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ABSTRACT

Root canal treatment is performed to remove the bacteria proliferating in the root canals of a tooth. Many
conventional root canal irrigation methods use an instrument inserted into the root canals. However, bacteria
removal is often incomplete in the apical region of the root canal, and the treatment carries clinical risks, such as
instrument fracture and extrusion of irrigation liquid through the canal apex. We here suggest a novel, remotely
generated high-intensity ultrasound irrigation system that exhibits better irrigation performance and a reduced
clinical risk. Our device employs powerful ultrasonic waves generated by a transducer placed outside a target
tooth. The generated ultrasonic waves are guided to travel into the root canals. In the root canals of the target
tooth, acoustic cavitation occurs, and vapor bubbles are created. The dynamic motions of vapor bubbles create
remarkable cleaning effects. Using root canal models, we tested the cleaning performance of the proposed system
and compared it with other conventional irrigation methods. The results revealed that biofilm in the apical
region of the root canal models can be removed exclusively using the proposed system, thus demonstrating an
improvement in cleaning performance. We also measured pressure at the apex of the root canals of an extracted
tooth while operating the proposed system. Our system exhibited a smaller pressure compared to the syringe
irrigation method, thus suggesting a reduced risk of apical extrusion of the irrigation liquid. Since the proposed
system operates without inserting instruments into the root canal, it can clean multiple root canals in a tooth
simultaneously with a single treatment. The proposed device would be a breakthrough in root canal treatment in
terms of irrigation performance, clinical safety, and ease of treatment.

1. Introduction

of removing the proliferated bacteria and occluding the canals with inert
fillers [1,4]. The treatment process can be divided into several steps:

A root canal is an anatomic space in a tooth filled with soft tissue
containing nerves and blood vessels. An individual root canal typically
has a narrow, long channel shape, and root canals can be connected with
lateral canals, isthmus, and apical ramification to form a network [1,2].
When bacteria in an oral cavity penetrate to a root canal network, they
can proliferate and cause severe inflammation and pain [3]. The root
canal treatment, so-called endodontic treatment, is a clinical procedure

opening the pulp chamber, cleaning the root canals, and obturating the
root canals [2,5,6]. Root canal cleaning is a crucial step for successful
treatment since remnant bacteria inside the root canals can lead to
reinfection [7,8].

Various root canal cleaning methods are available (see Fig. 1). Sy-
ringe irrigation (SI), one of the most conventional methods, refers to
injecting irrigation liquid through a syringe needle that is inserted into
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the root canal [9]. The physical mechanism of SI was investigated using
computational fluid dynamics in some previous studies [10-12]. The
studies presented the velocity and pressure fields induced by the irrigant
injection at the needle, suggesting that SI is effective near the needle tip.
However, the needle can be inserted to a limited depth in the root canal,
thus often resulting in incomplete cleaning in the apical region [13]. In
addition, SI carries a clinical risk of extruding the irrigant through the
root canal apex, as supported by the previous computational simulations
[10,11]. Extrusion of the irrigant through the root canal apex can lead to
hemolysis, ulcers, and tissue necrosis with serious pain [14-16].
Although a great deal of effort has been devoted to reducing the clinical
risks of apical extrusion by developing various needles, such as side-
vented closed-end needles (see the inset of Fig. 1a), SI still carries the
risk of apical extrusion of irrigation liquid [17].

Root canal cleaning methods using a file with high-frequency vi-
bration are also widely used [18]. Passive sonic irrigation (PSI) employs
a polymer tip that vibrates to agitate the irrigation liquid in a root canal
(see Fig. 1b) [18-20]. Passive ultrasonic irrigation (PUI) refers to an
irrigation method that uses a high-frequency vibrating metal tip that
generates cavitation around the tip, which creates a cleaning effect in
the root canal (see Fig. 1c) [21]. Substantial efforts have been devoted to
understanding the hydrodynamics associated with PSI and PUI,
demonstrating that irrigant streaming and cavitation induced by
vibrating tips primarily lead to root canal cleaning [22-27]. However,
PSI and PUI can also result in insufficient cleaning. Vibrating tips can
easily contact the inner wall of the root canal, and this contact limits the
tip vibration and thus markedly mitigates the acoustic energy delivered
to the irrigant [23,28]. There is a risk of apical extrusion as in SI because
both methods require a final step of flushing with a syringe needle.
Moreover, PUI uses a brittle metal tip with dynamic motion and thus
carries an additional clinical risk of tip fracture in the root canal, which
may require surgical retreatment [19,29].

