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Background and Objectives: The purpose of this
ex vivo study is to investigate whether it is possible to pre‐
determine and set the optimal separation times for the
SWEEPS Er:YAG laser pulses pair during laser‐assisted
irrigation of endodontic root canals based on known lat-
eral dimensions of the endodontic access cavities of dif-
ferent types of teeth.
Study Design/Materials and Methods: As the optimal
SWEEPS laser pulse pair separation for enhanced
shockwave generation depends on the life‐cycle of a
single‐pulse bubble, measurements of the oscillation time
TB of the Er:YAG laser‐generated bubble were made in 23
different endodontic access cavities of different types of
teeth progressively widened in three different steps, into
larger cavities, for a total of 69 cavities of different shapes
and sizes. Different fiber‐tip geometries (flat and radial),
laser pulse energies (10 mJ and 20mJ) and depth of fiber‐
tip insertion (2 mm and 4mm) were also investigated. The
obtained data were then analyzed using the reported re-
lationship between the bubble oscillation time and the
diameter of a cylindrically shaped cavity.
Results: A good fit to the relation analogue for ideal cylin-
drical cavities was found by taking the characteristic diam-
eter of the access cavity to be represented by the cavity di-
ameter either in the mesiodistal (Dmin) or buccolingual (Dmax)
direction, or alternatively by the average of the two diame-
ters (Dave). The best fit was obtained for Dmin (R2= 0.73)
followed in order by Dave (R

2= 0.71) and Dmax (R
2= 0.63).

Conclusion: In spite of the endodontic cavities being non‐
cylindrical and of varied shape and size, the bubble oscil-
lation time TB and the corresponding optimal SWEEPS
separation time can be well predicted using a single char-
acteristic dimension of the access cavity. This finding en-
ables a simple and practical method for determining optimal
conditions for shock wave generation and enhanced photo-
dynamic streaming in differently shaped and sized root ca-
nals, leading to improved treatment efficacy and safety of
root canal irrigation. Lasers Surg. Med. © 2020 The Au-
thors. Lasers in Surgery and Medicine published by Wiley
Periodicals LLC
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INTRODUCTION

The root canal preparation consists of mechanical in-
strumentation followed by chemical irrigation [1–3],
which is the most critical stage for the elimination of the
infected material from the root canal that includes re-
moval of bacteria, vital, necrotic, and infected tissues
[4–7]. Due to the highly complex anatomy of the root canal
system [8], the standard method of hand syringe irriga-
tion has been found unsatisfactory for cleaning and dis-
infecting the root canal wall from debris and bacteria
[9,10]. For this reason, various other techniques such as
negative pressure [11], sonic [12], and ultrasonic irriga-
tion [13–15], and more recently laser‐activated irrigation
(LAI), have been introduced to enhance the irrigation
action [16–23].

During LAI, short Erbium laser pulses (wavelength:
2.94 µm for Er:YAG and 2.78 µm for Er, Cr:YSGG) with
durations in the range of 25 [24] to 200 µs [25] are deliv-
ered through a fiber tip (FT) into the irrigant‐filled co-
ronal access cavity. Due to the strong absorption of the
Erbium wavelength in the irrigant, a vapor bubble is
generated at the end of the submerged fiber tip [26]. The
rapid expansion and collapse of the bubble results in
secondary cavitation and fluid motion along the entire
root canal system [18,27,28] leading to enhanced chemo‐
mechanical irrigation [19,29] when ethyl-
enediaminetetraacetic acid and NaOCl solution are used
as irrigants. This long‐distance action of LAI represents
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an important advantage in comparison to other irrigation
techniques that require a different tip/needle to be in-
serted up to the apical area [12,30,31].
However, due to the friction on the cavity walls, the

bubble oscillation is significantly slowed down, reducing
the intensity of the bubble collapse within the root canal.
Therefore, the shock waves that are usually emitted in the
unconstrained environment following a bubble's collapse
are decreased or not present at all [24,32].
To intensify the bubble collapse within the root canal, it

