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ABSTRACT

This study aimed to investigate the irrigation dynamics of the positive pressure side-vented (SV) needle,
EndoVac (micropores) needle and modified apical negative pressure (mANP) open-ended needle using
computational fluid dynamics (CFD). A simulation of a prepared root canal (conical frustum) of 15 mm
length with an apical diameter of 0.40 mm following Protaper F4 apical preparation was created using
three-dimensional (3D) CAD software. The 3D simulated needle of SV 30G needle, EndoVac with
micropores needle and mANP, 30G flat open-ended needle were also created. The irrigation dynamics
were evaluated through transient CFD simulations. In addition, the irrigation dynamics of mANDP at
0.2 mm, 0.5 mm, and 1.0 mm short from the working length were also assessed. The EndoVac and
mANP showed negative apical static pressure and streamline patterns able to reach the apical region,
thus indicating negligible extrusion. Meanwhile, SV showed positive apical static pressure and almost
nonexistent streamlines beyond the needle tip. The SV showed the highest wall shear stress (WSS)
magnitude of 1030Pa whereas Endovac (161 Pa) and mANP1 (258 Pa). However, SV revealed lower
average WSS (10 Pa) compared to mANP1 (13 Pa) and mANP2 (11 Pa). This is due to SV developed
a localised maximum WSS opposite the open vent area only therefore, uneven distribution of WSS. The
EndoVac system developed a localised maximum WSS in the pair of micropores furthest away from
the apical. CFD analysis of the EndoVac, mANDP and SV showed different technique approach, needle
design and needle depths insertion affect the irrigation dynamics pattern and magnitude.

Keywords: Computational fluid dynamics; EndoVac; negative pressure; positive pressure; wall shear stress

INTRODUCTION It involves carefully choosing suitable

instruments and  irrigation  methods.
Effective = chemo-mechanical preparation The irrigant employed should have the
plays a crucial role in achieving a favourable ability to reach the working length while
outcome during endodontic treatment. also eliminating the smear layer and
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microorganisms (Miller & Baumgartner,
2010). The wutilisation of a syringe and
needle instrument for irrigation, employing
a positive pressure irrigation system, is a
widely used method. However, it is essential
to exercise caution to prevent the inadvertent
extrusion of the irrigant beyond the apex
of the tooth (Trope, 2010). According to
Perez et al. (2017), it was demonstrated that
positioning the needle 1 mm shorter than the
working length resulted in greater removal of
hard-tissue debris. However, it is noteworthy
that positive pressure with a side-vented
needle typically delivers solutions within a
range of 0 to 1.0 mm beyond the tip of the
needle (Munoz & Camacho-Cuadra, 2012;
Boutsioukis & van der Sluis, 2015). This
revealed that positive pressure irrigation is
insufficient for reaching the apical third of
the root canal (Munoz & Camacho-Cuadra,
2012) due to stagnation plane (Gulabivala
et al., 2010). Hence, new irrigants and
irrigating devices are developed to improve
root canal disinfection in endodontic practice
(Munoz & Camacho-Cuadra, 2012).

The EndoVac system wuses a negative
pressure approach in which irrigant delivered
in the pulp chamber is sucked down the
root canal through a unique thin needle
design (Haapasalo et al., 2010). Apical
negative pressure has been demonstrated
to be effective in addressing the challenge
of effectively delivering irrigation to the
most apical regions of the root canal
(Hilsmann & Hahn, 2000). Additionally, it
has been found to reduce the risk of irrigant
extrusion (Mitchell er al., 2010; Jamleh
et al., 2016; Konstantinidi ez al., 2017).
Apical negative pressure appears to be
capable of removing the vapor lock, resulting
in increased irrigation flow and apical root
canal debridement (Brunson et al, 2010).
Numerous studies have documented
enhanced effectiveness in the removal of
the smear layer at the apical region when
employing negative-pressure irrigation
systems (Karade ez al., 2017; Suman
et al., 2017; Widjiastuti er al., 2018). Many
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studies on the efficacy of the EndoVac
system seem to suggest that this system is the
“gold standard” of apical negative pressure
irrigation (Miller & Baumgartner, 2010;
Jamleh ez al., 2016). Even though EndoVac
seems to be a promising delivery system, the
microcannula holes may come into contact
with the root canal wall and get blocked
(Abarajithan er al., 2011). EndoVac was also
reported to generate the lowest wall shear
stress (WSS), proportional to the produced
flow rate. Additionally, WSS plays a critical
role in determining the mechanical impact of
irrigation (Chen ez al., 2014; Lorofio er al.,
2020), as it influences the removal of debris,
smear layer, and biofilms from the root canal
wall (Boutsioukis, Verhaagen, Versluis,
Kastrinakis & van der Sluis, 2010).

