces cavitation bubbles.

Photon-induced photoacoustic streaming (PIPS™) is the

latest application of LAI, which uses the Er:YAG (2940 nm)

laser equipped with a conical and stripped fiber tip [8–14].

With the PIPS technique, the fiber tip is held in the coronal

aspect of the access preparation, and very short bursts of very

low laser energy are directed down into the canal to stream

irrigants throughout the entire root canal system. This tech-

nique results in much deeper irrigation than traditional

methods (syringe, ultrasonic needle) [9–13], being capable

of reaching lateral canals and other outlying structures also

in the apical part of the root canal [7, 14], with the major

cleaning mechanism being attributed to the liquid vorticity

resulting from the laser-induced oscillations of the cavitation

bubbles [15, 16].

Also of major concern in root canal irrigation is the effec-

tive removal of the biofilm and of the smear layer, which is

produced during root canal instrumentation and consists of
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inorganic and organic material including bacteria and their by-

products [17–20]. When LAI was first introduced it was be-

lieved that shock waves generated during the bubbles’ col-

lapse would contribute to the efficacy of debridement and

removal of the biofilm and organic tissue remains [18, 21].

However, as opposed to within infinite liquid reservoirs,

shock waves are considerably diminished or are not present

at all when bubbles are created in confined reservoirs such as

dental root canals [7, 15]. This is because in confined liquid

cavities, the resulting cavitation oscillations are significantly

prolonged due to friction on the cavity walls and other factors.

Consequently, the collapses are not intense enough to generate

shock waves. Current procedures thus still rely on the use of

ethylenediaminetetraacetic acid (EDTA) and sodium hypo-

chlorite solutions and are only partially effective in removing

the smear layer and biofilm [18–22]. Therefore, further opti-

mization of laser-assisted irrigation and cleaning procedures is

called for.

Recently, a synchronized delivery of laser pulses was stud-

ied in an infinite liquid reservoir, showing that a resonance

effect can be achieved by applying a second laser pulse shortly

after the collapse of the primary cavitation bubble to increase

the mechanical energy of the secondary oscillation [23].

However, these results have limited value for endodontic ap-

plications, as the oscillations of cavitation bubbles in the con-

fined geometry of the root canal vary significantly from the

infinite liquid reservoir scenario. In confined reservoirs, sec-

ondary oscillations are diminished or not present at all and the

collapses happen 2–3 mm below the fiber tip. Therefore, sub-

sequent laser pulses lead to the generation of new cavitation

bubbles, physically separate from the primary bubble, and the

resonance effect does not take place.

In this paper, we report on a new SWEEPS (shock wave-

enhanced emission photoacoustic streaming) technique of

synchronized laser-pulse delivery intended to enhance shock

waves emitted by collapsed bubbles in confined spaces such

as root canals. As the collapse of the laser-induced cavitation

bubble is initiated, a second pulse is delivered into the liquid,

forming a second cavitation bubble. The growth of the second

cavitation bubble accelerates the collapse of the first cavitation

bubble, leading to a violent collapse, during which shock

waves are emitted. Furthermore, shock waves are also emitted

from the collapsing secondary cavitation bubbles that form

naturally throughout the entire length of the canal during

laser-induced irrigation. Unlike the main cavitation bubbles,

the secondary bubbles are in close proximity to canal walls

during their collapses, generating shear flows that are able to

remove particles from the surface [1]. Additionally, because of

their proximity to the canal walls, the emitted shock waves are

still propagating at super-sonic speeds as they reach the smear

layer, potentially increasing the cleaning mechanism even fur-

ther. The proposed SWEEPS technique shares similarities

with extracorporeal shock wave lithotripsy (ESWL), where

focused ultrasonic waves are used to break kidney stones into

smaller pieces [24, 25].

Materials and methods

The cavitation bubbles and the corresponding pressure waves

were generated with an Er:YAG laser (LightWalker ATS,

Fotona d.o.o, λ = 2.94 μm) fitted with an articulated arm and

a fiber tip handpiece (H14, Fotona d.o.o). Laser pulses were

delivered into liquid-filled canals through fiber tips (flat

Fotona VARIAN 600 fiber tip or conical Fotona PIPS 600

fiber) with 600 μm fiber diameter. Although both types of

fiber tips were tried in most of the experiments, the presented

data is mainly for the experiments obtained with the flat fiber

tip. This is because under the SWEEPS conditions the cone of

the conical fiber tip became very quickly damaged, making

the collected data unreliable. We attribute this observation to

the significant amplification of the pressure waves in the vi-

cinity of the accelerated collapse of the first bubble under the

SWEEPS conditions.