has been proposed to use a dual‐pulse modality, where the
second laser pulse is applied just before the collapse of the
first laser pulse's bubble [24,32,33]. The sudden ex-
pansion of the second bubble generated by the second
laser pulse exerts additional pressure on the initial
bubble, leading to its accelerated collapse, during which
shock waves are emitted. Furthermore, shock waves are
also emitted from the collapsing secondary cavitation
bubbles that are formed throughout the entire length of
the canal during laser‐induced irrigation [24]. This dual‐
pulse LAI technique, named Shock Wave Enhanced
Emission Photodynamic Streaming (SWEEPS), has been
shown to result in significantly enhanced flushing action
[34], and due to the increased pressure generation along
the depth of the root canal, also results in enhanced
penetration of irrigants into dentinal tubules [35,36],
without increasing the risk of apical extrusion [37].
When the temporal separation (Tp) between the two

SWEEPS laser pulses is fixed using the “X‐SWEEPS”
modality, the largest enhancement of shock waves and
internal irrigant pressures occurs when Tp does not de-
viate substantially from the optimal separation time
(Topt), corresponding to the time when the second laser
pulse of the X‐SWEEPS pulse pair is delivered near the
end of the collapse phase of the primary bubble generated
by the first laser pulse (Topt≈TB) [24,38].
A challenge involved in using X‐SWEEPS in dental

practice is posed by the fact that the bubble oscillation
time TB critically varies depending not only on laser pa-
rameters that can be controlled, but also on the endo-
dontic access cavity dimensions that vary depending on
the treated tooth, with TB being longer for smaller cavity
dimensions [24,38]. As an improved solution, a special
AutoSWEEPS laser modality was developed [32,35,37] in
which the temporal separation between the pair of laser
pulses is continuously swept back and forth between
Tp= 200 and Tp= 650 µs. This ensures that during each
sweeping cycle there is always at least a 50 µs wide tem-
poral separation range when the pulses are separated by
Tp≈Topt, as required for optimal enhancement. The
sweeping modality also ensures that the optimal con-
ditions are approximately reached along the depth of the
access cavity by matching the changing diameter con-
ditions during the AutoSWEEPS cycle.
Under comparable conditions, the AutoSWEEPS mo-

dality has been reported to be about 50% more effective
than the standard single‐pulse SSP (super short pulse,
50 µs pulse duration) modality in generating pressures
within the root canal and significantly better penetration

of irrigants into the dentinal tubules [35]. Also, as meas-
ured in laboratory conditions, the simulated debris re-
moval rate of the AutoSWEEPS modality has been shown
to be almost three times higher compared with that of the
SSP modality [34]. Similarly, in a recent study, the effi-
cacy of the removal of accumulated hard‐tissue debris
from the root canal system for AutoSWEEPS irrigation
was compared with the SSP laser‐assisted irrigation as
well as with ultrasonically activated irrigation
(UAI) using micro‐computed tomography [39]. The
AutoSWEEPS modality resulted in significantly improved
debris removal in each portion of the root canals compared
with SSP and UAI.

The aim of this study was to investigate whether it is
possible to pre‐determine and set the optimal SWEEPS
pulse pair separation time Topt based on the dimensions of
the mesiodistal (lateral) side of the endodontic access
cavity, to improve the LAI irrigation efficacy even further.
Namely, the simulated debris removal rate of the
X‐SWEEPS modality has been observed to be higher by
another factor of about three in comparison to that of the
AutoSWEEPS modality in case of optimal pulse separa-
tion time selection [34]. In this order, bubble oscillation
times were measured in differently sized access cavities,
progressively widened in three different steps on ex-
tracted teeth for different fiber‐tip geometries, laser pulse
energies and depth of fiber‐tip insertion. The obtained
data was then analyzed using the reported dependence of
the bubble oscillation time on the diameter of water‐filled
cylindrically shaped cavities [38]. A method for de-
termining optimal separation times for typical cavity di-
mensions, fiber tip geometries and laser pulse energies is
proposed.

MATERIALS AND METHODS

Experimental Setup

Twenty‐three human teeth (eight upper and three lower
molars, two upper and one lower premolars, two upper
canines and three upper and four lower incisors) extracted
for periodontal and/or orthodontic reasons were used in
the study. Informed consent to the scientific use of the
extracted teeth was signed by all the patients.

