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Abstract

Objectives: 1. To evaluate the velocity, pressure, and force in the root canal system during LAL 2. To explore the application

of numerical simulation analysis in root canal therapy studies.

Materials and methods: A simplified model of laser-activated irrigation (LAI) was established. The volume of fluid (VOF)
model was used to solve the Navier-Stokes equation and standard k-& turbulent model was used as turbulent model. The
axial maximum velocity and axial force at 1 mm, 4 mm, and 16 mm away from apex, as well as the pressure at apex inl0

000-time steps were calculated.

Results: The peak pressure and axial force increased with laser energy. At 1 and 4 mm away from apex, the axial maximum
velocity increased with laser energy below 35 mJ, and slightly decreased from 35 mJ to 50 mJ.

Conclusions: 1. The pressure and axial maximum force at the apex will increase when the laser pulse energy increases,
whereas the maximum axial velocity will increase from 10 mJ to 35 mJ and then decrease, which indicates that an optimal
energy exists in clinical work. 2. VOF models are suitable for numerical simulation analysis in root canal therapy.

Keywords: Er: YAG, Photon-Initiated Photoacoustic Streaming, Laser-Activated Irrigation, Root Canal Therapy, Numerical Sim-

ulation Analysis

Introduction

Root canal therapy is the most effective and commonly provided
treatment for pulpitis and periapical periodontitis. Its main pur-
pose is to remove infections and prevent reinfection [1, 2]. Irri-
gation is a key component of successful root canal treatments,
particularly for the eradication of root canal microbes[3, 4].

LAl can efficiently clean to help prepare the root canal system [5-
9]. The erbium-doped yttrium aluminum garnet (Er: YAG) laser
emits the most suitable wavelength of 2940 nm [10]. Photon-ini-
tiated photoacoustic streaming (PIPS), a short-pulse-width Er:
YAG laser, can assist irrigation for infection control [11-14]. A
laser pulse can generate a cavity by focusing on water, which
generates shock waves with the expansion of the laser cavity.
The temperature and pressure decrease with the expansion of the
bubble until the radius reaches a maximum, when the pressure
in the cavity is lower than the outer water pressure. Then, the
cavity begins to shrink to the maximum radius and returns to the
cycle repeatedly until the energy has run out [15, 16].

Scholars have focused on particle image velocimetry (PIV) anal-
ysis using a high-speed camera, finding that LAI generates high
streaming velocities in the apical area beyond the ledge when
compared to ultrasonic-activated or syringe irrigation [17].
However, it is difficult to measure the fluid flow in the root canal
system using PIV because the secondary bubbles would inter-
fere with laser acquisition, and the particles would attach to the
wall of the root canal, which could highlight the margin. There-
fore, a new method, such as analysis by numerical simulation, is
required to calculate fluid flow in the root canal system.

However, what pressure changes occur in the root canal and
chamber during LAI remain unclear; thus, a new approach
should be used to measure physical changes in the root canal
system during laser pulse stimulation.
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The Navier—Stokes equation is a motion equation that describes
the conservation of momentum in a viscous incompressible fluid.
Scholars have simulated aqueous humor dynamics in the human
eye by involving an incompressible Navier—Stokes flow [18].
By solving the Navier—Stokes equation, we could evaluate the
conditions in the root canal system after single pulse stimulation
in the LAI Until now, few studies have focused on numerical
simulation analysis of LAI. Yin et al. adopted the VOF model to
describe the dynamical behaviors of a rebound cavitation bubble
near a solid wall [19]. Considering that the root canal system
is small and that it is difficult to measure the actual movement
and change in pressure within it, numerical simulation analysis
could play an important role in the measurement.
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Figure 1. A) The model used in the numerical simu-
lation analysis.

The model was calculated using ANSYS FLUENT software
(FLUENT Inc., Lebanon, NH, USA). The VOF model was used
to solve the Navier—Stokes equation to simulate bubble bound-
ary changes within the root canal under laser irradiation. Con-
sidering that the model was a circumflex region, to simplify the
calculation, we adopted the assumption of a two-dimensional
axisymmetric and only calculated the two-dimensional flow
field in one meridional plane. The meshes in the root canal re-
gion were 600 x 61, while meshes in the chamber region were
400 x 100, and the total mesh was 76,600. A no-slip boundary
condition was applied to solid surfaces under the assumption of
rigid and impermeable walls. The roughness constant of the lat-

Time step 1

The purpose of this study was to (1) evaluate the velocity, pres-
sure, and force in the root canal system during LAI and (2) ex-
plore the application of numerical simulation analysis in root
canal therapy studies.