The induced photoacoustic phenomena in the confined liq-

uid space were characterized with two experimental setups.

One of the setups was a laser beam deflection probe (LBDP),

which measured the amplitudes of pressure waves based on

changes in the refractive index gradient at a single point with

high temporal resolution [26]. The other setup involved high-

speed camera acquisition and shadow photography used to

visualize cavitation bubbles and the emission of resulting

shock waves. Bubble oscillation periods and volumes were

determined from the captured sequences of images.

Measurement of pressure waves using laser beam
deflection probe

The experimental setup for measuring the amplitudes of pres-

sure waves is shown schematically in Fig. 1. A block of alu-

minum with L = 25 mm long open-ended canals of different

diameters (2, 3, 6, and 8 mm) was submerged 3 mm deep in a

basin of distilled water (100 × 100 × 70 mm). A flat fiber tip

(VARIAN 600), positioned in the center of the cross section of

the canal, 5 mm below the water surface, was used to deliver

the excitation laser pulses.

A signal generator controlled by a personal computer was

used to trigger the excitation laser. A 60-MHz InAs photodi-

ode was used to detect and characterize the temporal profiles

of the Er:YAG laser pulses.

The laser beam deflection probe consisted of a He-Ne laser

beam (λ = 633 nm) focused to a measuring spot 1 mm below

the lower edge of the canal (26 mm below the fiber tip) and

centered on a quadrant photodiode (QPD). The refractive in-

dex gradient produced by the propagation of a pressure wave

through the water caused the deflection of the probe laser
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beam and a change in the signal of the QPD. Because the

probe laser beam was positioned directly below the source

of the pressure wave, only the vertical deflection was mea-

sured by subtracting the sum of signals from the upper two

quadrants from the sum of signals from the lower two quad-

rants of the photodiode.

Figure 2 shows a typical LBDP signal (black line) pro-

duced by the propagation of a pressure wave following a sin-

gle laser pulse with energy Ep = 20 mJ and pulse width tp =

50 μs. The temporal profile of the laser pulse is represented by

the red line on the same graph. Two particular regions of

interest are distinguishable from the LBDP signal: the first is

the result of the rapid expansion of the laser-induced oscilla-

tion bubble (see the dashed rectangle on the left side of Fig. 2),

and the second is the result of the oscillation bubble’s collapse

(see the dashed rectangle on the right side of Fig. 2). The first

peak in the LBDP signal at expansion corresponds to the di-

rect pressure wave, while the second peak (approximately 40

us after the first one) is the reflection from the bottom of the

water reservoir. The same pair of peaks can be seen during the

collapse.

Figure 3 shows a typical LBDP signal when two individual

laser pulses (Ep = 20 mJ and pulse width tp = 50 μs for each

pulse) were delivered into the liquid, separated by a temporal

delay Tp. In the particular case shown in Fig. 3, the second

laser pulse was delivered at a time just before the collapse of

the first cavitation bubble. Under such conditions, the collapse

of the first bubble is accelerated, which leads to a more intense

pressure wave generation in comparison to when a second

laser pulse is absent (see Fig. 2). This amplification was char-

acterized by measuring the collapse amplitude (A), defined as

the peak-to-peak amplitude of the LBDP signal during the first

bubble’s collapse phase. The temporal separation (the LBDP

oscillation time; T′OSC) between the ‘expansion’ and ‘col-

lapse’ LBDP signals was also measured. Note that the

LBDP oscillation time T′OSC corresponds only approximately

to the actual oscillation period of the bubble since the temporal

separation between the LBDP signals can be affected by the

Fig. 1 A schematic overview of the experimental setup for laser beam

deflection probe measurements. A block of aluminum with canals of

different diameters was submerged 3 mm deep in a basin of distilled

water. A flat fiber positioned in the center of the cross section of the

canal, 5 mm below the water surface, was used to deliver the Er:YAG

laser pulses with pulse energy Ep = 20 mJ and pulse width tp = 50 μs. A

signal generator (SG) controlled by a personal computer (PC) was used to

trigger the excitation lasers. A photodiode (PD) was used to detect the

Er:YAG laser pulses. The measuring system consisted of a He-Ne laser

beam (λ = 633 nm) focused to a measuring spot 1 mm below the lower

edge of the canal and centered on a quadrant photodiode (QPD). Signals

from the QDP were recorded using an oscilloscope (OSC)