Endodontic access cavities were prepared in all ex-
tracted teeth using a round diamond bur. A specific shape
of the access cavity was performed for each different tooth
type. In order to simulate differently sized access cavities,
as encountered in clinical practice. The access cavities
were first minimally prepared, and then in two additional
stages progressively widened into larger cavities. Thus,
altogether, 3 × 23 differently sized and shaped access
cavities were obtained and evaluated. The dimensions of
the lateral side of the access cavities, prepared during
each stage, were determined by measuring the mesio-
distal (minor: Dmin) and buccolingual (major: Dmax) sides
of the access cavity of each prepared anterior and poste-
rior tooth (see Fig. 1a) using a microscope. The range of
average diameters Dave= (Dmin+Dmax)/2 varied from 1.2
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to 3.6mm for the first preparation stage, from 1.86 to
4.32mm for the second preparation stage, and from 2.13
to 6.18mm for the last preparation stage. Note that re-
peated experiments on the same tooth do not influence the
results as the LAI cleaning effects have a negligible effect
on the size and shape of the access cavity where the
bubble oscillation times were measured.
The prepared teeth were submerged in a water reser-

voir, and LAI was performed using an Er:YAG laser
(LightWalker, Fotona d.o.o., Slovenia) equipped with a
dental handpiece (H14, Fotona d.o.o., Slovenia) optically
coupled with an interchangeable FT. The handpiece air/
water spray was turned off during all experiments. The
following FTs (manufactured by Fotona) were used in the
study [35]:

1) Flat fiber tip; cylindrical flat‐ended FT with 400 µm
diameter (Flat Sweeps400, Fotona d.o.o., Slovenia).

2) Radial fiber tip; cylindrical radially‐ended FT with
400 µm diameter (Radial Sweeps400, Fotona d.o.o.,
Slovenia).

The laser FT's end was positioned at two different
depths in the access cavity, h= 2 or h= 4mm (see Fig. 1b),
using an XYZ micrometer positioning stage. The FT's
position relative to the canal was monitored with a digital
camera (Chameleon3, 1.3 MP; PointGrey, Richmond,
Canada) with the optical resolution of 0.1mm.
The bubble oscillation time was measured by “listening”

to the sound of the explosive growth and collapse of the
bubble using a microphone (Brüel & Kjær, Type 2669,
Nærum, Denmark) positioned outside of the water reser-
voir. A typical signal is shown in Figure 2. As the
X‐SWEEPS pulse pair consists of two ultra short
pulse (USP) laser pulses with duration of tp≈ 25 µs, the

oscillation time of the primary bubble generated by the
first pulse of the SWEEPS pulse pair was determined by
measuring the oscillation time TB of a single USP pulse.
Single USP laser pulse energies of EL= 10 mJ and 20 mJ
were used.

Measurements were made for each endodontic access
cavity geometry and laser activation condition (FT type,
EL and h).

Data Analysis

Recently [38], it was shown that for long liquid‐filled
cylindrical cavities (i.e., tubes) with diameter Dcavity, the
bubble oscillation time TB can be well described by a
function:

T T K D1B B.inf cavity= ( + / ) (1)

where K is the fitting parameter and TB.inf is the bubble
oscillation time in an infinite reservoir (Dcavity≈∞) for a
particular set of laser and FT parameters. The
ratio TB/TB.inf was found to be independent of the laser
pulse energy EL, with the best fit obtained for
K= 3.52mm where the statistical coefficient of determi-
nation R2= 0.96

Even though endodontic access cavities are relatively
shallow and not cylindrically shaped, it was assumed that
the access cavity bubble oscillation data can be approxi-
mated by a function similar to that in Equation (1):

T T K D1 i iB 0= ( + / ) (2)

where Di represents one of the main lateral dimensions of
the access cavity, Dmin, Dmax or Dave, and Kmin, Kmax and
Kave are the corresponding fitting parameters. The time

Fig. 1 (A) Mesiodistal (minor: Dmin) and buccolingual (major: Dmax) lateral sides of the
endodontic access cavity, (B) experimental set‐up.
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T0 represents the bubble oscillation time for the infinitely
wide endodontic access cavity (Di≈∞).

