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ABSTRACT

Background: Electrical devices driven sonically have been found in several studies to be effective to clean root canals but the effect
of the EndoActivator irrigant activation flow behavior on cleaning efficacy is not completely understood. Purpose: The study aimed to
provide an initial understanding of flow behavior and velocity field generation during the irrigant activation process by EndoActivator
using artificial intelligence (Al). Methods: A straight glass model was filled with a solution containing 17% EDTA. Meanwhile, a
medium activator tip with 22-mm polymer noncutting #25, 0.04 file driven by an electrical sonic hand-piece at 190 Hz (highest level)
was used to induce velocity field to produce micro-bubbles. The physical mechanisms involved were recorded using a Miro 320S high-
speed imaging system, the hydrodynamic responses were recorded, and analyzed using a motion estimation program supported by
LiteFlowNet (Al). Results: The rapid fluid flow was visualized clearly in the model when it was activated by an EndoActivator tip. It
was also observed that the distal end of the EndoActivator tip generated a near-wall high gradient velocity apically in all directions of
the oscillation. Conclusion: The analysis showed that the proposed motion estimation program, supported by LiteFlowNet (Al), was

able to capture velocity magnitude estimation of a non-PIV experiment and visualize the bubbles generated in the solution.
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INTRODUCTION

A pre-requisite to the long-term success of root canal
treatment is the thorough debridement and disinfection
of the root canal system.'™ Meanwhile, the efficacy of an
irrigation delivery or agitation system to debride depends
on how the irrigant reaches the apical region, the un-
instrumented areas, and the ability to create a strong current
enough to carry the debris out of the root canal coronally.>~
Some examples of machine-assisted agitation are electrical
ultrasonic and sonic devices' that use a fine non-cutting
polymer or metal tip vibrated within the root canal space
at different frequencies based on the manufacturer’s
instruction. It is important to note that sonically activated
instruments utilize frequencies in the range of 1,000-6,000
Hz and generate a single node near the point at which the
file is attached and an antinode at the tip of the file.!"!3

EndoActivator (Dentsply, Tulsa Dental) was introduced
onto the market and has been developed with the intention
of activating root canal irrigants by energizing the solution
with sonic energy. Several controversial results have been
reported but sonically driven electrical devices have been
found in different studies to be effective in cleaning root
canals, 121415

Powerful particle image velocimetry (PIV) technology
has also been used in several studies on dentistry to observe
the natural flow behavior of hydrodynamic response during
irrigation activation.'®'?A deep learning approach for
motion estimation currently showed promising results with
higher accuracy and enhanced computational performance.?
Moreover, the LiteFlowNet network which is a state-of-the-
art deep learning model for motion estimation has also
been developed by Hui and colleagues.?! It is important to
note that the reproduction of a deep learning model from
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estimator programs is not significantly different from
measuring investigations using the PIV image processing
method. Furthermore, an artificial intelligence model
has been employed in dentistry to support the clinical
decision-making process in certain disciplines*? such as
radiology,”* > endodontics,?® and surgery.?’

A few studies have been conducted on the hydrodynamic
response of EndoActivator tip during the irrigation solution
agitation but this present study investigates the solution
dynamic behavior through the acquisition of real-time data
using a transparent glass model of root canal in order to
visualize the oscillation amplitude of the EndoActivator tip
during solution activation. This is necessary to provide more
knowledge on the mechanism underlying the activation
behavior of this device in the solution towards improving
the outcomes of the root canal treatment.

The main challenge is to develop a deep learning
estimator for non-PIV (absence of seeding particles) based
on LiteFlowNet?! to be applied to a relatively limited area
such as a root canal space as a means of producing high-
resolution images. The program also has the ability to
process a non-particle image pair input to produce a velocity
field output with displacement vectors at every pixel.

MATERIALS AND METHODS

A 22-mm polymer noncutting #25, 0.04 (Dentsply) tip was
mounted on an EndoActivator hand-piece (Dentsply Tulsa
Dental Specialties, Tulsa, OK) set at a high mode of 190
Hz to activate the irrigant. The handpiece was fixed in a
holder to ensure the desired position was maintained. It is
important to note that all the experiment was conducted by
the same operator.