In recent times, computational fluid
dynamics (CFD) studies have shown
considerable potential in examining the
flow pattern of irrigants in the root canal
system (Boutsioukis, Verhaagen, Versluis,
Kastrinakis & van der Sluis, 2010; Haapasalo
et al., 2010). CFD analysis revealed that
flow patterns of irrigants, apical pressure,
velocity, and WSS differed depending on the
irrigation method employed (Boutsioukis,
Verhaagen, Versluis, Kastrinakis, Wesselink
et al., 2010; Chen et al., 2014; Lorofno
et al., 2020). It is important to note that
most CFD studies analysed EndoVac with
a micropore needle as the negative pressure
irrigation technique. Thus, there is a need to
investigate the flow pattern and magnitude
of other needle designs and needle depth
insertions used in negative pressure irrigation
techniques using CFD. Therefore, this study
aimed to investigate the irrigation dynamics
of the modified apical negative pressure
(mANP) with an open-ended needle in terms
of WSS, streamlines, and apical pressure
using computational fluid dynamics. The
data are compared with the Endovac negative
pressure system with micropore needle and
the positive pressure system with side-vented
needle under similar operating condition.
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MATERIAL AND METHODS

The root canal setup was designed as a
geometrical frustum of a cone, with the
root canal’s apical terminus designed as
an impermeable wall and no simulation
for the apical constriction and foramen as
shown in Fig. 1 (Chen et al.,, 2014). The
length of the root canal model was set at
15 mm, with a diameter of 0.40 mm at the
apical point following Protaper F4 apical
preparation (6% taper) (Suman ez al., 2017).
Instrumentation to size F4/#40 coincides
with an apical diameter of 0.40 mm with a
6% taper required for efficient irrigation for
both positive and negative pressure systems
(Brunson er al., 2010). In addition, to
ensure sufficient irrigant replacement at the
working length, (Boutsioukis, Verhaagen,
Versluis, Kastrinakis, Wesselink ez al., 2010)
discovered that a canal with a 6% taper is
ideal for a 30G side-vented needle positioned
at 1 mm from the working length.

One type of needle design for the positive
pressure approach was chosen which is the
side-vented needle (SV) (A 30G, Max-i-
Probe needle Dentsply/Tulsa Dental, York,
PA, USA) and two types of needles have
been considered for the negative pressure
approach, i.e. the micropore EndoVac
system (Sybron Endo, Orange, CA, USA)
and the 30G flat open-ended needle (a 30-G
KerrHawe Irrigation Needle, KerrHawe SA,
Bioggio, Switzerland) for modified apical
negative pressure (mMANP). The mANP
used the same approach as EndoVac which
is a negative pressure technique; however,
instead of using a micropore needle, mANDP
used an open-ended needle design. To the
best of the authors’ knowledge, there is no
study that has been conducted investigating
an open-ended needle design wusing a
negative pressure approach. Thus, there is
a need to investigate the efficacy of mANP.
Furthermore, a study by Boutsioukis,

Verhaagen, Versluis, Kastrinakis, Wesselink
er al. (2010), showed that different needle
depth insertions using the positive pressure
technique affect the WSS and apical
pressure. Therefore, the present study will
also investigate the irrigation dynamics of
mANP at different needle depth insertions.

The root canal was first modelled in CAD
software (CATIA V5, Dassault Systémes
SE, France). The needle volume is then
removed from the root canal volume through
Boolean subtraction, which leaves the fluid
domain only. To mesh the fluid domain,
a block domain consisting of 389,120
hexahedral elements is first generated. The
fluid domain is then imported to the block
domain in stereolithography (STL) format
and meshed wusing snappyHexMesh, a
mesh generator utility in the OpenFOAM
software (OpenCFD 1.td, Bracknell, United
Kingdom).