RESULTS

Figure 3 shows the measured dependence of the bubble
oscillation time (TB) on the minor (mesiodistal) dimension
(Dmin) of the endodontic access cavity. The full lines rep-
resent fits to the function

T T K D1B 0 min min= ( + / ) (3)

with the same Kmin= 2.89 for all fits, and the infinite
cavity oscillation times T0 as depicted in Table 1. Similar
dependences were obtained also for Dmax (with Kmax=
3.69) and Dave (with Kave= 3.35).
Figure 4 depicts the obtained dependence of the ratio

TB/T0 on Dmin (Fig. 4a), Dmax (Fig. 4b), and Dave (Fig. 4c),
with the best fit to Equation (2) obtained using Kmin=
2.89, Kmax= 3.69, and Kave= 3.35.
Table 2 shows optimal separation times Topt for mesio-

distal cavity dimensions Dmin in the range from 1 mm to
5mm and for laser pulse energies of 10 mJ and 20mJ.
The average values are calculated using Equation (3) and
K= 2.89 and the confidence interval (±50 µs) was esti-
mated from measurements presented in Figure 3.

DISCUSSION

The dimensions of endodontic access cavities vary sig-
nificantly depending on the tooth type and size, dental tissue
lost by decay and also on the endodontist's skill and prefer-
ence when preparing it [7,40]. LAI bubble generation takes
place in the coronal access cavity and accordingly its di-
mension variability effectively conditions the irrigant laser
activation. Accordingly, when not using the AutoSWEEPS
modality, the X‐SWEEPS pulse temporal separation (Tp)
would at least in principle have to be individually adjusted to
the characteristics of each particular access cavity.
In a recent study of bubble dynamics in liquid‐filed cy-

lindrical tubes [38], it was shown that the bubble oscil-
lation time (TB) in a long tube can be predicted using a
relatively simple relation between TB and the tube's di-
ameter Dcavity (see Equation 1). This enables predicting
the optimal X‐SWEEPS separation time in a cylindrically
shaped cavity from the known diameter of the tube.

In this ex vivo study, it was explored whether a similar
relation can be found also for non‐cylindrically shaped
endodontic access cavities, with the access opening out-
line varying from ellipsoidal to trapezoidal shape. The
results demonstrate that in spite of the varied shape and
size of endodontic access cavities, the bubble oscillation
time TB can be well predicted using a single characteristic
dimension Di of the access cavity, represented by the
cavity diameter either in the mesiodistal (Dmin) or buc-
colingual (Dmax) direction, or alternatively by the average
of the two diameters (Dave). The best fit to Equation (2)
was obtained with Dmin (R2= 0.73), followed in order by
Dave (R2= 0.71) and Dmax (R2= 0.63). The observation
that a single diameter can be used to describe the cavity
size signifies that Dmin and Dmax are correlated to a cer-
tain degree, according to the conventional access cavity
design rules [41,42]. We attribute the finding that Dmin

best defines the bubble oscillation time to the stronger

Fig. 2 The acoustic signal following the emission of a single
Er:YAG laser pulse, displaying the initial rapid growth and final
explosive collapse of the laser‐generated bubble.

Fig. 3 Measured dependence of the bubble oscillation time TB
on the minor (mesiodistal) dimension of the endodontic access
cavity for different FTs (Flat Sweeps400 and Radial Sweeps400),
laser pulse energies EL (in mJ) and insertion depths h (in mm).
The lines represent the least square fits to Equation (3) using the
same Kmin= 2.89 for all fits, and T0 as shown in Table 1. The
bubble oscillation time measurement accuracy was ±10 µs.

TABLE 1. Infinite Cavity Oscillation Times T0 for Dif-
ferent FTs (Flat Sweeps400 and Radial Sweeps400),
Laser Pulse Energies EL (in mJ) and Insertion Depths
h (in mm), as Obtained From Fitting the Experimental
Data (Fig. 3) to Equation (3)

Flat Sweeps400 Radial Sweeps400

EL (mJ) h (mm) T0(µs) T0(µs)

10 4 222± 10 239± 10
20 4 270± 10 290± 10
10 2 166± 10 170± 10*
20 2 214± 10 220± 10*