Materials and Methods

A simplified model of the root canal and chamber was used for
numerical simulation analysis. The chamber was simplified as
a cone with a length of 8 mm, diameter of 4 mm at the top, and
diameter of 2 mm at the bottom. The root canal was simplified as
a straight cone with a length of 12 mm, 0.5 mm diameter at the
apex, and 6% taper. The apex was sealed. (Fig. 1A)
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Figure 1. B) The interface of Ansys FLUENT soft-
ware after laser pulse.

eral wall and bottom of the chamber as well as the peripheral
wall and apex of the root canal were set to 0.5. The reflux and
turbulence specified method was the intensity and viscosity ra-
tio, the turbulence intensity was set to 5%, the ratio of reflux
and turbulence viscosity was 10, and the reflux temperature was
300 K. The parameters of the external bubble environment and
bubbles are listed in Tables 1 and 2, respectively. The initial di-
ameter of the bubble was set as 0.2 mm and the laser energy was
set to 10, 20, 35, and 50 mJ, while the frequency was set to 50
Hz. The bubble was released at the center of the chamber and
located 14 mm from the apex.
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Table 1. The parameter of external bubble environment and bubbles

External bubble environment (water) | Bubble (vapor)
Initial temperature (T) 300 K (See Table 2)
Initial pressure (p) 101325 Pa (See Table 2)
Specific volume (v) 0.0010035 m3/kg 39.082 m3/kg
Density (p) = 1/v 996.51 kg/m3 0.025587 kg/m3

Specific enthalpy (h) 112.575 kJ/kg 2549.89 kl/kg
Specific entropy (s) 0.39312 kJ/(kgeK) 8.5176 kJ/(kg*K)
Constant-pressure specific heat (cp) | 4.1814 kJ/(kg*K) 1.9139 kJ/(kgeK)
Specific heat ratio 6.3650 x 105 1.3247

Velocity of sound (a) 1503.00 m/s 427.90 m/s
Viscosity coefficient 853.746 x10-6 Paes 9.7595 x10-6 Pass
Thermal conductivity coefficient 0.60944 W/(m*K) 0.018562 W/(m+K)

Table 2. Initial temperature and pressure of bubbles

Laser energy Initial temperature Initial pressure
10 mJ 480.270 K 1.8 MPa

20 mJ 527.508 K 4.0 MPa

35 mJ 566.397 K 7.8 MPa

50 mJ 605.776 K 13.3 MPa

The bubble simulated by the laser undergoes an expansion-com-
pression-expansion process until collapse. The liquid is boiled
by the laser when the bubble forms, which was not considered in
the present study; thus, numerical simulation analysis was con-
ducted after the formation of bubbles. The calculation process is
illustrated in Fig. 1B. The pressure, axial velocity, axial force,
vapor fraction, and temperature were calculated within the first
10,000-time steps. The axial maximum velocity and axial force
at 1, 4, and 16 mm away from the apex, as well as the pressure
at the apex, were recorded.

In the present study, the contmulty equation: 2+vp-u=0
and Navier—Stokes equation: 2 St (e Vu = __vp + V2
(u: flow velocity, y: kinematic V1s0051ty coefﬁ01ent) is solved.

The cavitation interface was solved by the VOF method:

a =
E(aq%) +V - (agpqit) =0
2

Zaqzl

q=1
a, is the volume fraction function, which is the proportion of
the volume of the fluid in the region, and the corner mark ¢ rep-
resents the different phases in the fluid.

In the simulation process, dynamic changes in the gas volume
in the bubble were obtained by solving the interface equation
in the VOF model. In the present study, liquid water was set
as the primary phase, whereas vapor was set as the secondary
phase. The interaction of the two phases was set as the surface
tension model and continuum surface force. The surface tension
coefficient was set as 0.072 n/m. The SIMPLE method was used
to solve the coupled equations for pressure and velocity. The
gravity coefficient was set as -9.81 N/kg.

We conducted a standard k-g turbulent model:

ok
(Pk)+ (pku) o, [( + )a_xj:|+Gk,+Gb_pE_YM+Sk

de

ad #:
Er: (pe) tox (peuz) —[ ax

] + Cle k (Gk. + C3eGb) - CZep k + S

k: turbulence energy, €: turbulent dissipation rate, x: turbulent
dynamic viscosity, u=C, k’/e

Cﬂ=0.09, Ci=1.44, C>=1.92, TKE Prandtl number =1, TDR
Prandtl number =1.3, energy Prandtl number =0.85, and wall
Prandtl number =0.85.

When the liquid flows near the chamber or canal wall, turbulence
cannot fully develop, owing to the low Reynolds number of the
liquid, and the velocity decreases owing to the liquid viscosity.

The calculations were conducted using FLUENT software, and
statistical analysis was conducted using GraphPad Prism 9.

Results

When the laser was activated in the chamber, a bubble was
formed at the tip of the laser device. The bubble expands to the
maximum volume in a few frames during high-speed photogra-
phy; then, the bubble would compress and re-expand alternate-
ly until they collapse, waiting for the next laser pulse, which
is presented in the supplementary figure. The entire procedure
after bubble formation was simulated, and the complete picture
is shown in Fig. 2.
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Supplementary Figure . The formation of bubble after laser pulse by high-speed camera.
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Figure 2. The change of pressure in root canal system after 20 mJ LAI

The maximum apex pressures among different laser energies are
shown in Fig. 3A. The peak pressure increased with laser ener-
gy, and the peak pressure in the 50 mJ group reached 1x107Pa
in a short time interval, while that in the 10 mJ group reached
only 1.5x107Pa. The time step when they reached the peak was

approximately the same, and an apparent double peak occurred
in the 50 mJ and 20 mJ group. After laser excitation, the pressure
was transferred to the root canal in a few time steps, and the apex
pressure peaked immediately and then oscillated decrescendo
(see Fig. 3B).
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Time Step

Figure 3. A) The pressure at apex in different laser pulse
energy groups.