A grid independence study was performed
by monitoring the maximum and average
WSS, which has a significant impact on
the effectiveness of smear layer removal.
Furthermore, these parameters are known
to be sensitive to the grid resolution,
particularly in the near-wall region.
Errors relative to the case with the highest
resolution were defined as a monitor for each
case. A demanding case of mANP placed 0.2
mm short of the working length was chosen
for the test. The results are presented in
Table 1. It shows the case with fine mesh
achieved at worst a 3.79% error and is used
hereafter. The mesh quality was monitored
through the cells’ skewness and non-
orthogonality. The EndoVac and mANP
fluid domains consist of 4,467,753 and
4,454,001 hexahedra cells, respectively,
with respective average non-orthogonality
(maximum skewness) of 5.247 (3.174) and
5.04 (3.174).
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0.40 mm

15.0 mm
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Fig. 1 A 3D root canal simulation design (Chen et al., 2014).

Table 1 Percent uncertainties as a function of total cells arising from the grid independence study using mANP needle

Mesh Number of cells
Coarse 2,967,564
Fine 4,467,753
Finest 8,477,458

Error of maximum WSS (%)

Error of average WSS (%)
3.25 7.24
2.32 3.79

The methods of irrigation were divided into
three groups. Group 1 (EndoVac) consisted
of a closed-ended with micropore needle
by (SybronEndo, Orange, CA, USA) using
the negative pressure approach; Group 2,
modified apical negative pressure (mANDP)
with a 30G flat open-ended needle (a 30-G
KerrHawe Irrigation Needle, KerrHawe SA,
Bioggio, Switzerland) using negative pressure
approach; and Group 3 with a 30G side-
vented (SV) needle (Max-i-Probe needle,
Dentsply/Tulsa Dental, York, PA, USA)
using the positive pressure approach. The
micropore needle of EndoVac consisted of
12 radially arranged holes, each 0.10 mm in
diameter, positioned between 0.2 mm and
0.7 mm from the tip of the needle (Chen
et al., 2014). The micropore needle is placed
at the apex following the manufacturer’s
protocol (Suman er al, 2017). The
specification for a 30-gauge cylindrical
needle includes an external diameter of
0.320 mm and an internal diameter of
0.196 mm (Boutsioukis, Verhaagen, Versluis,
Kastrinakis & van der Sluis, 2010). Group 2
(mANP) with an open-ended needle design
was simulated at three different needle
depths of insertion (0.2 mm, 0.5 mm, and
1.0 mm short from the working length) to
assess the flow pattern and magnitude. The
SV needle in Group 3 consisted of a side vent
that was positioned on one side of the needle
and modelled as a 0.5 mm slit, positioned
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1.0 mm from the tip of the needle (Lorofio
et al., 2020). The SV needle tip is placed
1.0 mm short from the working length,
as this depth of insertion revealed better
cleaning efficacy (Perez et al., 2017).

For all groups, the inlet flow rate was set at
6 mL/min as the common velocity in clinical
practice (Gao er al., 2009). The positive
pressure (SV), the inlet flow rate was set at
6 mL/min at the top of the needle, the flow
then passed through the side vent at the same
flow rate. The top of the root canal lumen
was specified as an outlet flow boundary
at an atmospheric pressure of 101.325 kPa
(Gao et al., 2009). For Group 2 (EndoVac)
and Group 3 (mANP), the inlet flow rate was
set at 6 mL/min at the top of the root canal
lumen, and the flow was then sucked through
the micropores for EndoVac and the open-
ended needle for mANP.

The root canal is assumed to be filled with
3% NaOC(Il irrigant, which is simulated and
modelled as Newtonian fluid with kinematic
viscosity v = 9.6555 x 107 m?™! (Liu er al.,
2020). The governing equations (momentum
and continuity) were solved by the finite
volume solver pimpleFoam, which uses the
PIMPLE algorithm from the OpenFOAM
code library (Weller ez al., 1998). The solver
was previously validated by (Robertson
et al., 2015). To further validate the solver
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used in the present study, flows through an
orifice plate were simulated and the discharge
coefficients at various Reynolds numbers
were compared with data from ISO 5167-
2:2003. The results are depicted in Fig. 2.
It was found that, when compared to the
data provided in the ISO 5167-2:2003, the
present CFD simulations were found to
accurately predict the discharge coefficients.
At the highest Reynolds number of 50,000,
the highest error of discharge coefficient was
3.7%. It is also worth noting that the trend
of discharge coefficient with a variation of
Reynolds number is strikingly similar.

The transient analysis is carried out using
k-w SST turbulence model, with time
step sizes ranging between 3 x 10 s and
5 x 10° s. An initial time step size of Ar =
10 L/U_ was imposed, and the values were

automatically adjusted to match the specified
maximum CFL. The turbulent intensity and
the eddy viscosity ratio were set at 5% and
10%, respectively, following (Lorono er al.,
2020). The flow is allowed to develop until
start-up transients have attenuated.