Exceptions are oscillation times marked with an * that were
obtained from the measured ratios of bubble oscillation times for
flat and radial tips inserted to h=2mm in a simulated endodontic
access cavity as used in [35].
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influence of the smaller dimension on the bubble dy-
namics.
The results of this study suggest a further potential

improvement of the SWEEPS technique. Endodontic
Er:YAG laser devices could be configured to enable the
practitioner to define the optimal SWEEPS separation
time by simply selecting the characteristic dimension Di

of the particular access cavity. As an example, Table 2
shows the optimal separation times Topt for typical me-
siodistal cavity dimensions Dmin and typical laser pulse
energies as calculated using Equation (3) and K= 2.89.
A limitation of this study is that the relation between

access cavity dimension and bubble oscillation time pre-
sented with Equation (3) is validated only within a limited
interval of cavity dimensions, from 1 to 6mm, that how-
ever match the in vivo clinical conditions. Especially in a
case of significantly smaller cavity dimension the bubble
dynamics will deviate from the model assumption as it is
described in [24]. A similar deviation is also expected in
case the fiber tip is not positioned in the center of the
cavity. As can be seen from the results (Fig. 3 and Table 1)
the oscillation time also depends on the insertion depth of
the fiber tip. This can be accurately controlled in the
laboratory environment but more difficult to achieve
under in vivo conditions where the fiber tip is manually
positioned on a visual basis. Due to the above mentioned

limitations, the relation between TB and Di is only ap-
proximate, and the practitioner would potentially be only
estimating the cavity size. However, an improved “Auto
X‐SWEEPS” modality could also be employed. This im-
proved “Auto X‐SWEEPS” modality would consist of the
temporal separation between the pair of laser pulses
being continuously swept back and forth between
Topt−ΔTp and Topt+ΔTp, where ΔTp= 50 µs takes into
account the observed spread of the actual bubble oscil-
lation times around the predicted optimal separation
times based on Equation (3) (See Fig. 4).

The possibility to significantly enhance the effective
flushing action of SWEEPS [34], and to increase the
pressure generation along the root canal [35,36], without
increasing the risk of apical extrusion needs to be ex-
plored to assess the safety of “X‐SWEEPS” modality.
Studies in artificial models with apical constriction of
ISO40 [37] and ISO45 [35] and lateral canal opening of
ISO35 [35] indicate that the new SWEEPS method does
not increase the risk of apical extrusion as compared with
the single pulse LAI or standard syringe irrigation.
Therefore, when all the parameters are correctly set, the
possibility to maintain the irrigation efficacy while de-
creasing the energy to 15 mJ or 10mJ [20], promises to
offer a safe in vivo procedure also for larger apical
opening.

Fig. 4 Dependence of the ratio TB/T0 on Dmin (A), Dmax (B), and Dave (C), with the best least
squares fit (depicted by full lines) to Equation (2) obtained using Kmin= 2.89 (R2= 0.73),
Kmax= 3.69 (R2= 0.63), and Kave= 3.35 (R2= 0.71).

TABLE 2. Optimal SWEEPS Pulse Separation Times (Topt) for Typical Mesiodistal Cavity Dimension (Dmin) at FT
Insertion Depth of 4mm

Mesiodistal cavity dimension (Dmin)

FT geometry EL (mJ) 1mm 2mm 3 4mm 5mm

Flat Sweeps400 10 864± 50 µs 543± 50 µs 436± 50 µs 382± 50 µs 350± 50 µs
20 1050± 50 µs 660± 50 µs 530± 50 µs 465± 50 µs 426± 50 µs

Radial Sweeps400 10 930± 50 µs 584± 50 µs 469± 50 µs 412± 50 µs 377± 50 µs
20 1128± 50 µs 709± 50 µs 569± 50 µs 500± 50 µs 458± 50 µs
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CONCLUSIONS

In spite of the generically different dimensions and
shapes of endodontic access cavities, the optimal pulse
separation time (Topt) between the two Er:YAG laser
pulses of the X‐SWEEPS modality, emitted at a specific
pulse energy and with a specific fiber‐tip diameter and
shape, can be relatively well predetermined (R2= 0.73)
and set for standardized volumes of different access cav-
ities with longer separation times required for smaller
cavity dimensions. This finding enables a relatively
simple method for determining optimal conditions for
shockwave generation and enhanced photodynamic
streaming in differently shaped and sized root canals,
leading to improved treatment efficacy and safety of root
canal irrigation.
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