Laser activated irrigation (LAI) has been developed relatively
recently to improve irrigation performance [30,31]. LAI uses a pulsed
laser to create cavitation bubbles, and the dynamic motion of cavitation
bubbles induce a cleaning effect in root canals [30-32]. LAI can be ad-
vantageous because they can be used without the insertion of in-
struments into the root canals. Clinical systems using LAI are
commercially available, but LAI is currently less popular than other
methods.

Ultrasonic cleaning has been used in various engineering fields, such
as semiconductor manufacturing [33-36], and the mechanisms have
been extensively investigated. In an ultrasonic field with sufficient
acoustic pressure, cavitation bubbles can be generated by stretching of
the liquid during the rarefaction phase of sound waves [37,38]. A
cavitation bubble will exhibit dynamic motion in response to the
acoustic waves, and this induces microscale flows around the bubble,
including vortical flows and high-speed jets, which are responsible for
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the ultrasonic cleaning effect [39-42].

Here, we propose a novel, remotely generated high-intensity ultra-
sound irrigation system (RS) for root canal treatment. RS employs
powerful ultrasonic waves generated by a transducer placed outside the
tooth during treatment. The generated ultrasonic waves are guided to
travel into the root canals. Acoustic cavitation occurs in the root canals
of a target tooth, and vapor bubbles are created. The dynamic motions of
the vapor bubbles produce remarkable cleaning effects. Using engi-
neered root canal models, we conducted tests to assess the cleaning
performance of the proposed system and compared the results to other
existing methods, SI, PSI, and PUI The results revealed that only RS
completely cleaned the apical region of the root canal model. We also
examined the apical pressure to quantify the risk for apical extrusion of
irrigation liquid during treatment. The pressures measured for RS were
lower than those measured for SI, thus suggesting better clinical safety
with RS. Since RS operates without having to insert instruments into
root canals, it can clean multiple root canals in a tooth simultaneously
with a single treatment. The innovative design of RS, which employs
high-power ultrasound excited by a large ultrasonic transducer outside
the target tooth in combination with an acoustic reflector, is expected to
be a breakthrough in root canal treatment in terms of irrigation per-
formance, clinical safety, and ease of treatment.

2. Materials and methods
2.1. Design and operation of RS

Fig. 2 displays the RS design. The system is composed of a 40 kHz
piezoelectric ultrasonic transducer connected to a cylindrical horn. The
horn and transducer are enclosed by a housing structure. The housing
was made of a photocurable resin using a stereolithography apparatus
3D printer (Form 3, Formlabs). The gap between the inner surface of the
housing and the cylindrical horn was approximately 2 mm. The housing
was connected to a 3 mm diameter tube to allow the inflow of cooling
water and had an outlet in the form of a 6 mm diameter circular opening.
An acoustic reflector was built on the distal part of the housing. A 1-mm-
thick stainless-steel plate in an elliptical shape with a major axis length
of 17 mm and a minor axis length of 10 mm was placed at a location 5
mm away from the horn tip at an angle of 45°. The density of the
stainless-steel plate used in the system is approximately 7,500 kg/m?,
and the sound speed through the stainless-steel is approximately 6,000
m/s. The irrigant injection nozzle was located in the lower part of the
housing. The inner diameter and total length of the nozzle were
approximately 150 um and 10 mm, respectively, and the nozzle tip was
bent 90° so that the irrigation liquid is injected into the pulp cavity of a
target tooth.

During the operation of the system, a peristaltic pump (KFS-
HA1B10Y, Kamoer) supplies degassed cooling water to the housing at a
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Fig. 1. Schematics of (a) syringe irrigation, (b) passive sonic irrigation, and (c) passive ultrasonic irrigation.
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Fig. 2. Schematic of the remotely generated high-intensity ultrasound irrigation system (RS).

volumetric flow rate of 30 mL/min. Water flows through the gap be-
tween the horn and inner wall of the housing and leaves the housing
through the outlet. The water carries heat from the transducer and horn
during the operation. Water occupying the interior space of the housing
mediates the transmission of ultrasonic waves from the horn to the
housing outlet. When electric power is applied to the ultrasonic trans-
ducer, a longitudinal vibration is produced and transmitted through the
horn. The intensity of longitudinal vibration is enhanced in the horn
because the diameter of the horn is 8 mm, which is smaller than the
transducer diameter of 30 mm [43]. The acoustic reflector changes the
propagation direction of the ultrasonic waves emitted from the horn tip,
so that the ultrasonic waves are propagated in the direction of the outlet
of the housing. We measured the acoustic pressure of the reflected waves
at the housing outlet. A hydrophone (TC4038, Teledyne RESON) was
submerged in a bath filled with degassed water, and the housing outlet
was placed 1 mm above the hydrophone while the housing was partially
submerged. The acoustic pressure was measured to be 180-250 kPa.
Degassed irrigation liquid was supplied by a liquid pump (CNB1-02,
CNHT) through the passage below the housing at a flow rate of 20 mL/
min.