Statistical Analysis

No statistical analysis was needed as all
simulations were run under the same
conditions. In a simulated model, the data is
generated using mathematical algorithms or
rules that are programmed into the model.
The model produces a set of outputs based
on these algorithms, which can be analysed
directly without the need for statistical
analysis.

0.68
0.67 -
—1—ISO
(2066 - _ _
A - O=CFD Simulations
2 0.65
g 064 | 06360
2 O 06288
5 0.63 4 ~ 0.6257  0.6263 0.6254
B B e
g g6 | 0.6153 B
5 0.6095
& 0.61 A 0.6059 0,604 0.6031
0.6 —0
0.59 T T T T T T T T T T
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Reynolds number

Fig. 2 Discharge coefficient plotted against Reynolds number.
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Fig. 3 Magnitude of WSS for (a) EndoVac, (b) mANP1, (c) mANP2, (d) mANP3, and (e) SV positive pressure. The red lines
indicate the approximate location of the needle tip.

RESULTS

The instantaneous WSS distribution is
presented in Fig. 3. The shear stress pattern
on the canal wall was similar for mANP,
regardless of the needle depth insertion. In
general, the maximum WSS occurs close to
the tip of the open-ended needles. Whereas
the EndoVac shear stress pattern showed
a localised maximum WSS at a distant area
from the tip, even though the needle tip
was placed at the apex. For the SV case, the
regime of maximum WSS is localised to a
small area near the tip of the vent.

Fig. 4 shows the WSS magnitude of the
canal wall for different irrigation systems. SV
showed the highest maximum WSS, followed
by mANPl1, mANP2, EndoVac, and
mANDP3. However, the average WSS of SV
is lower than that of mANP1 and mANDP2.
Table 2 summarises the magnitude values
of WSS, average WSS, and apical static
pressure.

Fig. 5(a) reveals the EndoVac WSS
pattern. The EndoVac system, however,
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produces a different pattern of shear stress
distribution on the canal wall than the open-
ended needle. The flow developed a local
maximum of WSS in the vicinity of the pair
of micropores furthest away from the apical.
Fig. 5(b) presents the distribution of axial
velocity through the micropores. It is noted
that the average axial velocity is decreasing
almost linearly with the distance of the
micropores from the needle inlet. It is also
noteworthy that the peak axial velocity occurs
offset from the pore central axis, particularly
for the pair of micropores furthest away from
the apical.

Both the EndoVac and mANP provide
good irrigant replacement as the streamlines
can reach the apex, as shown in Fig. 6.
However, SV shows almost no existence of
irrigant replacement beyond the needle tip.
According to Fig. 7, EndoVac and mANP
show the z-component of irrigant velocity
present up to the apical end. Whereas Fig. 8
for SV shows no existence of a z-component
of irrigant velocity beyond the needle tip.
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Fig. 4 WSS magnitude of the canal wall for EndoVac, mANP1, mANP2, mANP3, and SV positive pressure.

Table 2 Discharge coefficient, apical static pressure, maximum WSS, and average WSS of different irrigation systems

Apical static
pressure (kPa)

Maximum canal WSS  Average canal WSS

Needle Discharge coefficient
EndoVac 0.3227
mMANP 1 0.5703
mANP 2 0.2651
mANP 3 0.1969
Y 0.0417

-1.9742
-9.8808
-11.0729
-14.8996
6.9051

magnitude (Pa) magnitude (Pa)
161.24 10.48
258.57 13.15
183.52 11.06
109.04 8.68
1030.75 10.72

=

Velocity (m/s)

0.0142

-
0.0143
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Fig. 5 (a) Contour plot of U, velocity component on an x-normal sliced plane of an EndoVac system, and (b) the
corresponding axial velocity distribution flowing through the micropores in both x- and y-normal sliced planes. The
circular symbols represent the average flow velocity plotted at the corresponding centre of the pores.
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(e)

Fig. 6 Streamlines for internal flow fields for (a) EndoVac, (b) mANP1, (c) mANP2, (d) mANP3, and (e) SV positive pressure
from the front plane.
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Fig. 7 Distribution of the z-component of irrigant velocity plotted against the position on the longitudinal axis of the
root canal for the negative pressure approach. The arrows indicate the respective locations of the needle tips for the
EndoVac and mANP.
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Fig. 8 Distribution of the z-component of irrigant velocity against the position on the longitudinal axis of the root canal
for the SV positive pressure approach. (It is interesting to note that the irrigant replacement is almost non-existent
beyond the needle tip).