The conditions within a straight root canal were
simulated and visualized using a glass model with an
artificial canal and pulp cavity that acted as the reservoir.
The model was a glass root canal (Kimia Farma, Bandung,
West Java, Indonesia) with a canal inner diameter of 0.4
mm at the apex, the crown height of 8 mm, crown diameter
of 6 mm, a taper of 0.06, and an overall length of 25 mm.
The canal was filled with a solution containing 17% EDTA
while the apex of the model was sealed with composite to
allow the conditions within the root canal to be simulated.
Moreover, the tip of the sonic instrument was inserted into
the solution around 6 mm from the interface and activated
passively without any filing motion. A single transparent
glass model was used to ensure uniformity in the width and
size of the root canal.

It is important to restate that the objective of this study
is to observe the hydrodynamic response to EndoActivator
tip solution activation in the root canal model. The process
was recorded using a Phantom Miro 320S high-speed digital
imaging system (Wayne, NJ, USA) incorporated with a
macro lens capable of producing 25,000 frames per second
with 320x240 pixels per image (60 mm, {/2.8; Nikon,
Tokyo, Japan). The sample was illuminated by a Fiber-Lite

LMI-6000 LED continuous light source (Dolan-Jenner
Industries, Boxborough, MA, USA). (See Supplemental
Video S1 https://youtu.be/kBKSXf-4Nuw)

The recordings of the hydrodynamic response were
analyzed using in-house Particle Image Velocimetry (PIV)
software developed by the Aerodynamics Laboratory at
Institut Teknologi Bandung (ITB, West Java, Indonesia)
to obtain estimation quantitative data images. The software
used optical flow with a convolutional neural network for
velocity field estimation rather than using the measured
experimental PIV settings with tracer particles.

The data from non-PIV experiments were extracted
using a deep learning estimator incorporated with the
PIV software developed by the Aerodynamics Laboratory
at ITB (Bandung, West Java, Indonesia). Moreover, the
user disregarded the last NetE level and imposed the
LiteFlowNet trained weights to generate a LiteFlowNet
version. The flowchart of the stages involved in the data
execution process is, therefore, presented in the following
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Figure 1. The deep learning motion estimator process in an
optically accessible root canal model.
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Figure 2. The direction of the flow caused by an EA oscillating tip (indicated by solid arrows). (a) The red circle indicates the flow
pattern occasionally occurring perpendicular to the axial of the tip and the oblique flow pattern in blue. Meanwhile, (b) to
(d) indicate the visualization of the instantaneous dense velocity fields within the small-scale flow structures near the wall
with the orange to a red color indicating the location where a near-wall high-velocity gradient occurred.
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Figure 3. (a) Change of mean flow magnitude as indicated from O to a point showing accumulation of energy while the point to 2 sec

depicts the decreased fluid flow velocity with the highest recorded at 0.09 sec. (b) The point with the highest magnitude at
824.75 mm/sec.
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Figure 4. Representative of instantaneous velocity fields with minimum flow magnitude (X).
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RESULTS

The results showed that the modified non-enhanced
LiteFlowNet program successfully extracted non-particle
image pair input to produce velocity field output with
displacement vectors in every pixel. The program also
provided detailed high-resolution images which enabled
smaller scale motion detection while generating a dense
motion field for all images and rapidly completing the
computer processing.

The flow motion was highly unsteady and this
observation was highlighted in this study by focusing
only on a limited portion of the canal which was located
around the distal end of the tip to enable velocity field
visualization. Moreover, the flow patterns perpendicular
to the axial flow along the canal (red) and oblique flow
patterns (blue) were periodically observed as indicated in
Figure 2a. The instantaneous image contained in Figure 2
(b-d) also shows the flow pattern of the solution near the
distal end of the tip where the highest amplitude occurs.
Furthermore, a periodic flow pattern was discovered at the
velocity gradients recorded near the wall during activation.
The findings also showed that the velocity fields within
this region indicated in red were approximately three to six
times higher than those in the surrounding area. The length
of the arrows also indicates the magnitude of the velocity
while bubbles were generated during activation.