Fig. 2 Typical signal from the

LBDP (upper black signal)

following a single Er:YAG laser

pulse (lower red signal) with

pulse energy Ep = 20 mJ and

pulse width tp = 50 μs, delivered

through a flat fiber tip in a 6-mm-

diameter canal. The two marked

regions represent the expansion

and collapse phase of the laser-

induced oscillation bubble
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spatial movement of the oscillating bubble relative to the

LBDP probe (and by other factors further discussed below).

In order to find the optimal delay (Tp
*) where the collapse

amplitude is maximal (A*), a series of measurements was con-

ducted by varying Tp in a range from 200 to 800 μs in 1 μs

intervals and recording A and T′OSC for different canal diam-

eters (2, 3, 6, and 8 mm).

High-speed camera and shadow photography

Two additional experimental systems were used to record the

generated shock waves during the synchronized delivery of

laser pulses and to measure the dependence of the bubble’s

oscillation period (TOSC) on the laser pulse energy, cavity di-

ameter, and fiber tip position.

The shock waves were recorded with a shadow-graphic

setup using 30 ps long frequency-doubled Nd:YAG (λ =

532 nm) illumination pulses (Ekspla, Lithuania, PL2250-

SH-TH), imaged through a microscope by a charge-coupled

device (CCD) camera (Basler AG, Germany, scA1400-17 fm,

1.4 Mpx). The experimental system is basically the same as

described in ref. [15].

Figure 4 shows the experimental system for measur-

ing the dependence of the cavitation bubble’s oscillation

period (Tosc) on different parameters (laser pulse ener-

gy, cavity diameter, and fiber tip position). A block of

acrylic glass with canals of varying diameters (1.5–

6 mm) and lengths (10 mm and 20 mm closed-ended

and 30 mm open-ended canals) was used to simulate

various cavity dimensions. The block was submerged

3 mm deep in a basin of distilled water, and a conical

fiber tip (PIPS 600 μm, Fotona) was positioned in the

center of the cross section of the canal, 5 mm below the

water surface, to deliver the Er:YAG laser pulses. A

Fig. 3 Typical signal from the LBDP (upper black signal) following two

Er:YAG laser pulses with pulse energy Ep = 20 mJ and pulse width tp =

50 μs (lower red signal) separated by a delay (Tp), delivered through a flat

fiber tip, in a 6-mm-diameter canal. The peak-to-peak amplitude (A) of

the LBDP signal at the time of the oscillation bubble’s collapse was

measured. The oscillation period of the bubble, measured by the LBDP,

is denoted as T′OSC

Fig. 4 Experimental system for measuring the dependence of the

cavitation bubble’s oscillation period (Tosc) on different parameters

(laser pulse energy, cavity diameter, and fiber tip position). A block of

plexiglass with canals of varying diameters (1.5–6 mm) and lengths (10

and 20 mm closed-ended and 30 mm open-ended canals) was used to

simulate various cavity dimensions. The block was submerged 3 mm

deep in a basin of distilled water and a conical fiber tip was positioned

in the center of the cross section of the canal, 5 mm below the water

surface, to deliver the Er:YAG laser pulses with pulse energies ranging

from 5 to 30 mJ and pulse width tp = 50 μs. A signal generator (SG) was

used to trigger the excitation laser and the camera (Photron Fastcam SA-

Z)
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signal generator (SG; Tektronix, US, AFG 3102) was

used to trigger the excitation laser and the camera.

Figure 5 shows a typical sequence of a cavitation bubble’s

oscillation caused by a single 8 mJ laser pulse in a 20-mm-

long, close-ended canal with a diameter of 3 mm. The bubble

oscillation period TOSC was measured as the time from the

beginning of the growth of the cavitation bubble to its first

collapse (marked by a yellow rectangle).