DISCUSSION

Wall Shear Stress (WSS)

It is obvious from Fig. 3 and Fig. 4 that
the placement of the needle is crucial in
determining the efficacy of the mANP
irrigation system, which can be evaluated
through the distribution and magnitude of
shear stress along the canal wall (Boutsioukis,
Verhaagen, Versluis, Kastrinakis, Wesselink
et al. 2010). The mANP placed 0.2 mm
short of the working length resulted in a
maximum WSS of approximately 41% and
136% higher than the 0.5 mm and 1 mm
counterparts. This observation is attributed
to the fact that the irrigant velocity near the
wall is increased when the space between
the needle and the root canal is reduced.
Furthermore, it is observed in this case
that there is a local high shear stress region
on the canal wall beyond the needle tip,
indicating good debridement efficacy in the
region. This observation is unique and not
observed in other cases. It is also noted that
the maximum WSS is concentrated on a
very limited area as the distance between the
needle tip and root canal apex increases.

In Fig. 3, the regime of high WSS for the SV
case is limited to a small area near the tip of
the vent. This is in agreement with a previous
study by Chen er al. (2014) where a high
shear stress area was confined to a limited
area on the canal wall directly adjacent to
the side vent. In addition, (Boutsioukis
& van der Sluis, 2015) showed that side-
vented needle produces high maximum
WSS confined near their tip, on the wall
opposite the needle outlet. As expected, SV
positive pressure produces the highest WSS
with 1030 Pa, whereas the highest WSS in
the negative pressure group is only around
258 Pa for mANP1 and 161 Pa for EndoVac.
These results are similar to those of Chen
et al. (2014) and Lorofio ez al. (2020), who
revealed that EndoVac produces the lowest
WSS, proportional to the flow rate produced
by the apical negative pressure irrigation.
Although the maximum WSS for the SV
case is significantly higher than the other
cases, the average value is almost similar to
the mANDP2 case. The open-ended needle
of the positive pressure technique exhibits
approximately symmetrical maximum WSS
all around the needle tip (Boutsioukis &
van der Sluis, 2015) and this statement is
in accordance with this study, which uses a
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negative pressure approach. The reduction
of the area between the needle and the canal
wall in mANP1 and mANP2 thus produces
a more evenly distributed maximum WSS
near the open-ended needle tip. Meanwhile,
the SV needle shows localised max WSS
opposite the open vent area only. Therefore,
the uneven distribution of WSS contributes
to the lower average WSS.

The EndoVac system in Fig. 5(a), however,
produces a different pattern of WSS
distribution on the canal wall than the
open-ended needle. The flow developed a
local maximum of WSS in the region of the
pair of micropores furthest away from the
apical. This observation is attributed to the
fact that more than half (i.e. = 58%) of the
fluid is forced to flow through these holes,
as evidenced in Fig. 5(a). The remaining
29% and 13% of the total flow seep through
the second and third pair of micropores,
respectively. This observation is opposite
to what has been observed by Boutsioukis,
Verhaagen, Versluis, Kastrinakis, Wesselink
er al. (2010), where the most intense jet was
observed to form through the pair of outlets
that is closest to the apical. This is attributed
to the different irrigation techniques, i.e.,
positive in the latter while negative in the
present study. The limitation of EndoVac
was that most of the irrigant was aspirated
through the furthest inlet away from the tip,
thus less irrigant replacement at the apical tip
compared to the mANDP.

Discharge Coefficient

The discharge coefficient is an important
functional parameter characterising the
irrigant exchange, which subsequently plays
a crucial role in the debridement efficacy of
an irrigation of root canals. The discharge
coefficient is determined by the ratio of
the actual to the ideal rate of flow. The
theoretical flow rate through the injection
nozzle is represented by the steady-flow
orifice equation:

2AP
theo’relical = A T
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where Q is liquid volume flow rate, A is
needle cross-section area, p is irrigant density
and AP is pressure drop across the needle.