DISCUSSION

Human dentin structure makes it impossible to have a
direct visualization of the root canal process and this is
the reason in vitro models are usually made of transparent
glass but previous studies showed that this method cannot
reflect the actual activities in clinical settings. However, it
is interesting to know how the fluid behavior and velocity
field generation can be visualized in real-time. The
experiment conducted showed that the EA tip activation
process in the root canal model is in two stages which
include the energy accumulation and bubbles regime
stages.

The energy accumulation stage: The vibrating EA tip
transferred its energy to the solution and created waves
which, in turn, caused surface waves to form at the
interfaces at the 0-0.09 second range as indicated in Figure
3a. Moreover, the kinetic energy increased to the point that
it was sufficiently high to disrupt the air-solution interface
with an average fluid magnitude close to 824.75 mm/sec
when the amplitude reached its peak (see Supplemental
Video S2 https://youtu.be/6L.24NueCly0). The highest
peak of energy accumulation occurred at 0.085 second as
shown in Figure 3b where the bubble started to form for the
first time. However, this point is not its natural frequency
even though the amplitude of the EA tip seems to reach
its peak depending on the frequency applied. Therefore,
the fluid flow was unable to reach its maximum needed

to affect the cleaning mechanism. A pilot study was also
conducted for confirmation and it showed that the EA tip
did not separate when it was being forced to vibrate in the
air at its applied frequency. This implies the EA tip did not
achieve its resonant or natural frequency which can cause
damage or tip separation due to excessive vibration at a
higher frequency.?

Bubbles regime stage: This stage lasted between
approximately 0.09 and 2 seconds as indicated in Figure
3a and the velocity was observed to reduce gradually to its
lowest level reaching a constant speed of approximately 230
mm/sec during bubble formation as indicated in Figure 3a
and the near-wall velocity gradients were discovered not
to occur. This phenomenon led to the recommendation
of continuous replenishment of irrigation solution during
activation to reduce the prolonged bubble regime (see
Supplemental Video S3 https://youtu.be/HyXaspb-zZk).

The up and down flow patterns were observed to hardly
form during EA activation in these stages and this can lead
to the development of a push-pull mechanism that enhances
the removal of smear layer and debris.'®? Furthermore,
it was very obvious during the activation that there were
lots of areas where the velocity field had the lowest flow
magnitude as indicated in Figure 4. This implies the fluid
flow was very limited in such areas, thereby, leading to
minimal cleaning action and this was assumed to be due
to the natural mode shape of the tip. This phenomena is in
line with the study conducted by Peeters et al.>* Moreover,
the node at the attachment and the antinode at the end of
the tip vibrated freely as a cantilever beam model through
a back-and-forth linear movement. This oscillation of the
EA tip produced a near-wall high-velocity gradient which
is proportional to wall-shear stresses but this was observed
to be a rare occurrence. It is important to note that the areas
of significant changes in the velocity over a short distance
are indicated in red as presented in Figure 2. Furthermore,
a near-wall high-velocity gradient and the bulk transports
of solution are, potentially, the most important variables of
the cleaning process within the root canal during activation
from a fluid dynamic perspective.'® It was also observed
from the experiment that high gradient velocity on the wall
largely occurred more apically around the lower end of the
tip and periodically in the same area and represented in red
as indicated in Figure 2. Therefore, it is recommended based
on the data relating to these stages that the tip should be
moved up and down in order to distribute the shear stresses
evenly along the canal while the pumping action of the tip
induces additional shear stresses on the wall.

These results simply showed that the proposed
LiteFlowNet-supported motion estimation program was
able to conduct detailed flow estimation of a non-PIV
experiment and extract dense velocity fields. Therefore, it
is recommended that the tip should be moved up and down
and continuous irrigation should be applied during EA
activation. There is enormous potential for the development
of related topics and this model facilitates further similar
research in dentistry.
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