Results

The first part of the experimental results demonstrates the

amplification of pressure waves in confined canals when a

second laser pulse is delivered at a proper delay. Since the

required optimal delay depends on the first bubble’s

oscillation period (Tosc), we also measured the dependence

of Tosc on laser energy, cavity diameter and length, and on the

position of the fiber tip within the cavity. In the second part,

the presence of shockwaves during the first bubble’s collapse

phase is demonstrated for the optimally synchronized laser

pulse pair.

Amplification of pressure waves

Figure 6 depicts the measured collapse amplitude (A) for var-

ious Tp, ranging from 450 to 740 μs in a canal with a diameter

D = 2 mm. In the case of a single laser pulse, the average

(baseline) amplitude (A1) was 116 mV. For Tp bellow approx-

imately 550 μs, the collapse amplitude is significantly dimin-

ished in comparison with what it would be in the absence of a

second pulse. For Tp in the optimal range from 560 to 630 μs,

Fig. 5 Typical sequence of a

cavitation bubble’s oscillation,

following an Er:YAG pulse with

pulse energy Ep = 8 mJ and pulse

width tp = 50 μs, delivered

through a conical fiber tip, in a 3-

mm-diameter, 20-mm-long,

closed-ended canal. The sequence

was recorded using a high-speed

camera at 100,000 frames per

second and an exposure time of

250 ns. The first collapse of the

bubble can be observed approxi-

mately 380 μs after the beginning

of the laser pulse
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the pressure waves are amplified. And for Tp longer than

630 μs, the collapse amplitude returns to the baseline level

of a single laser pulse, since at longer delays, the second pulse

is delivered after the collapse of the first oscillation bubble has

already occurred.

The average maximal collapse amplitude at the optimal

delay of T*
p = 583 μs was A* = 241 mV, which is by a factor

of 2.08 higher than A1. The optimal delay T*
p was determined

as the midpoint of the class interval with the highest mean

collapse amplitude.

The dependence of the collapse amplitude A on Tp was

measured also for other canal diameters (see Fig. 7). As can

be seen from the obtained results, both A* and T*
p are strongly

dependent on the canal dimensions. Generally, the T *
p and

pressure wave amplification factor (Af = A
*/A1) decrease with

the canal diameter. The optimal delay times and amplification

factors for different canal diameters are collected in Table 1.

The amplification of pressure waves (Af) is most pronounced

in smaller diameter cavities, ranging from Af = 1.09 for the

D = 8 mm cavity to Af = 2.2 and Af = 2.08 for the D = 3 and

2 mm cavities, respectively. It is worth noting that shock

waves are emitted at shock speeds close to the collapsing

bubble but become considerably slower as they travel ap-

proximately 26 mm deep into the canal, where the mea-

surement of the pressure waves was made. Therefore, it is

expected that the actual amplification of the pressure

waves in the vicinity of the collapsing bubble is much

larger than shown in Table 1. This was confirmed also

by our observation that when a standard conical PIPS

fiber tip was used, the fiber’s cone became very quickly

damaged when the optimal pulse separation was used.

Figure 8 shows, for different diameter canals, the difference

in the first bubble’s LBDP oscillation times (T′OSC), both for

cases when only a single laser pulse is emitted and for when

the first pulse is followed by an optimally delayed second laser

pulse. As can be seen, the optimally delayed second pulse

(i.e., separated by T*p from the first pulse) accelerates the first

bubble’s collapse, resulting in a reduced LBDP oscillation

time T*′OSC, The reduction ranges from 1 μs in the D =

8 mm diameter canal to 30 μs in theD = 2mm diameter canal.

The difference between the means of the first bubble LBDP

oscillation times depending on whether a second laser pulse is

present or not is significant at P < 0.001 for 2, 3, and 6 mm

diameter canals and at P < 0.05 for the 8 mm diameter canal.

Fig. 6 Amplitudes of the LBDP signal at the collapse of the bubble for

various Tp, ranging from 450 to 740 μs, in a 2-mm-diameter canal. Each

dot represents a measurement of peak-to-peak amplitude of the pressure

wave caused by the cavitation bubble’s collapse. The diamonds represent

the means of grouped data with respective standard deviations. Er:YAG

laser pulses with pulse energy Ep = 20mJ and pulse width tp = 50 μs were

delivered through a flat fiber tip in this experiment

Fig. 7 Measured collapse amplitudes A as a function of Tp, for different

canal diameters (D = 2, 3, 6 and 8 mm). Er:YAG laser pulses with pulse

energies Ep = 20mJ and pulse widths tp = 50were delivered through a flat

fiber tip in this experiment

Table 1 Optimal delay times and amplification factors for different

diameter canals

Diameter (mm) T*
p (μs) Af

2 580 2.08

3 525 2.20

6 370 1.16

8 310 1.09
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Figure 9 shows the dependence of the first bubble’s col-