2.2. Ultrasound reflection on the acoustic reflector

To examine the reflection of ultrasonic waves on the acoustic
reflector, we conducted cleaning test using the experimental setup
shown in Fig. 3. The ultrasonic horn combined with the transducer
without the housing was held on a support in a bath that was 90 mm, 90
mm, 70 mm in width, depth, and height, respectively. A stainless-steel
plate similar to the one used as the acoustic reflector was placed 8
mm below the horn tip, and a glass substrate was placed 12 mm from the
reflection plate. The glass substrate was contaminated with 4 pm
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Fig. 3. Experimental setup to test the reflection of ultrasonic waves on the
acoustic reflector.

diameter polystyrene particles (C37253, Life technologies). To control
their adhesion force, after the particles were sprayed on the glass sub-
strate, it was baked on a hot plate at a temperature of 125 °C for 5 min
[38]. Since some clustered particles remained weakly adhered to the
substrate, the contaminated glass substrate was gently rinsed with water
before the cleaning test [38,44]. After filling the bath with degassed
water, we operated the transducer for 6 min. We quantified the result of
cleaning of the contaminated substrate with and without the acoustic
reflector in terms of particle removal efficiency (PRE), defined as n =
(Co — ©)/Cy with Cy and C being the number of particles deposited on
the substrates before and after cleaning, respectively. The number of
particles was estimated by measuring the surface area covered with
particles of the substrate. We also measured the acoustic pressure at the
same location as the contaminated substrate using a hydrophone
(TC4038, Teledyne RESON) with and without the acoustic reflector.

2.3. Visualization of cavitation bubbles generated by RS

We visualized cavitation bubbles generated by RS using a setup
shown in Fig. 4. A glass cylinder with an inner diameter of 4 mm was
placed below the outlet of the housing. The motion of cavitation bubbles
at 2 mm below the housing outlet was recorded using a high-speed
camera (Fastcam Mini AX200, Photron) combined with a long-
distance microscope lens (12X Zoom, Navitar). A light source was
placed on the opposite side of the high-speed camera.

2.4. RS cleaning performance

Two engineered root canal models were used to test the cleaning
performance of the RS. Fig. 5a shows the root canal model, which had a
single canal. This model had a tapering channel with a curvature of 30°,
measured using the Schneider method [45]. The length of the channel
and the diameter of the channel inlet were measured to be 11 mm and
400 pm, respectively, and an apical foramen had a diameter of 200 pm.
Fig. 5b shows the other root canal model fabricated using a 3D printer
(SLA 600, Protofab) with transparent resin. This model had three
straight channels and two curved channels, and the diameter of all the
apical foramens was approximately 400 pm.

To simulate a thin microbe and bacteria biofilm proliferated in the
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Fig. 4. Experimental setup to visualize cavitation bubbles.
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(a)

Fig. 5. The root canal models with (a) a single curved root canal and (b)
multiple root canals.

root canal [46-48], we filled the channels with a calcium hydroxide-
based paste (Calcipex II, Nishika) and left the paste only near the root
canal wall using a dental file. Contaminated canals appeared black due
to the opaque paste film adhering to the root canal wall. All the apical
foramens of the models were completely sealed with a polyvinyl
siloxane impression material (Blu-mousse, Parkell Bio-Materials) before
cleaning.

The contaminated root canal models were cleaned using RS for 6
min. For comparison, we also cleaned the contaminated models using
the SI, PSI, and PUI methods. To test SI, a 30-gauge side-vented closed-
end needle was inserted to a depth approximately 4 mm from the inlet,
and water was injected at a flow rate of 3 mL/min for 2 min. For the test
with PSI, an Endoactivator (EA) (Dentsply Tulsa Dental Specialties) was
combined with a flexible vibrating tip (#20/0.02, Dentsply Tulsa Dental
Specialties). To test the PUI, an ultrasonic unit (Suprasson P5 Booster,
Satelec Acteon) combined with an irrisafe tip (#20/0.00, Satelec
Acteon) was used. In the tests for PSI and PUI, a single process consisting
of 30 s of tip vibration and 10 s of needle flushing with a 30-gauge side-
vented closed-end needle was repeated three times. Each irrigation
method of PSI, PUL, and RS was repeated three times to confirm the
reproducibility of cleaning performance. Although chemical solutions
such as NaOCl (2.5 wt%) are commonly used in clinical treatments,
water was used as the irrigation liquid to remove the chemical effects
from the irrigation methods and to reveal only the mechanical effects.
The root canal models were observed using a DSLR camera (EOS 70D,
Canon) with a macro lens (RF 100 mm f/2.8, Canon) before and after the
cleaning process.