The maximum axial velocity is shown in Fig. 4. At | mm and 4
mm away from the apex, the axial maximum velocity increased
with laser energy below 35 mJ and slightly decreased from 35
mJ to 50 mJ. The axial maximum velocity was higher at 4 mm
than at 1 mm (Fig. 4A and 4B). The axial maximum velocity at
1 mm and 4 mm was a skewed single peak, which meant that
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Figure 3 B) The change of pressure at apex in 10 000
time steps.

the velocity reached the peak immediately and gradually faded
out (Fig. 4D). The axial maximum velocity, 16 mm away from
the apex, oscillated, and the amplitude decreased gradually. The
velocity of the 50 mJ group was significantly higher than that of
the other three groups, and the frequency of the 50 mJ group was
smaller (Fig. 4C).
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Figur 4. A), B) and C) The comparison of the maximum axial velocity in different laser pulse energy groups at 1, 4 and 16 mm away
from apex. D) The change of the maximum axial velocity at 4 mm away from apex after 35 mJ LAI in 10 000-time steps.
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The axial force is shown in Fig. 5. At different levels, the axial force increased with laser energy and with increasing distance from

the apex (Fig. 5A-C). Fig. 5D displays the oscillation pattern.
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Figure 5. A), B) and C) The comparison of the maximum axial force in different laser pulse energy groups at 1, 4 and 16 mm away
from apex. D) The change of the maximum axial force at 4 mm away from apex after 35 mJ LAI in 10 000-time steps.

Discussion

In previous studies, scholars have found that the average fluid
speeds in the root canal from top to apex after a 15 mJ PIPS
laser pulse were 1.02, 0.25, and 0.43 m/s, respectively, and the
maximum speed at the top of the root canal could be more than
3 m/s[20]. In our study, the maximum velocities 16 mm away
from the apex were 6 m/s and 4 m/s after 20 mJ PIPS and 10 mJ
PIPS, respectively, which is identical to the previous study.

As the laser pulse energy increased from 10 mJ to 50 mJ, the
pressure at the apex increased from 3 x 10° Pato 1 x 107 Pa, and
the maximum velocity 16 mm away from the apex increased
from 4 m/s to 11 m/s. However, the maximum velocity at 1 and
4 mm away from the apex increased from 10 to 35 mJ, and then
decreased from 35 to 50 mJ. The airlock may contribute to this
phenomenon, indicating that when the pulse energy reaches 50
mJ, the bubble burdens the chamber. The airlock separates the
root canal from the chamber, blocks the movement of the flu-
id in the root canal, and reduces the velocity. Therefore, there
will be a threshold in clinical application for LAI, above which
the irrigation result will diminish slightly and more fluid splash
will occur. The maximum axial force increased as the laser pulse
energy increased. The apex will suffer from a higher force and
pressure and will be more likely to leak when the laser pulse
energy increases. As a result, to diminish the splash of fluid,
maximize the irrigation effect of LAIL and reduce the pressure
loaded on the apex, an optimized energy level should be careful-
ly selected during clinical work.

In a certain laser pulse, the axial maximum velocity will increase
to the peak suddenly and diminish slowly after the pulse, while

the pressure and axial maximum force at the apex will fluctu-
ate to the background level, and the second peak is significantly
lower than the first peak. The oscillatory attenuation of the pres-
sure is due to the periodic change in the bubble, and the bub-
ble begins to expand at the beginning of each cycle, generating
shock waves. Consequently, we can conclude that during one
laser pulse, the first peak in velocity and pressure plays the most
important role in the LAL

Numerical models vary among different studies. However, there
is no perfect model for simulating bubble formation, the expan-
sion-compression-expansion cycle, and collapse. There are two
different optional numerical analysis models: originating at the
laser excitation time point, where the bubble has a high tem-
perature and pressure, but the least volume; or originating at
the maximal volume bubble time point, after which the bubble
begins to collapse. The second model skips the first expansion,
during which the flow velocity pressure and axial forces reach
their peaks (see Fig. 3-5). Therefore, it is more appropriate to
begin with a high-temperature and high-pressure bubble.

Conclusion

Our key findings are as follows:

1. The pressure and axial maximum force at the apex will in-
crease when the laser pulse energy increases, whereas the max-
imum axial velocity will increase from 10 mJ to 35 mJ and then
decrease, which indicates that an optimal energy exists in clin-
ical work.

2. VOF models are suitable for numerical simulation analysis in
root canal therapy.
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