lapse amplitude A on the first laser pulse’s energy. The pulse

energy was controlled with a series of apertures of different

diameters to keep the temporal profile of the laser pulse con-

stant. The circles represent single-pulse results, and the dia-

mond represents the collapse amplitude A for a case when the

first laser pulse was followed by an optimally delayed second

laser pulse with the same laser pulse energy. As can be seen

from Fig. 9, increasing the individual laser pulse energy does

not result in a significant increase in the collapse amplitude. In

fact, the collapse amplitude gets even smaller when the laser

energy is increased from 10 to 50mJ, whichwe attribute to the

increase of the bubble’s volume relative to the dimension of

the canal. It is only when a second, optimally delayed laser

pulse is added to the first pulse that the collapse amplitude of

the first bubble gets significantly amplified.

Dependence of the bubble oscillation period
on experimental conditions

The optimal separation of a synchronized laser pulse pair (Tp)

depends on the bubble oscillation period (TOSC) which further

depends on specific experimental conditions. Figure 10 shows

TOSC as a function of the depth of the fiber tip inside a L = 10-

mm-long open-ended canal with a diameter ofD = 4 mm. The

fiber tip depth represents the distance from the upper edge of

the canal to the exit end of the fiber tip. For depths ranging

from 3 to 6.5 mm, we observed no significant influence on

TOSC. The small variations in TOSC (ranging from 695 to

725 μs) can be attributed to slight differences in the radius

alongside the canal and to the measurement error. The abso-

lute depth of the fiber tip (distance from the water surface) in

the measured range would only cause an increase in the hy-

drostatic pressure of approximately 0.35 mbar (representing

the water hydrostatic pressure at the 6.5 mm depth), and

Fig. 8 First bubble’s oscillation time as measured by the LBDP in the

case of a single pulse (T′OSC) and in the case of two synchronized pulses

(T*0

OSC ) separated by T*
p. Er:YAG laser pulses with pulse energy Ep =

20 mJ and pulse width tp = 50 μs were delivered through a flat fiber tip in

this experiment

Fig. 9 Measured collapse amplitude as a function of single-pulse (with

pulse width tp = 50 μs) laser energy (6 mm diameter canal, flat fiber tip)

Fig. 10 TOSC as a function of the fiber tip depth inside a 10-mm-long

canal with a diameter of 4 mm. Er:YAG laser pulses with pulse energy

Ep = 30 mJ and pulse width tp = 50 μs were delivered through a conical

fiber tip in this experiment

Fig. 11 TOSC as a function of the cavity diameter (ranging from 1.5 to

6 mm) for the close-ended canals of length 10 and 20 mm and for an

open-ended 30mm long canal. The dotted horizontal line represents TOSC
in an infinite reservoir. Er:YAG laser pulses with pulse energy Ep = 20mJ

and pulse width tp = 50 μs were delivered through a conical fiber tip in

this experiment.
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therefore, any effect of the absolute depth on TOSC is expected

to be insignificant.

Figure 11 shows TOSC as a function of the cavity diameter

(ranging from D = 1.5 to 6 mm) for close-ended cavities of

different lengths (L = 10 and 20 mm) and in the case of an

open-ended 30-mm-long canal. Results show that there is a

strong negative correlation between the diameter of the canal

and TOSC. At small canal diameters (2 and 1.5 mm), the cav-

itation bubble expands beyond the upper edge of the canal,

which results in a shorter TOSC.
Figure 12 shows TOSC as a function of laser pulse energy in

3 and 6 mm diameter closed-ended canals and in an infinite

liquid. Results show that there is a strong positive correlation

between the laser pulse energy and TOSC.

Images of shockwaves generated during bubble
collapse

Figure 13 shows typical shadow-graphic images of

shockwaves as observed during the collapse of a single

cavitation bubble in an infinite liquid reservoir. Since the

shockwave causes a strong disturbance of water’s refractive

index, it can be visualized as a sharp circular edge on the

shadow-graphic images (yellow arrows are pointing to some

of them). It is interesting to observe that multiple shockwaves

are generated as a consequence of a divided bubble’s collapse.