2.5. Measurement of apical pressure

Fig. 6 shows the experimental setup used for measuring pressure at
the apex of the root canals. A root canal of a human tooth with multiple
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Fig. 6. Experimental setup used to measure apical pressure produced by (a) RS
and (b) SL
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root canals was shaped using a Ni-Ti rotary file (#20/0.04, Dentsply
Maillefer) combined with an endomotor (X-Smart plus, Dentsply Mail-
lefer) to have an apical diameter of 200 pm. The apex of the shaped canal
was kept open, and the other apexes were sealed with the polyvinyl
siloxane impression material (Blu-mousse, Parkell Bio-Materials). The
tooth was fixed in a closed chamber equipped with a pressure sensor
(PX409-2.5CGUSBH, Omega), and the chamber and inner space of the
tooth were filled with water. We measured the pressures during the
operation of the RS. For comparison, we also measured the apical
pressure during the operation of SI, in which a 30-gauge side-vented
closed-end needle was placed at a distance 3 mm away from the api-
cal foramen, and water was injected at a flow rate of 3 mL/min for 1 min.
We measured the average apical pressure in three repeated tests. The
study was approved Institutional Review Board of Seoul National Uni-
versity Dental Hospital, Seoul, Korea (IRB No. CRI22004).

3. Results and discussion
3.1. Ultrasound reflection on the acoustic reflector

The RS employs a large transducer connected with a lengthy horn,
which cannot be accommodated in the direction normal to the pulp
cavity of a tooth in a clinical process. Since ultrasound mainly propa-
gates longitudinally, a change in the direction of propagation is
required. The acoustic reflector in RS has been designed to guide ul-
trasonic waves to travel from the horn to the root canals by changing the
propagation direction of the ultrasonic waves. When propagating
acoustic waves meet an interface of two media at an angle, they are
reflected on the interface at the same angle [49]. In RS, the acoustic
reflector is placed to meet the incident acoustic waves at 45°, so the
incident waves are reflected in the direction of the tooth chamber.

The ratio between the acoustic pressures of the incident and reflected
waves is expressed as (Zz -Z1)/(Zy + Z1), where Z = pc with p being the
density of the medium and c being the sound speed [50], and the sub-
scripts 1 and 2 denote the medium in which the incident and absorbed
ultrasonic waves propagate, respectively [49]. In a case where Zs is
much greater than Zy, (Z» -Z1)/(Z3 + Z1) is approximately 1, suggesting
that acoustic waves are reflected with little absorption at the interface of
the two materials. The acoustic reflector in the RS is made of stainless
steel with Z = 45 kg/mm?s, which is much greater than that of water,
Z; = 1.5 kg/mm?s, so approximately 90 % of the incident acoustic
waves are expected to be reflected by the acoustic reflector.

We measured acoustic pressure with and without the acoustic
reflector using the setup shown in Fig. 3. While the acoustic pressure
with the acoustic reflector was measured to be approximately 220 kPa, it
was significantly reduced to 80 kPa without the acoustic reflector, as
shown in Fig. 7a. Such a notable difference in the acoustic pressure re-
sults in a difference in cleaning efficiency. We measured the PRE to be
approximately 98 % with the acoustic reflector and less than 20 %
without the acoustic reflector (see Fig. 7b). The result therefore dem-
onstrates that the acoustic reflector guides ultrasound waves to travel to
the contaminated substrate by changing the transmitted direction of the
ultrasound waves.