Table 2 summarises the rate of irrigant flow
and discharge coefficient for the investigated
irrigation system. A higher discharge
coefficient means that the system can deliver
the same amount of irrigation solution to
the root canal with lower aspiration power.
It was found that the discharge coefficient is
highest when the mANP is placed 0.2 mm
short of the working length (i.e. the mANP1
case). The reason for this observation is due
to the higher velocity of the irrigant in the
axial direction (z-component of velocity) and
a better irrigant replacement relative to other
mANP cases (see Fig. 6 and Fig. 7), which
resulted in a lower static pressure in the
local region and thus lower flow resistance.
It is also noted that the static pressure at the
apical decreased with the increase in the gap
between the needle tip and the root canal
apex, which is associated with a lower axial
z-velocity magnitude of irrigant (Boutsioukis,
Verhaagen, Versluis, Kastrinakis, Wesselink
et al., 2010).

Streamlines and Irrigant Replacement

In a positive pressure method, the
streamlines indicate the route of fluid
particles released from the needle inlet.
However, in the negative pressure method,
the streamlines indicate the route of fluid
particles aspirated into the needle inlet. In
other words, streamlines provide information
on how far the irrigant can reach the apical
region. Thus, they provide information about
irrigant replacement (Bulgu ez al., 2022).

Irrigant replacement extended up to the
working length for both negative pressure
techniques (EndoVac and mANDP system).
These values are comparable to Chen er
al. (2014) who demonstrated maximum
apical penetration of the irrigant using
EndoVac. Interestingly, Fig. 8 of the side
vented needle showed there is almost no
existence of irrigant replacement beyond
the needle tip. This is in accordance with
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Boutsioukis er al. (2009), where when
irrigating at a very low flow rate (0.01 mL/s),
almost no irrigant refreshment is reached
apically to a closed-ended needle/SV, but
an effective flow rate (0.26 ml/s) might
provide refreshment up to 1 mm apically to
the needle. Chen et al. (2014) also produced
almost similar results when irrigating at
9 mL/min, which is a higher flow rate than
the current study and revealed irrigant
replacement extended only 0.5 mm from the
needle tip. Thus, this result is comparable to
Boutsioukis ez al. (2009) statement that flow
rate influences the irrigant replacement.

Apical Static Pressure

It was discussed in a previous study that
high apical pressure tends to increase the
potential of irrigant extrusion (Lorofo
et al., 2020; Bulgu er al., 2022). However,
the threshold of pressure that determines
the risk of extrusion remains unknown. Both
mANP and EndoVac revealed negative apical
static pressure, hence the negligible risk of
extrusion. Interestingly, Table 2 revealed that
all mANP groups showed higher negative
apical pressure values compared to the
EndoVac. This might be due to the open-
ended needle design (mANP) that allows
irrigants to be aspirated at the apical end
compared to the EndoVac, which uses a
close-ended needle with a micropore design.
The results indicated that -closed-ended
needles have a lower apical pressure, whereas
open-ended needles have a higher apical
pressure, which is consistent with other
studies (Bulgu ez al., 2022). However, the
SV needle of positive pressure produces the
highest apical static pressure, around 6 Pa.

Overall, this study provides a fluid dynamics
perspective of the positive pressure and
negative pressure irrigation techniques
with different needle designs and needle
depth insertions. According to Boutsioukis,
Verhaagen, Versluis, Kastrinakis, Wesselink
et al. (2010), the tip design of the irrigation
needle influences the flow pattern, flow
velocity, and apical wall pressure. From
the results and discussion of this study, it is

acceptable to recommend using a mANP2
(0.5 mm gap) open-ended needle using
a negative pressure approach clinically,
as it showed comparable average WSS to
SV positive pressure. In addition, with
negative apical static pressure and irrigant
replacement reaching the apical end, it
indicates better cleaning efficacy in the
apical region and reduces the risk of irrigant
extrusion. However, further research is
required to evaluate the relationship between
the WSS magnitude and the irrigation
efficacy.

CONCLUSION

The CFD analysis showed that different
needle designs and needle depth insertions
affect the irrigation dynamics pattern and
magnitude. Both EndoVac and mANP
resulted in negative apical static pressure,
thus indicating a low risk of extrusion. The
streamlines for both methods indicated
effective irrigant replacement in the apical
region, suggesting improved irrigation
efficacy. Conversely, the SV needle showed
positive apical static pressure and limited
streamlines beyond the needle tip. In terms
of WSS magnitude, the average WSS
of mANP1 and mANP2 of the negative
pressure approach was comparable to the SV
of the positive pressure approach. Therefore,
the open-ended needle design employing
negative pressure (mANDP) proves to be a safe
and comparable alternative to the SV positive
pressure approach.
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