This is especially evident when a flat fiber tip is used.

As opposed to a single bubble collapse in an infinite reser-

voir, no shock waves were observed during the collapse of a

single cavitation bubble in spatially limited closed-ended ca-

nals, in agreement with previous reports [27]. However, when

a subsequent laser pulse is emitted during the initial bubble’s

collapse, the growth of the subsequent bubble exerts pressure

on the collapsing initial bubble. This accelerates the collapse

of the initial bubble and causes the emission of shock waves

even in spatially limited water reservoirs. Figure 14a shows

shadow-graphic images of shockwaves being emitted during

the collapse of an initial cavitation bubble in a narrow canal.

The beginning of a subsequent bubble expansion can be no-

ticed on all images, which indicates that the collapse of the

initial bubble was accelerated by a properly delayed subse-

quent laser pulse.

Smaller secondary bubbles are also formed alongside the

entire canal. The violent collapse of the initial bubble also

initiates the collapses of the secondary bubbles. Figure 14b

shows the emission of shock waves from the collapsing sec-

ondary bubbles.

Discussion

Amajor mechanism of action of currently used laser activated

root canal irrigation techniques is believed to be the rapid fluid

motion in the canal as a result of expansion and implosion of

vapor bubbles, resulting in a more effective delivery of the

irrigants throughout the complex root canal system [7, 15].

Fig. 12 TOSC as a function of laser pulse energy in 3 and 6 mm diameter

closed-ended canals and in an infinite reservoir. Er:YAG laser pulses with

pulse width tp = 50 μs were delivered through a conical fiber tip in this

experiment.

Fig. 13 Typical images of shock

waves recorded for a single laser

pulse in an infinite liquid reservoir

using shadow photography
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An additional mechanism which contributes to the efficacy of

LAI is the improved removal of the smear layer, microorgan-

isms, and biofilm as a result of the physical action of the

turbulent irrigant [7, 15]. In addition, chemical action seems

to play a role as well [18, 28]. For example, an increased

reaction rate of NaOCl was found upon activation by a pulsed

erbium laser [28]. By being able to generate shock waves

within narrow root canals, we hypothesize that both the phys-

ical and chemical actions of LAI can be further enhanced by

using the SWEEPS technique.

Experimental results of the SWEEPS technique show that

significant amplification of pressure waves can be achieved

with optimal delay times of the second laser pulses (see Fig. 7

and Table 1). It is important to note that the amplitude of

collapse is significantly higher if a double-pulse regime is

used compared to a single-pulse with the same cumulative

energy (see Fig. 9), because increased single-pulse energy

leads to an increase in the volume of the cavitation bubble

relative to the cavity dimensions, which in turn leads to a

weakened collapse. Themainmechanism of this amplification

is in our opinion the acceleration of the initial bubble collapse,

which is significantly diminished in confined spaces (like root

canals).

This hypothesis is confirmed by the results shown in Fig. 8,

where oscillation time as measured by the LBDP in the case of

a single pulse (T′OSC) and in the case of a synchronized pulse

pair (T 0*
OSC ) is shown. Slight differences between T′OSC and

T 0*
OSC could be explained by the increased speed of propaga-

tion of the pressure waves. However, the distance between the

source of the pressure wave and the probe laser beam is ap-

proximately 25 mm, which means a travel time of roughly

17 μs at the speed of sound in water [29, 30]. Therefore, the

increased speed of propagation cannot account for the 30 μs

(see Fig. 8, 2-mm-diameter canal) difference between T′OSC

and T 0*
OSC. Furthermore, since shock waves traveling at super-

sonic speed quickly converge towards the speed of sound [31,

32], we do not expect a significant effect on the average speed

of propagation of the pressure wave over a relatively great

distance (25 mm). Similarly, slight differences in T′OSC could

be the result of the collapse of the bubble happening closer to

the probe laser beam, perhaps being pushed downward by the

expanding second bubble. High-speed camera observations

confirm that this effect is not large enough to contribute sig-

nificantly to the difference between T′OSC and T
0*
OSC.

However, the differences between T′OSC and T 0*
OSC are con-

sistent with the collapse happening earlier due to the exerted

pressure of the second expanding bubble on the collapsing

bubble, accelerating the collapse.