3.2. Characteristics of cavitation bubbles generated by RS

Although the content of cavitation bubbles is typically a mixture of
gas and vapor, cavitation bubbles can be classified as either gas or vapor
bubbles depending on the relative composition of the gas and vapor
[38,51]. Cavitation bubbles produced in degassed liquids are often
referred to as vapor bubbles [49,52], otherwise gas bubbles [49,53].
Because vapor can rapidly turn into liquid, vapor bubbles generally
exhibit large oscillating amplitude and exist only for short periods. In
contrast, once gas bubbles are formed, gas cannot diffuse into the liquid
on the time scale of bubble oscillation. As a result, gas bubbles show
small oscillating amplitude and survive much longer, often until they
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Fig. 7. Comparison of (a) acoustic pressures and (b) PREs with and without the acoustic reflector.

come out of the liquid [38].

Fig. 8 shows the bubbles generated by RS. As shown in Fig. 8a,
numerous bubbles simultaneously appeared and disappeared in the field
of view. We observed that most of the bubbles survived for less than
approximately 10 ms, and the appearance of bubbles was continuously
repeated during the operation of RS. In Fig. 8b, the oscillating motion of
the bubbles was clearly observed in a single period of acoustic wave
from O to 25 ps. Specifically, the bubbles were momentarily invisible
during the contraction phase at 12.5 ps, indicating a large oscillation
amplitude. Our experimental observations thus suggest that cavitation
bubbles generated by RS were vapor bubbles rather than gas bubbles.

The gas content dissolved in the liquid can serve as seeds for the
cavitation inception, so cavitation in ordinary, non-degassed liquids
occurs at a relatively low acoustic pressure [38,54]. However, due to the
gas cushioning effect, gas bubbles produce cleaning effects only in their
vicinity while translating around on the solid substrate [38,39]. In
contrast, creating vapor cavitation bubbles requires a relatively high
acoustic pressure, but vapor bubbles show much more vigorous dynamic
motion, including collapse with a high-speed liquid jet near a solid
boundary, leading to a powerful cleaning effect [38,55]. By employing a
large ultrasonic transducer capable of generating vapor cavitation
bubbles, RS was designed to create a powerful cleaning effect in root
canals.

3.3. Cleaning performance

Fig. 9 shows the results of cleaning the 11 mm-long single channel

-
6.25 ps|

T

root canal model using the RS and other devices. Since the channel
contaminated with a calcium hydroxide-based paste (Calcipex II, Nish-
ika) is opaque, the cleaned part appeared transparent. Because cleaning
started at the entrance of the model root canal and progressed to the
apex, we quantified the cleaning performance using the length of the
transparent part of the channel measured from the opening. By
measuring the brightness of the images before and after irrigation, it was
assumed that cleaning was completed to the depth where the local
brightness was reduced. This method could overestimate the cleaning
effect of PSI and PUI for which the boundary of the cleaned region was
unclear (see Fig. 9c-d), but the length of the obscure region was less than
approximately 1 mm. Using the SI, PSI, and PUI methods, the average
lengths of the cleaned part in three repeated tests were 3 mm, 4 mm, and
7 mm, respectively, indicating that only the upper part of the channel
was cleaned, and there was little cleaning effect in the apical region. In
contrast, the RS resulted in complete cleaning of the apical region in
three repeated tests, as evidenced by the fact that the entire length of the
channel, 11 mm, became transparent.

Since the apex of the root canal was completely sealed to simulate
periradicular tissue in our experiments, contaminants had to be removed
through the channel inlet, which naturally made cleaning of the apical
region difficult. When using devices with an instrument that is inserted
into the channel, cleaning tends to be effective, primarily in the region
close to the tip of the instrument [21,56,57]. For narrow, curved root
canals, such as the channel used in our experiment, it is challenging to
insert an instrument into the root canal to a sufficient depth. Even in the
case where a vibrating instrument can be inserted to the apical region,
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Fig. 8. Sequential images of cavitation bubbles generated by RS.
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(d)

Fig. 9. The cleaning results for the root canal model with a single channel. The images represent (a) the contaminated channel before cleaning and the channels after

cleaning with (b) SI, (c) PSI, (d) PUI, and (e) RS.

the file oscillation can be considerably hampered because of file-to-wall
contacts. [23,28]. To overcome this limit, root canals can be enlarged
significantly [58], but irrigation with minimal root canal enlargement is
advantageous, to preserve natural tissue and tooth structure [59,60] and
prevent apical extrusion [61]. The RS produces a cleaning effect by
delivering strong ultrasound generated by a powerful horn-type trans-
ducer located outside the pulp cavity through a narrow and curved
channel, providing advantageous for minimally invasive treatment.

Fig. 10 shows the results of cleaning tests using a root canal model
with multiple channels. The results indicate that RS enables five root
canals to be cleaned concurrently and thoroughly to the apical region in
a single procedure. Unlike SI and PUI, which require repeated processes
to insert the instrument into individual root canals, the RS can be used
without skilled technique for instrument insertion and can save oper-
ating labor during treatment.

3.4. Risk assessment of extrusion of irrigation liquid through tooth apexes

One of the primary risks associated with root canal treatment is the
extrusion of irrigation liquid out of the tooth apexes. Fig. 11 presents
measurement of the pressure at the apical region during RS operation.
While the apical pressure for SI was approximately 2 kPa, RS exhibited
0.5 kPa, much less than that of SI. The measured apical pressures of RS
are comparable to those reported in the process of advanced root canal
irrigation systems using pulsed lasers [32]. Although there is no avail-
able consensus for apical pressure to predict apical extrusion, some
studies have reported that the apical pressure should remain below
approximately 2 kPa to preclude apical extrusion [62,63]. Therefore, RS
is not only safe to use, but can significantly lower the risk of apical
extrusion compared to SL

To understand the causes of apical pressures measured for RS, we

Fig. 10. The cleaning of the root canal model with multiple channels. The
images represent the model (a) before contamination, (b) after contamination,
(c) after cleaning with RS.

3.0

Apex pressure (kPa)
n

1.0+ E
4 @ |
0.0 = S
QD &
& D x\b G}
P EF &
N X F
S & Q
S N &5
3 S

Fig. 11. Measurement of apical pressures during operation of the RS and SI.
The error bars represent the range of measurements of instantaneous pressure.

also measured the pressures which occurred during operation just with
ultrasound alone, and with irrigant jet only. The results shown in Fig. 11
reveal that without the irrigant jet the apical pressure remained insig-
nificant, which suggests that the irrigant jet coming out of the nozzle is
the primary cause of the apical pressure. We thus conjecture that
acoustic waves or cavitation bubbles arising from the operation of the RS
will have a negligible effect on apical pressure. The flow speed of the
irrigation liquid in our device was controlled to be 20 m/s, which is
higher than that of SI [9,64]. However, the nozzle was located in the
pulp chamber, not in the root canal, and the irrgant jet had weaker effect
on the apical pressure.

The cavitation bubbles induced by the ultrasound are mainly
responsible for removing the biofilm in the root canal, but they make an
insignificant contribution to the apical pressure. In an attempt to
improve the cleaning effect during irrigation using SI, a needle may be
inserted into a deeper region or the flow rate may be increased. How-
ever, these techniques are highly limited due to the risk of apical
extrusion of the irrigant [65,66]. Other instrument-insertion type irri-
gation protocols, such as PSI and PUIL, may exhibit similar trade-offs
between cleaning efficacy and clinical safety. It is because cleaning re-
quires having sufficient access to the apical region, which however
causes clinical risks, such as tip fracture in the root canal as well as the
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apical extrusion of irrgant liquids. In contrast, cleaning effect and clin-
ical risk are independent in RS because the cleaning action of the vapor
cavitation bubbles has little negative effect on the apical pressure. This
enables us to envision further improvements of the present novel but still
early RS design, for example, by increasing the acoustic power.

Lastly, it is noteworthy that the key feature of our root canal irri-
gation system was achieved by using an acoustic reflector to deliver
ultrasonic waves into a small, inaccessible space. Although the present
study is focused on the clinical applications of ultrasound for dental
treatment, the same technique could be used in other engineering fields,
where there is a need to clean contaminated surfaces that are not
directly accessible to ultrasonic transducers. For instance, conventional
ultrasonic cleaning methods cannot be readily available for large-scale
mechanical devices that are difficult to submerge in ultrasonic clean-
ing baths [67,68]. However, the technique proposed in the present study
can be effective in cleaning the target contamination of such mechanical
devices with minimal disassembly.

4. Conclusions

We have proposed a novel root canal irrigation system using
remotely generated high-intensity ultrasound. The RS produces power-
ful ultrasonic waves, which are guided into the root canals of a tooth.
Acoustic cavitation occurs in the root canal, and vapor bubbles produce
the cleaning action in the root canal. Using simulated root canal models,
we conducted cleaning tests which confirmed that RS was superior to
other conventional root canal treatments using SI, PSI, and PUI for
cleaning the apical region. RS exhibited lower apical pressure during
operation than SI, thus suggesting better clinical safety. Our study
demonstrated that RS has improved cleaning performance and better
clinical safety compared to conventional root canal cleaning methods, so
RS is expected to be a breakthrough in root canal treatment in terms of
irrigation performance, clinical safety, and ease of treatment.
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