Fig. 14 a Four examples of detected shock waves in a 3-mm-wide nar-

row canal as a result of the collapse of an initial bubble accelerated by the

pressure exerted by the growing subsequent bubble. The beginning of the

formation of the subsequent bubble can be seen at the bottom of the flat

fiber tip. b Two examples of detected shock waves being emitted by the

collapsing secondary bubbles. Er:YAG laser pulses with pulse energy

Ep = 20 mJ and pulse width tp = 50 μs were delivered through a flat fiber

tip in this experiment

Fig. 15 Amplification factor (Af) and acceleration factor (Acc) in canals of

various diameters. The dotted line is a visual aid only and represents a

power function fit to the 3–8 mm canal data
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The acceleration factor (Acc) was defined as an increase in

the average speed of collapse after the initiation of the second

pulse:

Acc ¼

T 0

OSC−T
*
p

T 0*
OSC−T

*
p

The strong covariance between Af and Acc for various canal

diameters, which is shown in Fig. 15, supports the hypothesis

that the amplification of the shock waves is a result of the

acceleration of the collapse of the bubble. The results of Af
and Acc for the 2-mm-diameter canal are consistent with mea-

surements of the actual bubble oscillation period TOSC (see

Fig. 11) and are likely caused by the cavitation bubble partial-

ly extending outside the boundaries of the canal during its

growth, changing the observed dynamics.

It is important to note that the enhanced emission of shock

waves does not appear to result in an increased apical irrigant

extrusion. Recently, a study of the potential apical irrigant

extrusion during the SWEEPS laser irrigation was carried

out [33], during which irrigation using two standard endodon-

tic irrigation needles (notched open-end and side-vented) was

compared with the PIPS and SWEEPS laser irrigation proce-

dures. Both the PIPS and SWEEPS irrigation procedures re-

sulted in a significantly lower apical extrusion compared to

the conventional irrigation with endodontic irrigation needles,

in agreement with a previous report [34].

Finally, in our experiments, the single pulses or pairs of

pulses were delivered at low repetition rates of up to 0.2 Hz.

A potential dependence of the SWEEPS phenomena on the

increased pulse pair repetition rate was not explored.

Conclusion

A laser beam deflection probe, a high-speed camera, and shad-

ow photography were used to characterize the effects of syn-

chronized delivery of Er:YAG pulses in a confined volume of

water. As opposed to in infinite liquid reservoirs, shock waves

are typically not emitted by laser-induced cavitation bubbles in

confined liquid spaces. This limits the surface cleaning efficacy

of the laser-induced cavitation bubbles. However, as our study

shows, pressure waves caused by the collapse of a laser-

induced cavitation bubble can be significantly amplified

(P < 0,001) also in a confined reservoir. This is achieved by

delivering a subsequent laser pulse, separated from the initial

pulse by a proper temporal delay. It is to be noted that similar

amplification cannot be achieved by simply increasing the la-

ser pulse energy. Larger single-pulse energies lead to larger

cavitation bubbles relative to the cavity dimensions, which in

turn results in a weakened collapse of the bubbles. On the other

hand, applying a subsequent laser pulse during the initial bub-

ble’s collapse leads to the growth of a second bubble, which

exerts pressure on the collapsing initial bubble, accelerating its

collapse and causing the emission of shock waves. Results

show that the optimal delay between the two laser pulses is

strongly correlated with the cavitation bubble’s oscillation pe-

riod. The resulting amplification is most pronounced in smaller

diameter canals (< 3 mm). Measurements with a high-speed

camera show that the oscillation periods of cavitation bubbles

depend strongly on laser pulse energy and canal diameter, as

opposed to the canal length and fiber tip depth, which have

only a minor influence on the bubbles’ oscillation period.

The observed shock wave-enhanced emission photo-

acoustic streaming (SWEEPS) phenomenon could be used

to improve the efficacy of laser-assisted root canal treatment,

especially with respect to the smear layer and biofilm removal.

Because of the variability of root canal geometries, further

methods of improvement may be needed in order to achieve

a reliable synchronization between the bubble oscillation and

the laser pulse pair timing. One potential improvement may be

a special laser modality in which the temporal separation be-

tween the pairs of laser pulses is continuously swept back and

forth in order to ensure that during each sweeping cycle the

optimal separation between the pulse pair is achieved, as re-

quired for shock wave generation [35].
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